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RESUMO

A pigmentagcdo da pele humana € uma caracteristica altamente diversa,
complexa e moldada por selecao natural. A determinacao desse fenétipo envolve uma
interagdo complexa de diversos genes e variantes genéticas, cujas diferengas refletem
as histdrias evolutivas distintas das populacoes. Essa variacéo, aliada a complexidade
das vias envolvidas, torna desafiador o estudo e identificacdo dos componentes
genéticos da cor da pele, especialmente em populagdes miscigenadas, como as
encontradas nas Américas. Apesar das implicagbes significativas para areas como
medicina, ciéncias forenses e antropologia, assim como para a compreensao da
evolugao humana, os estudos sobre as variantes genéticas associadas a pigmentagao
da pele em populagcbes americanas sao escassos. Nesse contexto, o presente
trabalho teve como objetivo investigar variantes genéticas associadas a pigmentagao
da pele, suas frequéncias e a relagao com o fenétipo em populagcdes americanas. Para
atingir esse objetivo, o estudo se dividiu em duas frentes principais. A primeira
abrangeu o desenvolvimento de um artigo de revisao utilizando a metodologia da
revisao narrativa. Esta andlise explorou estudos originais sobre a genética da cor da
pele em populagdes americanas. Durante esse processo, identificamos 26
genes/regides genbmicas e 65 SNPs associados a pigmentacdo da pele.
Notavelmente, essas associagdes predominaram em estudos de associagao
gendmica ampla (GWAS). Além disso, a revis&o evidenciou uma lacuna de pesquisa
significativa, com um enfoque pronunciado no Brasil e nos Estados Unidos,
enfatizando a caréncia de diversidade geografica e a necessidade premente de
incorporar grupos populacionais diversos em futuras investigagdes. A segunda frente
envolveu a genotipagem de SNPs associados ao fen6tipo em populagdes americanas,
realizada em 166 participantes dos quilombos Feixo e Restinga, localizados no
municipio da Lapa (PR). Para tanto, adotou-se a metodologia de PCR alelo-especifica,
concentrando-se em nove SNPs candidatos: rs16891982, rs181832, rs2287949 e
rs250417 (gene SLC45A2); rs1800404 (gene OCA?2); rs2238289 (gene HERC2),
rs1426654 e rs2675345 (gene SLC24A5) e rs1042602 (gene TYR). Os dados
genotipicos foram analisados quanto a sua associagdo com o indice de melanina (Ml),
medido em diferentes regides do corpo (parte interna dos bragos, testa e maos) por
meio de um colorimetro, autodeclaracao de cor da pele, fenétipos de resposta ao sol
e pigmentagao facultativa. Os resultados revelaram variagdes significativas no Ml
entre diferentes partes do corpo, com associacédo entre Ml e autodeclaragao de cor.
O SNP rs1042602, do gene TYR, destacou-se como o unico marcador genético,
dentre os investigados, associado a pigmentagdo da pele, autodeclaragéo, fendtipos
de resposta ao sol e pigmentacdo facultativa. A persisténcia dessa associagdo em
diferentes aspectos da pigmentacédo da pele reforca a confiabilidade desses
resultados. Este estudo pioneiro em comunidades quilombolas contribui para a
compreensao dos fatores genéticos na pigmentagao da pele dentro de populag¢des da
diaspora africana. Em sintese, o presente trabalho ampliou o entendimento da
complexidade da genética da pigmentagao da pele nas Américas, apontando para a
importancia de diversificar as amostras e incorporar diferentes grupos populacionais
em futuras investigac¢des. Este trabalho n&o apenas contribui para o campo cientifico,
mas também ressalta a relevancia de considerar a diversidade genética e cultural ao
explorar a autodeclaragéo de cor da pele na determinagéo da pigmentacao da pele,
indo além das métricas puramente bioldgicas e destacando a complexidade desse
fendtipo.



Palavras-chave: indice de melanina; afro-brasileiros; autodeclaracdo de cor/raga;
rs1042602; escala de Fitzpatrick.



ABSTRACT

Human skin pigmentation is a highly diverse, complex trait shaped by natural
selection. The biology of this phenotype involves a complex interplay of various genes
and genetic variants, whose differences reflect distinct evolutionary histories of
populations. This variation, coupled with the complexity of the pathways involved,
makes the study and identification of the genetic components of skin color challenging,
especially in admixed populations such as those found in the Americas. Despite
significant implications for fields like medicine, forensic sciences, anthropology, and
the understanding of human evolution, studies on genetic variants associated with skin
pigmentation in American populations are scarce. In this context, the present study
aimed to investigate genetic variants associated with skin pigmentation, their
frequencies, and their association to phenotype in American populations. To achieve
this objective, the study was divided into two primary aims. The first involved the
development of a review article using the narrative review methodology. This analysis
explored original studies on the genetics of skin color in American populations,
identifying 26 genes/genomic regions and 65 SNPs associated with skin pigmentation.
Remarkably, these associations were predominantly found in genome-wide
association studies (GWAS). Additionally, the review highlighted a significant research
gap, with a pronounced focus on Brazil and the United States, emphasizing the need
for greater geographical diversity and the urgent inclusion of diverse population groups
in future investigations. The second front entailed the genotyping of SNPs associated
with the phenotype in American populations, conducted on 166 participants from the
quilombos Feixo and Restinga located in Lapa (PR). For this purpose, the allele-
specific PCR methodology was employed, focusing on nine candidate SNPs:
rs16891982, rs181832, rs2287949 and rs250417 (gene SLC45A2); rs1800404 (gene
OCA2); rs2238289 (gene HERC?2); rs1426654 and rs2675345 (gene SLC24A5) and
rs1042602 (gene TYR). Genotypic data were statistically analyzed for their association
with the Melanin Index (Ml), measured in different body regions (inner arms, forehead,
and hands) using a colorimeter, alongside skin color self-declaration, sun response
phenotypes, and facultative pigmentation. The results revealed significant variations in
MI among different body parts, with an association between M| and self-declared skin
color. The SNP rs1042602, a missense variant of the tyrosinase (TYR) gene, stood
out as the only genetic marker among those investigated that was associated with skin
pigmentation, self-declaration, sun response phenotypes, and facultative
pigmentation. The persistence of this association across different metrics reinforces
the reliability of these results. This groundbreaking study in quilombos contributes to
understanding genetic factors in skin pigmentation within populations of the African
diaspora. In summary, the present work expanded the understanding of the complexity
of skin pigmentation genetics in the Americas, highlighting the importance of
diversifying sampling and incorporating different population groups in future
investigations. This study not only contributes to the scientific field but also
underscores the relevance of considering genetic and cultural diversity when exploring
the skin color self-declaration in the determination of skin pigmentation, going beyond
purely biological metrics and emphasizing the complexity of this phenotype.

Keywords: melanin index; Afro-Brazilians; color/race self-declaration; rs1042602;
Fitzpatrick scale.
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JUSTIFICATIVA E RELEVANCIA DO ESTUDO

O estudo da pigmentacao da pele revela-se fundamental ndo apenas para
uma compreensao mais ampla da diversidade fenotipica humana, mas também para
desvendar os intricados mecanismos genéticos subjacentes a essa caracteristica. A
pigmentacao ndo é apenas uma expressao estética, mas um fenbmeno complexo que
tem implicagdes profundas em areas como evolugao, genética, antropologia e saude
humana.

A importancia deste estudo torna-se ainda mais evidente quando
direcionamos nosso foco para grupos populacionais historicamente sub-
representados, destacando-se latino-americanos e quilombolas. Ao inserir essas
populagdes na analise, podemos contribuir minimamente para superar o viés
eurocéntrico que historicamente permeia as pesquisas genéticas, incluindo as
relacionadas a pigmentagado da pele. As populagdes americanas, em especial, sdo
notaveis pela sua complexa ancestralidade, proveniente de contribuicoes africanas,
europeias e amerindias. Investigar as bases genéticas da pigmentagao nesses grupos
oferece uma oportunidade unica de compreender a diversidade genética e os padroes
de adaptacado em contextos populacionais distintos.

No contexto especifico das populagdes quilombolas, cujas raizes remontam a
resisténcia contra a escraviddo no Brasil, o estudo da pigmentacéo da pele adquire
relevancia sociocultural. Essas comunidades preservam uma rica heranga genética,
resultado de uma miscigenagdo historica. Explorar as bases genéticas da
pigmentacdo nessas populagdes néo apenas contribui cientificamente, mas também
ressalta a importancia de reconhecer e compreender a diversidade fenotipica e
genética em um contexto histdrico e social especifico pouco investigado.

Além disso, a inclusdo de populagbes americanas, em conjunto com as
quilombolas, permite uma analise mais abrangente e representativa das diferentes
adaptagdes genéticas a pigmentagdo em um cenario ambiental variado. Ao considerar
a diversidade de fatores ambientais, culturais e histéricos presentes nas Américas,
podemos aprimorar nossa compreensao dos processos demograficos e evolutivos

que moldaram as caracteristicas fenotipicas observadas nessas populagoes.
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Abstract

Contemporary American populations have a complex ancestry due to the admixture
processes that have occurred in recent centuries, with genomic contributions mainly
derived from Native Americans, Africans, and Europeans. As a result, the genetic
makeup of traits like skin pigmentation is a mosaic of genes and polymorphisms
originating from their ancestral populations. Although the number of studies has
increased in recent years, there is still a lack of research on this topic among American
populations. This study compiles knowledge about the genetics and evolution of skin
pigmentation in populations from the Americas, including results obtained by
investigating specific candidate genes and GWAS. A wide diversity of genes and
genetic variants associated with skin pigmentation were detected, including those
typically associated with the trait in other populations and genes newly discovered in
Americans. These studies also emphasized the complex genomic composition of
Americans since genetic markers of specific populations, such as African and
European, were detected. Furthermore, several studies reported a general relationship
between ancestry and skin pigmentation in the continent, with a few exceptions. As

understanding this trait has significant implications for human genetics, health,
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forensics, and more, further research is necessary, especially in Latin America, which

is currently underrepresented in this area of study.

Keywords

Latin America; Melanin; Natural selection; Narrative Review; GWAS.

1 Introduction

The pigmentation of the skin and other structures, such as hair and eyes,
depends mainly on the quantity, quality, and distribution of a broad class of pigments
called melanin (lto & Wakamatsu, 2003). The composition of melanin, and thus the
skin tones that it produces, has been influenced by natural selection as a means of
adaptation to the levels of ultraviolet (UV) radiation in different environments (Jablonski
& Chaplin, 2010). In summary, mainly two selective pressures were associated with
the phenotypic adaptation to the environment of the human populations, one linked to
the evolution of dark and the other to light skin (Lucock, 2023). The first would have
occurred in places with a high incidence of UV, as dark skin provides greater protection
against the degradation of folate in blood vessels — an essential compound for DNA
repair, spermatozoids synthesis, and fetal development (Branda & Eaton, 1978;
Jablonski, 1999; Jablonski & Chaplin, 2000). In contrast, the latter would have occurred
in places with low UV incidence because of the light skin’s capacity to maintain
adequate vitamin D levels due to the more significant absorption of UV radiance,
promoting an enhanced synthesis of the compound compared to individuals with
darker skin tones (Jablonski & Chaplin, 2000; Jarrett & Scragg, 2020).

Many genes involved in human skin pigmentation have been described in
recent decades (Adhikari et al., 2019; Beleza et al., 2013; Bonilla et al., 2005; Caro-
Consuegra et al., 2022; Crawford et al., 2017; Graf et al., 2005; Lamason et al., 2005;
Martin et al., 2017). As different populations have different genetic backgrounds, genes
and polymorphisms associated with the phenotype in one population will not
necessarily be so in others — especially if they do not share a common ancestry. The
MC1R gene, one of the well-studied pigmentation genes, is a crucial example that
illustrates this statement. In European populations, this gene usually presents several
polymorphisms, many of which have already been associated with skin pigmentation
(Duffy, 2003; Flanagan, 2000; Harding et al., 2000; Rana et al., 1999; Savage et al.,



24

2008). In African populations, on the other hand, a low diversity in the gene is observed
and is linked to a strong functional constraint in the continent since the mutations
appear to be evolutionarily deleterious in that context (Harding et al., 2000).

Due to the complex ancestry of American populations, the genetics of skin
pigmentation in the continent is supposed to be a mosaic of genes and polymorphisms
whose origin dates back to East Asian, African, and European genetic backgrounds —
in addition to the evolution that occurred within the continent (Jablonski, 2021). Hence,
the comprehension of the evolution of this phenotype in the Americas allows us to
understand not only the history of the Americans but also the history of their ancestor
populations. However, as already punctuated by Quillen et al. (2019), there are
relatively few studies regarding American populations compared to European, Asian,
and even African populations. Nonetheless, in recent years the number of studies has
been increasing, mainly due to large consortia such as CANDELA (Consortium for the
Analysis of the Diversity of Evolution of Latin America) (Ruiz-Linares et al., 2014), and
The Brazilian EPIGEN Project Consortium (Santos et al., 2016), improving our
understanding of this topic of evolution in American populations. Therefore, this article
intends to synthesize what is known so far about the genetics of skin pigmentation in
populations of the American continent (Figure 1, Figure 2), emphasizing the associated
genes and genetic variants, the evolutionary history, and the role of genetic ancestry

in this scenario.

2 Skin pigmentation candidate genes in American populations

The candidate gene approach investigates specific genes or alleles to
establish associations with particular traits. To conduct this approach successfully, a
prerequisite is a prior understanding of the molecular mechanisms underlying the
phenotype. However, it is crucial to note that this method does not enable the detection
of other potentially influential genes affecting the trait (Kwon & Goate, 2000).
Numerous studies on the genetics of skin pigmentation in American populations,
particularly the older ones (see Supplementary Table 1), adopt the candidate gene
approach. This section will scrutinize these studies, emphasizing the more extensively

investigated genes and their roles in determining the phenotype (Table 1).
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2.1 SLC24A5

The gene SLC24A5 (solute carrier family 24 member 5), located at
chromosome 15 (15921.1), is one of the most investigated in candidate gene studies.
Such popularity is due to its prominent role in melanogenesis (i.e., melanin synthesis),
discovered firstly in zebrafish (Danio rerio), subsequently corroborated through
research on human subjects (Lamason et al., 2005). The gene encodes for NCKX5, a
member of the potassium-dependent sodium calcium exchanger protein family.
Intracellular calcium ions (Ca?*) influence alterations in cellular melanin levels. The
sodium-calcium exchanger activity of SLC24A5 facilitates the connection between
cytosolic and melanosomal calcium signaling by regulating the transport of Ca?* from
the cytosol into the interior of the melanosome (Ginger et al., 2008). Melanosomes are
organelles in which melanogenesis occurs, characteristic of specialized cells called
melanocytes (D’Alba & Shawkey, 2019). The lower functioning of the melanosomes
provides a lower synthesis of melanin which, in turn, promotes a lighter skin phenotype
(Lamason et al., 2005).

The relation of the trait with the gene SLC24A5 is generally associated with
the derived allele of the polymorphism rs1426654. With very low frequencies in other
populations, the mentioned allele is fixed (or nearly fixed, in some cases) in Europeans,
explaining about 25 to 38% of the differences in melanin index (MI, i.e., a parameter
reflecting the melanin content in the skin) between populations from Africa and Europe
(Lamason et al., 2005; Norton et al., 2007). The high frequencies in European
populations turn it into a reliable ancestry informative marker (AIM), i.e., a genetic
polymorphism whose frequencies differ highly between the ancestral populations and
can be used to infer genetic ancestry (Giardina et al., 2008; Rosenberg et al., 2003).

In American populations, all the studies that include the gene SLC24A5 focus
on the SNP rs1426654 (Andersen et al., 2020; Ang et al., 2023; Cerqueira et al., 2012;
Durso et al., 2014; Leite et al., 2011; Marcheco-Teruel et al., 2014; Quillen et al., 2012;
Santos et al., 2016; Valenzuela et al., 2010). In every case, the polymorphism was
associated with skin pigmentation in different admixed populations from Brazil,
Dominica, and the USA. The Durso et al. (2014) study also includes the rs2555364,
which is in linkage disequilibrium (LD) with the other early mentioned SNP — being

equally associated with the phenotype.
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The association of the phenotype with the SNP rs1426654 was also detected
in different genome-wide association studies (GWAS) conducted with American
populations (Adhikari et al., 2019; Batai et al., 2021; Hernandez-Pacheco et al., 2017;
Lona-Durazo et al., 2019). Since the GWAS allows the identification of multiple
positions in the genome that influences the trait, the agreement of the candidate genes
and the GWAS results emphasize the polymorphism’s role in determining the
phenotype in the American populations investigated.

The SNP rs1426654 (and other SNPs of skin pigmentation genes such as the
TYRP1 and SLC45A2) were the target of selective sweep within the last 11,000 -
19,000 years, right after the divergence of Europeans and East Asians — what
explains its fixation in Europe and absence in other areas (Beleza et al., 2013).
Notably, the same polymorphism was associated with lighter skin pigmentation in East
African populations, probably due to a migration of non-Africans to the continent via
the Middle East (Crawford et al., 2017). Thus, the association of the SLC24A5 with the

trait in American populations can be linked to their European ancestry.

2.2 SLC45A2

Another well-studied gene in candidate gene studies is the SLC45A2 (solute
carrier family 45 member 2), located in chromosome 5 (5p13.2). This gene encodes
the membrane-associated transporter protein (MATP), whose expression is observed
in melanocyte cell lines controlling the pH and the ionic homeostasis in the
melanosomes (Dooley et al., 2013; Harada et al., 2001). Furthermore, this gene is
expressed differently in light and dark skin, according to qPCR and RNAseq analysis
(Haltaufderhyde & Oancea, 2014). Similarly to what was described to SLC24A5, the
discrepancies in the frequencies of SLC45A2 polymorphisms around the world turn
them into possible AIMs (Gu et al., 2011; Soejima & Koda, 2006).

Some nucleotide substitutions in the SLC45A2 are accountable for normal
variations in skin pigmentation, highlighting the SNP rs16891982. Such polymorphism
was evaluated in all the studies that investigated the mentioned gene in American
populations, both in candidate genes studies and GWAS (Adhikari et al., 2019;
Andersen et al., 2020; Batai et al., 2021; Cerqueira et al., 2014; Durso et al., 2014;
Fracasso et al., 2013, 2017; Hernandez-Pacheco et al., 2017; Lona-Durazo et al.,
2019; Marcheco-Teruel et al., 2014; Valenzuela et al., 2010) (Table 1). The SNP is
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associated with the trait in populations from Brazil, Colombia, Peru, Chile, Cuba,
Puerto Rico, Mexico, and the USA, with the ancestral allele (G) linked to darker skin
phenotypes and the derived allele (C) to lighter skin phenotypes — just like observed
in elsewhere populations (Beleza et al.,, 2013; Yuasa et al., 2004). Additionally,
neighboring SNPs to rs16891982 have been implicated in skin pigmentation. For
instance, research focusing on an admixed Brazilian population demonstrated that
considering haplotypes containing both rs16891982 and rs26722 strengthens the
association with skin pigmentation compared to solely analyzing the SNP rs16891982
(Fracasso et al., 2017).

The study of Fracasso et al. (2013) investigated specific SNPs of the gene
SLC45A2. It was verified that the polymorphisms rs181832, rs2287949, rs250417, and
rs40132 are associated with skin pigmentation in an admixed Southern Brazilian
population. Although such SNPs have already been investigated in other populations,
the association with the trait was reported exclusively in this study (Newton et al., 2001,
Yuasa et al., 2004). Furthermore, the alleles associated with lighter phenotypes show
high frequencies (> 90%) in European populations (The 1000 Genomes Project
Consortium, 2015). However, except for the rs250417, these alleles also present high
frequencies (> 50%, at least) in populations elsewhere, such as African, Asian, and
even American (The 1000 Genomes Project Consortium, 2015).

In GWAS, other SNPs from the SLC45A2, in addition to the rs16891982, were
identified as associated with skin pigmentation in Americans. The polymorphisms
include the rs35395 in Cubans (Marcheco-Teruel et al., 2014) and the rs35397 in
Puerto Ricans, Afro-Americans, and Cubans (Hernandez-Pacheco et al., 2017; Lona-
Durazo et al., 2019). The first was also identified as associated with skin pigmentation
in the African-European admixed population from Cape Verde (Beleza et al., 2013)
and employed as an AIM (Bonilla et al., 2015). The latter shows a very strong
association with skin pigmentation in the analysis performed by Lona-Durazo et al.
(2019). However, the study mentioned earlier, along with Hernandez-Pacheco et al.
(2017), confirmed that it is supposed to be in a high LD with the SNP rs16891982,
which is probably the genetic variant driving the association, as indicated by the

regression analysis conducted.
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2.3 TYR region

The gene TYR (tyrosinase), located in chromosome 11 (11q14.3), encodes for
an enzyme with the same name. Tyrosinase catalyzes the direct or indirect oxidation
of tyrosine to dopaquinone, the initial steps of melanin synthesis (Cooksey et al., 1997).
Contrary to the two genes aforesaid, the TYR does not have one key polymorphism
responsible for the association with skin pigmentation (as the rs1426654 and
rs16891982 from the genes SLC24A5 and SLC45A2, respectively). In fact, the TYR
has many SNPs widely studied in candidate genes studies, which will be detailed in
the following.

The SNP rs1042602 is the most reported in the studies with American
populations, both in candidate genes studies and GWAS (Table 1, Supplementary
Table 1). The polymorphism is associated with skin pigmentation in populations from
Brazil, Chile, Colombia, Cuba, Peru, Puerto Rico, USA, and Afro-Caribbeans (Adhikari
et al., 2019; Durso et al., 2014; Hoggart et al., 2003; Lona-Durazo et al., 2019). The
derived allele (A) is a predictor of lighter skin phenotype and is observed in high
frequencies in different European populations as well as in European-derived
populations such as Indo-Europeans, and is nearly absent in Africans (Beleza et al.,
2013; Jonnalagadda et al., 2017; Norton et al., 2007; Sulem et al., 2007; The 1000
Genomes Project Consortium, 2015). Thus, its presence in American populations is
likely due to the European contribution to their genetic composition.

Other SNPs in the TYR are equally associated with the trait in American
populations. For example, the haplotype containing the alleles rs3793976*T and
rs2298458*G is linked to a higher melanin content in Euro-Americans from the USA
(Anno et al., 2007). In the same study, the lower melanin content was associated with
SNPs from other genes located in different chromosomes. Similarly, the G allele from
the rs1126809 polymorphism is associated with darker skin phenotype in Brazilian
populations (Cerqueira et al., 2014). Furthermore, such SNP has also been
demonstrated to be associated with hair color in Latin American populations from
Brazil, Chile, Colombia, Peru, and Mexico (Adhikari et al., 2019).

Some neighboring genes around TYR are also associated with skin color
phenotype. One example is the GRMS5 (glutamate metabotropic receptor 5), which,
according to Lona-Durazo et al. (2019), possibly regulates TYR gene expression.
Polymorphisms such as the rs7118677, rs10160510, rs10437581, rs10831496, and



32

rs12801588 were demonstrated to be associated with skin phenotype in candidate
gene studies and GWAS (Adhikari et al., 2019; Andersen et al., 2020; Lona-Durazo et
al., 2019) in Brazilians, Chileans, Colombians, Cubans, Mexicans, and Peruvians.
Since the frequencies of the mentioned alleles are higher in European populations than
elsewhere, the introduction of these SNPs in the American genomes is also supposed
to derive from the genetic flow with Europeans (The 1000 Genomes Project
Consortium, 2015).

2.4 OCA2/HERC?2 and neighboring genes

Chromosome 15 has a region that comprises a couple of genes associated
with skin pigmentation (15912-913.1), including OCA2 (OCA2 melanosomal
transmembrane protein) and HERC2 (HECT and RLD domain containing E3 ubiquitin
protein ligase 2), as well as their neighboring genes such as GABRG3 (gamma-
aminobutyric acid type A receptor subunit gamma), ENTREPZ2 (endosomal
transmembrane epsin interactor 2), and APBAZ2 (amyloid beta precursor protein
binding family A member 2).

Although the exact function of the OCA2 gene remains uncertain, it is well
established that it has a central role in melanogenesis by encoding the P protein, which
is involved in molecule transport across the melanosome membrane, controlling its pH
and tyrosinase activity (Hirobe, 2011; Visser et al., 2014). Mutations in this gene are
associated with oculocutaneous albinism type 2 (OCA2), the second most prevalent
type of albinism worldwide (Martinez-Garcia & Montoliu, 2013; Oetting, 2011). This
albinism type also shows uncommonly high frequencies in Amerindian populations
from the USA, southern Mexico, eastern Panama, and southern Brazil (Woolf, 2005).
In addition, several SNPs of this gene have been identified as strong evidence of
association with eye color, especially the blue versus brown eye pigmentation
phenotypes in European populations (Andersen et al., 2016; Duffy et al., 2007;
Mengel-From et al., 2010).

Among the eight SNPs from the OCAZ2 identified as associated with the skin
pigmentation phenotype (Table 1), rs1800404 appears most frequently in candidate
gene studies. The association was detected in populations from the USA, Brazil, Chile,
Colombia, Peru, Mexico, and the Caribbean (Adhikari et al., 2019; Andrade et al., 2017;
Anno et al., 2008; Batai et al., 2021; Shriver et al., 2003). The derived allele (A) is
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associated with the lighter phenotype and is observed in high frequencies in European
populations (> 50%) and is relatively common (> 30%) in East Asians and American
populations, especially Native Americans, likely due to their Asian ancestry (Andrade
et al., 2017; Norton et al., 2007; Shriver et al., 2003; The 1000 Genomes Project
Consortium, 2015). The locus of this polymorphism is the target of alternative splicing,
with the derived allele responsible for producing reduced amounts of gene transcripts
(Crawford et al., 2017). According to Feng et al. (2021), this genomic region presents
evidence of being the target of long-term balancing selection in African and Eurasian
populations.

Other SNPs from the OCAZ2 gene identified as associated with skin
pigmentation in American populations include the rs1448484 (Andersen et al., 2020;
Lona-Durazo et al., 2019), rs1800407 (Adhikari et al., 2019; Andrade et al., 2017),
rs1800416 (Andrade et al., 2017), rs2311843 (Anno et al., 2007, 2008), and rs2279727
(Anno et al., 2007). Among them, the association with rs1800416 and rs2279727 was
detected exclusively in Brazil and the USA populations, respectively.

HERCZ2 encodes a protein that supposedly acts on protein trafficking events to
be ubiquitinated and degraded on damaged chromosomes, not directly related to
melanogenesis or other pigmentation processes (Bekker-Jensen et al., 2010).
However, due to its location upstream of OCAZ2, it acts as its regulatory element
modifying its expression (Cook et al., 2009; Visser et al., 2012). Several SNPs of this
gene have already been reported as associated with eyes, hair, and skin pigmentation
in different populations (Beleza et al., 2013; Crawford et al., 2017; Han et al., 2008;
Kayser et al., 2008; Lloyd-Jones et al., 2017; Sturm et al., 2008; Visser et al., 2012).
In American populations, rs12913832 was the SNP in which the largest number of
studies detected an association with skin pigmentation, in addition to having also been
associated with hair and eye color and tanning ability (Adhikari et al., 2019; Andersen
et al., 2020; Han et al., 2008; Hohl et al., 2018; Lona-Durazo et al., 2019) (Table 1).
Such polymorphism is located in an enhancer region of the OCA2, with the ancestral
allele (T) increasing the expression of the mentioned gene compared to the derived
allele (C), whose origins are Sub-Saharan and European, respectively (Visser et al.,
2012). In addition to the mentioned SNP, associations were also identified with the
rs1133496 (Andrade et al., 2017), rs11636232 (Andrade et al., 2017), rs2238289
(Andrade et al., 2017), rs4778249 (Adhikari et al., 2019), rs1129038 (Cerqueira et al.,
2014), and rs1667392, which is in LD with the rs12913832 (Lona-Durazo et al., 2019).
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Similarly to HERCZ2 (but not extensively studied), other genes neighboring the
OCA2 were also detected as associated with skin pigmentation in American
populations. The SNP rs3098576 from GABRG3, a gene upstream of the OCA2, was
detected in a GWAS as it was not in LD with other recognized variants associated with
the phenotype (Lona-Durazo et al., 2019). The rs2636060 from the ENTREPZ2 gene
was also identified as associated in a single study (Lona-Durazo et al., 2019). Finally,
in the APBA2, another gene upstream of the OCA2, two associated SNPs were
detected: rs4424881 (Andersen et al., 2020) and rs36194177 (Lona-Durazo et al.,
2019). Both are not in LD with SNPs from the major genes associated with the trait in
the region (OCA2 and HERC?2).

2.5 ASIP

Another gene commonly reported in candidate studies on skin pigmentation in
American populations is the ASIP (agouti signaling protein). Such gene encodes for a
signaling molecule that promotes the synthesis of pheomelanin (associated with
yellow/red color) instead of eumelanin (associated with brown/black color), acting as
the antagonist from the signaling of the MC 1R (Bonilla et al., 2005; Sturm, 2009; Suzuki
et al., 1997; van Daal, 2008).

The polymorphism rs6058017 was detected as associated with skin
pigmentation traits in two studies with American populations. The ancestral allele (G)
is related to a higher Ml in Afro-Americans (Bonilla et al., 2005), while the derived allele
(A) is associated with lighter pigmentation in an admixed Brazilian population (de
Araujo Lima et al., 2015). Such association occurs since the ancestral allele causes
less antagonism toward MC1R than the derived allele, increasing the production of
eumelanin and consequently favoring dark pigmentation (Bonilla et al., 2005; Scherer
& Kumar, 2010). The SNP was previously identified in Euro-Americans as related to
hair and eye color, not being associated with skin pigmentation (Kanetsky et al., 2002).
Nonetheless, such an association was not verified in Mediterranean populations (Landi
et al., 2005).

Other polymorphisms associated with skin pigmentation in American
populations include rs819136 (Anno et al., 2007), rs2424984 (Valenzuela et al., 2010),
rs6119471 (Andersen et al., 2020), and rs6142102 (Hernandez-Pacheco et al., 2017),

detected in populations from the USA, Puerto Rico, and Brazil.
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According to Norton et al. (2007), the ASIP gene, along with OCA2, had a
direct influence on shaping lighter and darker skin pigmentation traits in populations
worldwide. McEvoy et al. (2006) further identified in this gene evidence of selection in
European and East Asian genomes. Therefore, the influence of ASIP gene
polymorphisms in the skin pigmentation phenotype in American populations can be
associated with the genomic contributions of Europeans and East Asians since they

are part of the ancestry of Americans, as mentioned earlier.

3 Genes identified by GWAS in American populations

A Genome-Wide Association Study (GWAS) is an approach involving a
comprehensive genome scan, targeting a large number of genetic loci across multiple
individuals, aiming to identify potential associations with a clinical condition or a
measurable trait (Pearson & Manolio, 2008). Unlike the candidate gene approach, this
methodology enables the identification of associations with genomic regions that may
not be presumed to be related to a given trait. Given that these associations are
determined using statistical methods, it is important to acknowledge that, even with
correction strategies, the use of tag SNPs introduces the possibility of one associated
polymorphism masking another in linkage disequilibrium. This scenario poses a
challenge in potentially obscuring the true identity of the associated SNP.
Consequently, a prudent approach involves considering associated genomic regions
rather than individual SNPs to enhance the interpretive reliability of GWAS results.
Nonetheless, the contribution of GWAS to expanding our knowledge of the genetics
underlying certain characteristics is undeniable.

In the context of American populations, some genes and genetic variants
associated with skin pigmentation were solely identified through GWAS, including
instances where certain genes were implicated with the trait for the first time. The
following section will provide a detailed overview of the primary findings related to the

genetics of skin pigmentation obtained through the GWAS approach.

3.1 Associated genes discovered for the first time

Among the many genes (and genomic regions) reported exclusively from
GWAS of American populations (Adhikari et al., 2019; Batai et al., 2021; Caro-
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Consuegra et al., 2022; Han et al., 2008; Hernandez-Pacheco et al., 2017; Lona-
Durazo et al., 2019; Zhang et al., 2013), three were identified for the first time in these
studies: SST/RTP2 (Hernandez-Pacheco et al., 2017), BEND7/PRPF18 (Hernandez-
Pacheco et al., 2017), and TRHDE (Batai et al., 2021).

In populations from Puerto Rico and the USA, the region comprising the genes
SST (somatostatin) and RTP2 (receptor transporter protein 2), located at chromosome
3 (3927.3), were identified as associated with skin pigmentation (Hernandez-Pacheco
et al., 2017). The first mentioned gene, SST, encodes for a neurotransmitter that plays
a role in the Central Nervous System and other peripheral organs, including the skin
(Roosterman et al., 2006). Furthermore, some authors discuss their influences on the
development of skin cancers (Lupu et al., 2017). The latter mentioned gene, RTP2,
encodes an accessory protein to mammalian odorant receptors and is mainly
expressed in olfactory organs (Saito et al., 2004). Their respective functions, at least
what has been described so far, lead us to believe that they hardly directly influence
melanogenesis pathways, especially RTP2. Thus, the influence in determining the
phenotype may be due to regulatory mechanisms, but more studies are needed.

Similarly, the region comprising the genes BEND7 (BEN domain containing 7)
and PRPF18 (pre-mRNA processing factor 18) also was identified as associated with
the phenotype in populations from Puerto Rico and the USA in the same study
(Hernandez-Pacheco et al., 2017). Both are in chromosome 10 (10p13) and have
functions that are not directly involved in melanogenesis pathways. However,
considering their roles in pre-mRNA processing and transcription regulation,
Hernandez-Pacheco et al. (2017) suggest that the mentioned locus may influence
melanocyte proliferation. Since the hypothesis lacks experimental support, additional
studies are needed to elucidate the role of the identified locus in determining skin
pigmentation phenotypes.

The association of the TRHDE (thyrotropin-releasing hormone degrading
enzyme) gene, located at chromosome 12 (12921.1), was identified in African
Americans from the USA (Batai et al., 2021). The enzyme encoded is responsible for
cleaving and inactivating the thyrotropin-releasing hormone (TRH), which stimulates
the production of another hormone: the thyroid-stimulating hormone (TSH). The
pituitary gland synthesizes both TSH and the melanocyte-stimulating hormone (MSH),
which can justify the association detected. According to Batai et al. (2021),

polymorphisms in the TRHDE possibly alters the TRH production and, in turn,
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influences the production of the melanocyte-stimulating hormone. As for the previously
described gene regions, additional studies are needed to verify the described

hypothesis.

3.2 SLC24A5 region

In the region surrounding the gene SLC24A5 in chromosome 15, 15g21.1,
GWAS identified three other genes associated with skin pigmentation in Puerto Ricans
and Afro-Americans from the USA: ATP8B4, DUT, and MYEF2 (Hernandez-Pacheco
et al.,, 2017). Another gene in the same region, MYO5A, was also identified as
associated with the phenotype by a candidate gene study (Anno et al., 2008). Its
investigation as a target gene was based on GWAS results showing that the gene,
along with others classically associated with the skin pigmentation phenotype, was
positively selected in European populations (Voight et al., 2006). So far, none of the
mentioned genes have any functional impact on the melanogenesis pathways
described, although their association has been detected. However, some hypotheses
can be formulated to justify the associations, which will be detailed below.

The gene ATP8B4 (ATPase phospholipid transporting 8B4) encodes for an
enzyme that belongs to the complex P4-ATPase, which is responsible for catalyzing
the ATP hydrolysis coupled to the transport of aminophospholipids between the
extracellular space and the cytoplasm by the plasmatic membrane (Folmer et al., 2009;
Ganguly et al., 2019). Some genetic variants of this gene, such as the rs55687265,
are associated with a higher risk of developing Systemic Sclerosis, a clinical condition
where skin hyperpigmentation often occurs (Gao et al., 2016). Therefore, it is
reasonable to presume a possible direct or indirect effect of the gene on
melanogenesis pathways, justifying the identification of its association with the
phenotype in Puerto Ricans and Afro-Americans from the USA from the study of
Hernandez-Pacheco et al. (2017). While the SNPs within ATP8B4 linked to skin
pigmentation do not exhibit linkage disequilibrium with the associated SNPs within
SLC24A5 in American populations (data not shown), it remains plausible that the
observed association identified through GWAS may indeed be indicative of the
influence of the SLC24A5 gene. Furthermore, in addition to the aforementioned
American populations, the SNP rs7180182 has also been associated with skin

pigmentation in a South Asian population (Stokowski et al., 2007).
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The gene DUT (deoxyuridine triphosphatase) encodes for an enzyme that acts
on nucleotide metabolism, hydrolyzing dUTP to dUMP and pyrophosphate, targeting
the synthesis of thymine nucleotides and extensive excision repair realization (Ladner
et al.,, 1996). In Puerto Ricans, it was detected that individuals carrying some
polymorphisms in this gene had a higher risk of developing some types of cancer due
to failures in the DNA repair system (Chanson et al., 2009). In the same perspective,
other SNPs of this gene in a Chinese population were considered predictive
biomarkers of cervical squamous cell carcinomas and cervical intraepithelial neoplasia
due to possible involvement in HPV infection (Ye et al., 2019). As mentioned for the
ATP8B4, the polymorphism rs11637235 linked to skin pigmentation in Puerto Ricans
and Afro-Americans from the USA was also identified in South Asian populations
(Hernandez-Pacheco et al., 2017; Sarkar & Nandineni, 2018; Stokowski et al., 2007).
Since the role of the enzyme encoded by DUT has no implications for melanogenesis,
at least from what has been described so far, and considering that the SNP is an
intronic variant, its identification as associated with the tract in different GWAS may be
due to regulatory actions on other genes, such as SLC24A5. However, further studies
are needed to verify this hypothesis.

Also identified as associated with skin pigmentation in Puerto Ricans and Afro-
Americans from the USA (Hernandez-Pacheco et al., 2017) as well as in South Asian
populations (Sarkar & Nandineni, 2018; Stokowski et al., 2007), the gene MYEF2
(myelin expression factor 2) acts as a transcriptional repressor of the MBP (myelin
basic protein), the gene responsible for the synthesis of myelin (Muralidharan et al.,
1997). The gene MYEF2 is associated with the differentiation of neurons and myotube
and, hence, have polymorphisms linked to the development of cardiovascular diseases
(Haas et al., 1995; Muralidharan et al., 1997). Recently, the variants of the MYEF2
have been associated with some cancer types, such as hepatocellular carcinoma
(Zhang et al., 2023) and breast cancer (Chung et al., 2017). The previously described
functions and associations do not have implications for melanogenesis pathways.
However, as discussed for the DUT gene, since the SNP identified as associated with
skin pigmentation is an intronic variant, it may play a role in regulating other genes

directly implicated in melanin synthesis, such as the SLC24A5.

3.3 Associated genes of African (MFSD12) and Eurasian origin (MC1R) identified
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Both the MFSD12 and MC1R genes, classically associated with normal
variation in skin pigmentation in African and Eurasian populations, respectively, have
also been found to be associated with the phenotype in American populations (Adhikari
et al., 2019; Anno et al., 2007; Lona-Durazo et al., 2019; Neitzke-Montinelli et al.,
2012). These associations highlight the complex ancestry characteristic of the
American continent populations.

The gene MFSD12 (major facilitator superfamily domain containing 12),
located in chromosome 19 (19p13.3), encodes for a transmembrane protein that acts
as a cysteine importer for melanosomes and lysosomes in melanocytes and non-
pigmented cells, respectively (Adelmann et al., 2020). The study of Crawford et al.
(2017) identified polymorphisms (rs56203814 and rs10424065) from such gene for the
first time associated with skin pigmentation variation in African populations. The
derived allele of the SNP is detected as the leader of association and is common in
East African populations and those with recent African ancestry. The study also
detected that African ancestry is correlated with MFSD12 lower expression, which
results in an increased eumelanin production and, hence, darker pigmentation
(Crawford et al., 2017).

In a GWAS performed with Latin American populations, another SNP
(rs2240751) from the gene MFSD12 was identified as associated with the trait
(Adhikari et al., 2019). Interestingly, the derived allele of the polymorphism mentioned
above has high frequencies only in East Asians and Latin Americans, suggesting,
according to the authors, that its presence in Americans probably stems from Asian
ancestry in the formation of these populations (and not from the African ancestry also
present in the American continent) (Adhikari et al., 2019). In the Lona-Durazo et al.
(2019) study, on the other hand, two MFSD12 SNPs were associated with the
phenotype in populations from Cuba, Puerto Rico, the USA, and Cape Verde, one of
which was previously described by Crawford et al. (2017). Therefore, the authors
suggest that independent mutational events occurred in African and East Asian
populations.

The MC1R gene (melanocortin-1 receptor), located on chromosome 16
(16924.3), encodes for a cell-surface receptor that belongs to the G protein-coupled
receptors family. The receptor has a high affinity for the melanocyte-stimulating
hormone (MSH), an essential link to trigger the process of melanogenesis. The

mentioned gene was the first one identified as associated with normal variation in skin
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pigmentation in Europeans and their derived populations, where it is highly
polymorphic (contrary to what is observed in African populations, for example)
(Harding et al., 2000). In the American populations, SNPs from the gene have been
identified in three different studies: two focusing on the investigation of specific variants
(Anno et al., 2008; Neitzke-Montinelli et al., 2012) and the other identified by GWAS
(Adhikari et al., 2019). Considering that MC1R is one of the well-studied genes related
to skin pigmentation, the scarcity of studies revealing its influence on the phenotype in
American populations so far, especially GWAS findings, may reveal an insubstantial
role for gene polymorphisms in normal trait variation on the continent (Makova &

Norton, 2005). However further studies are necessary to corroborate this affirmation.

4 Role of genetic ancestry in skin pigmentation variation

The ancestry of American populations is complex due to the several genetic
backgrounds whose contributions shaped contemporary Americans across the
continent. Not surprisingly, several studies have focused on the relationship between
skin pigmentation and the ancestry of these populations (Ang et al., 2023; Bonilla,
Parra, et al., 2004; Bonilla, Shriver, et al., 2004; Cardena et al., 2013; Guerreiro-Junior
et al., 2009; Klimentidis et al., 2009; Leite et al., 2011; Lima-Costa et al., 2015;
Marcheco-Teruel et al., 2014; Marrero et al., 2005; E. J. Parra et al., 2004; F. C. Parra
et al., 2003; Pimenta et al., 2006; Ramos et al., 2016; Ruiz-Linares et al., 2014; Santos
et al., 2016; Teteh et al., 2020). The results described in the mentioned studies mainly
indicated a correlation between skin pigmentation (measured by Ml or skin reflectance)
and continental ancestry.

The study of Bonilla, Parra, and colleagues (2004) identified the association of
ancestry and skin reflectance in Hispanics (i.e., individuals from Latin America, except
for Brazil) from the USA. They found a positive correlation between Native American
admixture and darker skin — indicating population structure. Additionally, another
study observed that Native American ancestry was also pointed out as responsible for
the variation in skin darkness observed in Hispanics and Amerindians from the USA
(Klimentidis et al., 2009). However, in the Kalinago of Dominica — the Caribbean
population with the highest Native American ancestry (65%) recorded — such ancestry
had a somewhat different effect. In this case, it exhibited the most significant impact

on skin pigmentation, being responsible for reducing more than 20 melanin units (Ang
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et al., 2023). This discrepancy is understandable, given that their other major ancestral
component is African (32%), which typically results in darker skin in populations from
the American continent.

Interestingly, the association between ancestry and M| was also detected in
other studies focusing on Puerto Ricans living in the USA (Bonilla, Shriver, et al., 2004;
Parra et al., 2004). However, only West African and European ancestry influenced the
trait in this case, with no effect detected for the Native American (Bonilla, Shriver, et
al., 2004). The same result was observed in Cubans (Marcheco-Teruel et al., 2014)
and Brazilians (Andersen et al., 2020). From weak to moderate correlations between
MI and ancestry, variable results were observed in African Americans from the USA,
Afro-Caribbeans, and Mexicans (Parra et al., 2004).

In Brazilian populations, numerous studies have explored the relationship
between genomic ancestry and self-reported skin color, encompassing various
markers such as autosomal, mitochondrial DNA, and Y-chromosome while also
including populations from different regions of the country (Avila et al., 2022; Cardena
et al., 2013; Leite et al., 2011; Lima-Costa et al., 2015; Neitzke-Montinelli et al., 2022;
Ramos et al.,, 2016; Santos et al., 2009; Santos et al., 2016). The findings
demonstrated discrepancies contingent upon the particular genetic markers employed
and the country region of the sampled populations, underscoring that genomic
composition does not unequivocally dictate the phenotypic attributes associated with
skin color — which was demonstrated also in other Latin American countries as Peru,
Mexico, Chile, and Colombia (Ruiz-Linares et al., 2014). This observation can be
attributed to the complex and intricate admixture processes of different ancestral
populations that have historically shaped the genetic diversity within this population.
Additionally, it is crucial to consider that self-reported skin color categorization is
significantly influenced by sociocultural factors, introducing an additional layer of
complexity to the investigation of the relationship between ancestry and skin color
(Telles & Flores, 2013). Heteroclassification, i.e. the assignment of a color category by
another person, is similarly subjective and is influenced by the sociocultural factors of
the evaluator. Studies that utilized this method of color assessment also found no
correspondence between skin color and genomic ancestry (Guerreiro-Junior et al.,
2009; Marrero et al., 2005; F. C. Parra et al., 2003; Pimenta et al., 2006).
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5 Final considerations

This review consolidates research on the genetics and evolution of skin
pigmentation across South, Central, and North American countries. The studies
reviewed here (n = 42) encompass just 33% of the continent's countries, underscoring
the critical need to enhance both geographical diversity and the inclusion of diverse
population groups, along with larger sample sizes in future investigations. A notable
bias was observed in the countries sampled, with Brazil and the USA being the most
frequently represented in the reviewed articles. Notably, studies involving Brazilian
populations primarily focus on investigating the relationship between ancestry and skin
color. In contrast, studies on USA populations predominantly describe genetic variants
associated with skin pigmentation, highlighting a significant knowledge gap concerning
Latin American populations. However, the recent establishment of large consortia
dedicated to investigating the genetics of Latin American populations, including
pigmentary traits, is expected to expand our knowledge in the coming years and bridge
the gap between North and Latin American populations.

We compiled 26 genes/genomic regions, encompassing 65 SNPs, linked to
the skin pigmentation phenotype in American populations. However, our findings
revealed a significant predominance of candidate gene studies over GWAS, raising
concerns about the potential limitation in identifying additional genes and genetic
variants contributing to the variation of the skin pigmentation phenotype. This
prevalence suggests a potential temporal trend, possibly linked to the growing
popularity and accessibility of chip technology for genotyping in recent years. Notably,
this observation aligns with the trend that emerged in selected articles published from
2017 onward, which were predominantly based on GWAS results (refer to
Supplementary Table 1).

It is crucial to underscore that the results yielded by GWAS may also be subject
to bias and might not identify all genes and genetic variants associated with the
phenotype, given the influence of the genotyping chip's coverage (Verlouw et al.,
2021). For example, the locus of the SNP rs16891982, situated in the gene SLC45A2,
widely associated with the phenotype worldwide, including American populations as
discussed here and extensively investigated in gene candidate studies, is covered by
only two chips used in the analyzed GWAS (Supplementary Table 3). Consequently,

it is unfeasible to dismiss the possibility that the outcomes of the GWAS with American
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populations reviewed here might overlook certain genes and genetic variants
associated, especially considering the deployment of different chips with varying
genotyping coverage in these studies (ranging from 500K to 11M, Supplementary
Table 2).

Another bias in this review is the multiple methodologies used to assess skin
pigmentation. We identified three primary methodologies: skin reflectance (n = 20),
self-reported skin color (n = 18), and skin color heteroclasification (n = 9) (refer to
Supplementary Table 1). These methodological variations can significantly impact the
results presented, particularly given that most of the studies (n = 35) included in our
analysis relied exclusively on one method. Skin reflectance emerged as the
predominant method, a crucial point as it employs quantitative data collection, thereby
reducing susceptibility to sociocultural biases. However, a notable proportion of studies
relied on qualitative data collection for associations, potentially introducing biases into
the results, particularly within the Latin American context. In these populations, as
widely described, skin color does not solely influence color self-declaration; instead,
the cultural significance of skin color also plays a fundamental role in designation (Perz
et al., 2008; Telles & Paschel, 2014).

The results of the analyzed studies reinforce the well-known complex
American population's genomic composition, with genes and genetic variants from
various continental populations influencing the studied phenotype. Nonetheless, some
genes and genetic variants have been specifically associated with skin pigmentation
in American populations, indicating potential emerging dynamics of genomic
interaction within the genetic context of the Americas, influenced by demographic
processes and unique admixture patterns in the continent. Interestingly, some studies
have reported a correlation between skin tone and continental ancestry proportions in
American populations, although this is only partially valid due to the diverse histories
and formation of each population.

This review highlights the need for more studies on the genetics and evolution
of skin pigmentation in the Americas. In addition to studies aimed at identifying genetic
variants, there is an urgent need for functional studies utilizing cell-based assays and
gene expression analyses. These studies would corroborate the statistical
associations already identified and compiled in this review. Furthermore, it would be
valuable to undertake investigations examining distinctions in epigenetic markers that

may correlate with variations in skin pigmentation. This proposition is supported by



44

existing evidence, as demonstrated by the work of Winnefeld et al. (2012), revealing
clear differences across populations in this context. Such studies are critical for
advancing our understanding of human genetics, and its implications in fields such as
health, forensics, archeology, anthropology, evolution, and human history. Moreover,
given that American populations have genetic contributions from various other
populations worldwide, the role of genes and variants identified in Americans can be
extrapolated to their ancestral populations — expanding the comprehension of the

evolutionary history of humankind.
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Fig. 1 Genes associated with skin pigmentation in American populations

A total of 26 genes and genomic regions were identified as associated with skin
pigmentation in American populations from Brazil, Chile, Colombia, Cuba, Mexico,
Peru, Puerto Rico, the USA, and the British Caribbean. The British Caribbean region
is represented in red, whose sampled countries were not listed by Hoggart et al. (2003).
The data were obtained from Adhikari et al. (2019); Andersen et al. (2020); Andrade
et al. (2017); Anno et al. (2007, 2008); Batai et al. (2021); Bonilla et al. (2005); Caro-
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Supplementary Table 2. Genotyping chips employed in the GWAS articles

ID Year Chip SNPs genotyped

11 2008 lllumina HumanHap550 528,173

29 2013 IIIumin? HumanH§p550, 8,221,074
Affymetrix 6.0 lllumina 610Q 2,543,887

33 2017 Axiom LAT1 797,128

34 2019 Infinium PsychChip v1.0 and v1.1 292,549

35 2019 lllumina HumanOmniExpress 674,971

38 2021 Affylrilwuert?ii;] AR rray o , ’201685,;177355

40 2022 Affylrilwttjart]:ii;] TD;?AIa:Ea; rray 1,200,000

42 2023 Infinium Omni2.5-8 BeadChip 1,638,140

68



69

X 01509101 s! SWHO

X 0909€9zs! Z2dIHINT
X X X X X z11861LL1sd ZXW3
20LZyl9s!  dISv-2SzdId
X X X X X GeTLE9L 18l ina
X ggozooes:  ©395d
X coozoges:  ©395d
281081 /s! ra8d1y
X X X GG9¢€08s! ra8d1y
X X X X 97668/ ra8d1y
X X X X X X 916185 disy
17v61198] disy
710850981 disy
X X X ¥867¢res disy
X X X X X 188¥eyvsi zvady
X L11¥619€8] zvady
diyo
09 867 o, sseidxa WL D09 ossdequewny  dNS |u99
XUJPWAYY wWoIXy XujdwAyy E_”__HW:_ n__“w”_ﬂacm_n_ E.M_Fn_u_“hm:ﬂ_:_._ eUIWN||| eulwn]|| eulwnyjj

sdiyo BuidAjouab ayj Jo abelano)) "¢ ajqe] Aiejusawajddng



968ceeeh LS cLas4an

X OvL9LV0LSI  Z4ASW
X X X X X 6.1588s! HLOW

X X X X X ovezizes! Lo

X gvezizes! HLOW

X X X 80050815 Lo

X X X £9gz1.2€8! Lo

X X X 1521288 Lo

X X X X X 265£02Z 1! p4edl

X 6vZ8LLyS!  ZOM3H

B828EecS]  ZOMaH

X 266.991S!  ZOM3H

X X X X X X 268E162LSI  ZO¥TH

X X X X X ZEOEONIST  Z0M3H

X GVECITS]  ZOMTH

X X X GE0BZITS]  ZOM3H

X 2198111 GNED

X 8851082181 SO

X X X 9VITEOIST G

X 18GEH0LSI  GNHD

diyo
udvued Lyl o9 FeC pu 01 ey, WL D09 ogsdenuewny NS Sue9
xujowkyy womy xuowAyy O - diyoyoksa IO T eununiy eununiy " euuny

winjuiuj




L.

geesesd cYsrOS
xL1y0G¢s] AL 20NN
X X X X 616.8¢CS! cYsrOS
xCE818Ls] AL 20NN
X X 28616891s/ cYsrOS
xV9€GGG ¢S] (4 ZAONRNY
X X X AVNAVA7AE 4 ZAONRNY
X X X X ¥G99¢vLsd (474NN
X X G€G.9¢s) (4 ZAONNY
X 9/6860¢€s!  £€9HEVO/CVO0
X X X X X X ev8lLeess 440]0)
lclelees) 440]0)
X X 9L¥008Ls4 440]0)
X X X L0¥0081s4 440]0)
X X X ¥0¥0081Ss4 440]0)
y8veviLs) 440]0)
X X X X X 089lctelsd WLIN
X X X €G609..¥84 VGOAN
6168208s4 C4IAN
X X X LGL0v¢csd cLas4an
diyo
waveed 1v1 09 BST puegia S L poe pecduyuewny NS sus9
XUJPDWAYY WOoIXY XUJdWAYY E_”__HW:_ n__”.__w”_ﬂ\acw_n_ _:M_.w“hmsﬂ_:_._ eUIWN||| eulwn]|| eulwnjyjj




"sjose)ep 9y} Ul UoIleWwIOojUl OU YIM SINS

"g)|nsal

SY/MO 01 Buipioooe payul| ale sauo Bululewsal ay) ajiym ‘saipnis susb a)epipued Uo paseq paleloosse ale S4NS pauljiepun ay] 810N

X 9/6€6.€s1 AL
X X X X 85862Zs! AL
X 885108z s! AL
608921 sl AL
X X X X X X 209z01 sl AL
X 162..€9/8! JAHYL
X ¥9/26G6/S1  Zd1¥/LSS
X X zeLops! ZvsrO1S
X 16€6¢€s! Zvsro1S
diyo
¥dvued L1vl 09 867 o6, sseidxa WL Dol ossdequewny  dNS aus9
XUJPDWAYY WOoIXY XUJdWAYY E_”__HW:_ n__”.__w”_ﬂ\acw_n_ _:M_.w“hmsﬂ_:_._ eUIWN||| eulwn]|| eulwnjyjj

¢l



73

CAPITULO II: EXPLORING SKIN PIGMENTATION IN AFRO-BRAZILIAN
QUILOMBOS: GENETIC AND PHENOTYPIC INSIGHTS

Exploring Skin Pigmentation in Afro-Brazilian Quilombos: Genetic and

Phenotypic Insights
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Abstract

Quilombos, Afro-Brazilian communities formed by formerly enslaved people, are a
subset of the African diaspora in Brazil, dedicated to preserving African traditions. We
investigated the skin pigmentation genetics in 166 participants from South Brazilian
quilombos Feixo and Restinga. Genotyping of 9 candidate SNPs (rs16891982,
rs250417, rs181832, rs1800404, rs2238289, rs1042602, rs1426654, rs2675345,
rs2287949) was performed. The melanin index (M), assessed using a colorimeter on

the inner upper arm, forehead, and hand, was utilized to quantify skin pigmentation
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(constitutive and facultative). Data on skin color self-declaration and sun response
characteristics were also gathered. Ml differences across body parts were observed (p
<0.001), with the inner arm displaying the lowest values, followed by the forehead and
hand. MI, associated with self-declaration (p < 0.001), displays an increasing gradient
across white, brown, and black categories. Substantial overlapping within categories
emphasizes the complexity of self-declaration, influenced by sociocultural factors in
Latin America. Only rs1042602, a European missense variant of the tyrosinase (TYR)
gene, was consistently associated with MI, self-declaration, sun response, and
facultative pigmentation (all p < 0.05). Homozygote C is linked to darker, homozygote
A to lighter, and heterozygote to intermediate phenotypes, suggesting an additive
effect. While MI and self-declaration were associated to sun response, a Fitzpatrick
scale limitation regarding mandatory tanning for darker skin individuals was detected,
underscoring cautious application in diverse non-white populations. This pioneering
study on quilombos contributes to understanding genetic factors in skin pigmentation
within African diaspora populations. Further research in additional quilombos is crucial

for generalizability.

Keywords
Melanin index; Fitzpatrick scale; African diaspora; facultative pigmentation; constitutive

pigmentation; TYR.

1 Introduction

Quilombos, Afro-derived communities founded by formerly enslaved
individuals and their descendants in Brazil, constitute an ethnic group representing
approximately 0.65% of the Brazilian population (Gomes, 2015; IBGE, 2023b). They
represent one of the many forms of resistance to exploitation during slavery from the
16th to the 19th centuries in the Brazilian territory (Moura, 1992). These communities,
distributed across the country, create spaces dedicated to preserving African and Afro-
Brazilian cultures and traditions (Gomes, 2015). Although each quilombo possesses a
unique history shaped by its location and the circumstances of its origin, a
predominantly African genomic ancestry is expected (Nunes et al., 2020). However,
given the non-isolated nature of these populations, it is noteworthy that Native

American and European ancestries are also observed in most quilombos, albeit in
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varying proportions similar to the broader Brazilian population (Joerin-Luque et al.,
2023).

The genetic composition of quilombos remains understudied, with only a
limited number of published studies to date encompassing a small fraction of the
communities in the country (Joerin-Luque et al., 2023). Furthermore, these
investigations have not extended to exploring pigmentary phenotypes, which remain
poorly investigated in the Americas compared to other continents (Quillen et al., 2019).

Constitutive skin pigmentation, characterized as the type that remains constant
irrespective of external factors such as sun exposure, is determined by the quantity,
type, and distribution of melanin (Ito & Wakamatsu, 2003). The variation of this skin
pigmentation category is associated with several genetic variants distributed across
different genes. It is important to note that the associated genes and variants diverge
according to the population (Harding et al., 2000; Martin et al., 2017; Norton et al.,
2015). In light of the complex structure of the Brazilian population, it has been identified
polymorphisms associated with skin pigmentation that have been previously described
in Africans, Native Americans, and Europeans — major ancestral populations
contributing to the Brazilian gene pool (Andersen et al., 2020; Cerqueira et al., 2014;
de Araujo Lima et al.,, 2015; Leite et al., 2011; The Brazilian EPIGEN Project
Consortium et al., 2016). However, there is a notable gap in our understanding as no
investigations have been conducted in quilombos thus far.

The pigmentation category mentioned earlier is opposed to facultative
pigmentation, defined by the ability to tan in response to ultraviolet (UV) radiation
exposure. The ability or inability to tan the skin is also genetically influenced by
population genetic variations (Quillen, 2015). Thus, some genes and genetic variants
associated with this phenotype have been identified in different populations, but
studies are lacking in Brazilians.

Enhancing our comprehension of the diverse spectrum of human skin
pigmentation phenotypes is crucial not only for the fields of evolution and human
genetics but also for anthropology, medicine, and forensic sciences (Norton, 2021).
Moreover, the prevailing Eurocentric approach in studies on this topic tends to
underestimate the inherent complexity of this phenotype (Norton, 2021). To address
this limitation, it is essential to incorporate diverse populations in these studies, such
as Brazilians, which are largely known for its diversity in both cultural and genetic

aspects. Notably, including individuals from quilombos — a group that has been
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insufficiently studied in this context — holds particular significance, offering a unique
perspective that may also enhance our understanding of skin pigmentation genetics in
African and other Afro-derived populations. Considering this, this study aimed to
investigate the relation between quantitative and self-declared skin pigmentation,

candidate SNPs, and sun response phenotypes in quilombos from South Brazil.

2 Materials and methods

2.1 Population

Samples from individuals in the quilombos Feixo (QF, 25°42'00.2"S,
49°37'36.2"W) and Restinga (QR, 25°43'21.1"S, 49°40'36.2"W), located in Lapa, state
of Parana, South Brazil, were included (Supplementary Figure 1). The study was
approved by the Research Ethics Committee with Human Beings of the Health
Sciences Sector of the Universidade Federal do Parana (protocol numbers:
74481823.0.0000.0102, granted in 2021, and 42761521.9.0000.0102, granted in
2023). All participants gave their written informed consent. The sample set consisted
of 166 participants (117 from QF and 49 from QR) who underwent genotyping and
informed their skin color self-declaration. Out of these, 83 individuals (57 from QF and
26 from QR) completed the questionnaire and participated in measurements with the
colorimeter. In subsequent sections, detailed information regarding genotyping

procedures, questionnaires, and colorimeter measurements will be provided.

2.2 Skin pigmentation data collection

The participants expressed their skin color self-declarations using a
questionnaire, selecting one out of the five color/race categories established by the
Brazilian Institute of Geography and Statistics (IBGE): Black, Brown, White, Native
American, and Yellow (preto, pardo, branco, indigena, and amarelo in Portuguese,
respectively).

A questionnaire was administered to investigate sun responsephenotypes,
focusing on the skin's reactions to occasional and repeated sun exposure
(Supplementary Table 1). This instrument enabled the classification of their phototypes

according to the Fitzpatrick scale: phototype 1) fair skin, always burns and never tans;
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phototype Il) fair skin, always burns, with minimal tanning; phototype Ill) fair skin, burns
minimally and tans moderately to gradually; phototype IV) light brown skin, burns
minimally, tanning moderately to gradually; phototype V) brown skin, rarely burns,
tanning deeply; and phototype VI) dark/black skin, never burns, and tans deeply
(Fitzpatrick, 1988). The questionnaire was adapted from Smit et al. (2020).

The quantitative measurement of skin pigmentation was conducted using the
spectrocolorimeter Color Muse® (Variable, USA), calibrated to the D65 light source,
replicating natural daylight conditions. The output was provided in the CIELab color
system and converted into melanin index (MI). The conversion of CIELab to MI was
based on the equations outlined in Shriver & Parra (2000).

Measurements were taken on i) the left and right inner upper arm, ii) the left
and right back of hands, and iii) the center of the forehead. The selection of these body
parts was based on their, respectively, minimal sun exposure (ensuring reliability to
represent constitutive pigmentation), exposure to the sun even in the coldest months
of the year (providing information about facultative pigmentation), and a high likelihood
of sun exposure that could have been protected by chemical (e.g., sunscreen) or
physical (e.g., hair or hats) blockers from the sun's rays. All measurements were
conducted in triplicate at each location, and the average values were used to calculate
the MI. Additionally, the average from both the left and right sides was calculated and

considered in the overall calculation of the MI.

2.3 Genetic analyses

DNA extraction was performed from the buffy coat using the Wizard® Genomic
DNA Purification Kit protocol, following the manufacturer's recommendations
(Promega, USA). After analyzing genetic variants linked to skin pigmentation, we
selected nine SNPs known for their reported associations with the phenotype,
particularly dark skin, in Brazilian or other American populations. Priority was given to
markers that demonstrated consistent associations in at least two studies
(Supplementary Table 2). The chosen SNPs encompassed variations in the genes
SLC45A2 (rs16891982, rs250417, rs181832, rs2287949), OCA2 (rs1800404), HERC?2
(rs2238289), TYR (rs1042602), and SLC24A5 (rs1426654, rs2675345). These SNPs

were then amplified using PCR-SSP (polymerase chain reaction sequence-specific
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primers) and distributed across four multiplexes whose amplification conditions are

detailed in Supplementary Table 3.

2.4 Statistical analyses

All statistical analyses were conducted using the R programming language,
version 4.3.3 (R Development Core Team, 2023). Allelic and genotype frequencies,
Hardy-Weinberg equilibrium assessment, and linkage disequilibrium estimation were
performed using the R package "genetics", version 1.3.8.1.3 (Warnes, 2021).

Comparisons of Ml from distinct body parts were conducted using repeated
measures analysis of variance (ANOVA). The normality and sphericity assumptions
were assessed through the Shapiro-Wilk and the Mauchly test, respectively. Post hoc
paired t-tests with Bonferroni correction were employed to examine paired differences.

The differences between females and males in the sample were analyzed
using the chi-square test. A two-way ANOVA assessed variations in Ml between
females and males. Normality assumptions were evaluated using the Shapiro-Wilk
test, and the homogeneity of variances was examined with the Levene test. Post hoc
Tukey tests were employed to compare the M| across different body parts among the
sexes.

The association between age and MI from different body parts, as well as
between facultative pigmentation and Ml was assessed using linear regression. The
normality assumption was verified using the Shapiro-Wilk test, residual independence
using the Durbin-Watson test, and homoscedasticity using the Breusch-Pagan test.

The association between skin color self-declaration categories and MI and
between the sun response phenotypes and M| was investigated through Multivariate
Analysis of Variance (MANOVA), wherein the null hypothesis was evaluated using
Pillai's Trace. The normality assumption was verified through the Shapiro-Wilk test, the
homogeneity of covariances was assessed with the Box M-test, the homogeneity of
variances was examined via the Levene test, and multicollinearity was scrutinized
employing Pearson correlation. Post hoc comparisons were subsequently conducted
using estimated marginal means, with adjustments made for multiple comparisons
using Bonferroni correction. T-tests were employed to compare the Ml across different
body parts among self-declared categories, assuming the null hypothesis of a greater

or equal mean.
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The association between the candidate SNPs and Ml from different body parts
and between candidate SNPs and facultative pigmentation was assessed by multiple
linear regression using additive and dominant genetic models. Assumptions of
normality, homoscedasticity, and multicollinearity were checked using the Shapiro-
Wilk, Breusch-Pagan, and Pearson correlation tests, respectively.

A multinomial logistic regression was conducted to investigate the association
between skin color self-declaration categories and genotypes from the candidate
SNPs; sun response phenotypes and skin color self-declaration categories; and sun
response phenotypes and candidate SNPs. The "white" self-declared category and the
minor allele (MA, i.e. the less frequent) were used as the references in all analyses.

Finally, the association of facultative pigmentation with self-declaration and
sun response phenotypes was assessed using one-way ANOVA. The assumptions of
normality and homogeneity of variances were checked using the Shapiro-Wilk and the

Levene tests, respectively.

3 Results

3.1 Population characteristics

The mean age of the total sample is 47.4 years (£ 16.6), slightly lower in QF
(44.9 years + 15.2) and higher in QR (52.5 years £ 14.5). The sex of the majority of
participants is female, representing 72.3% of the total sample, with similar distributions
in QF (71.8%) and QR (73.5%). MI measurements reveal a consistent pattern of lower
pigmentation on the inner upper arm and higher pigmentation on the forehead and
hand, with minimal differences between QF and QR. Skin color self-declaration trends
indicate a prevalence of brown, followed by black and white, with variations between
subpopulations, particularly a higher proportion of black individuals in QR compared to
QF (Table 1).
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Total QF QR
(n = 166) (n=117) (n = 49)
Age (Mean * SD) 474+16.6 449%152 525%14.5

Female
Male

Inner Upper arm

Sex (n)

Melanin index (Mean * SD) Forehead
Hand

Black (preta)
Skin color self-declaration (n) Brown (parda)

White (branca)

120 (72.3%)
46 (27.7%)
45.3 £ 8.6
52.7 +11.7
62.5+ 10.4
61 (36.7%)
90 (54.2%)
15 (9.0%)

84 (71.8%)
33 (28.2%)
444 £8.3
52.0 + 10.8
61.7 £+ 10.4
33 (28.2%)
73 (62.4%)
11 (9.4%)

36 (73.5%)
13 (26,5%)
47.3+9.1
54.3 +13.5
64.2 + 10.2
28 (57.1%)
17 (34.7%)
4 (8.2%)

Table 1. Individual demographic and pigmentation characteristics across sample populations and
overall

3.2 Melanin index and skin color self-declaration categories

Significant Ml differences were observed across distinct body parts (p < 0.001,
Supplementary Table 4). Generally, the Ml values displayed a trend from lower to
higher levels, with the inner upper arm exhibiting the lowest Ml (mean = 45.29 + 8.61),
followed by the forehead (mean = 52.67 + 11.68) and hand (mean = 62.50 + 10.35)
(Figure 1). Despite variations in the number of females and males in the sample (p <
0.001), no significant pigmentation differences were observed between the sexes
across all body parts (p = 0.470, Supplementary Table 5). It is important to note that
the highest mean MI values in our dataset are observed in males (Supplementary
Table 5). Moreover, age also did not show any association with M|l across all body
parts in our sample (Supplementary Table 6).

By the self-declaration categories, individuals identifying as brown (pardos)
and black (pretos) represent the majority of the sample, comprising 91.9% (Figure 2A).
Upon analyzing the general distribution, it becomes apparent that self-declaration is
associated with Ml across the three assessed body parts (p < 0.001, Supplementary
Table 7). Although overlap in Ml is observed within the skin color categories (Figure
2B), the mean MI of white self-declared individuals is statistically lower than that of
brown individuals, which, in turn, is lower than that of black individuals (p < 0.01 for all
cases, Supplementary Table 7). Pairwise comparisons revealed significant differences

in Ml values across all body parts for every skin color category, except for the inner
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upper arm (p = 0.082) and the forehead (p = 0.135) when comparing white and brown

self-declared individuals.

3.3 Association of candidate SNPs with melanin index

We used additive and dominant genetic models, adjusting for age, sex, and
quilombo to verify the association of candidate SNPs and MI. Across various body
parts, the SNP rs1042602 of the TYR gene was the only one significantly associated
with MI in the total sample, consistent across both additive and dominant models
(Table 2).
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3.4 Association of candidate SNPs with skin color self-declaration categories

Given the significant associations between skin color self-declaration
categories with M| (Figure 2) and between MI with one candidate SNP (Table 2), we
investigated the potential association of these SNPs with the skin color self-declaration
categories. The only polymorphism associated with the self-declaration in the total
sample is the TYR SNP rs1042602 (p < 0.001), consistent with the previously
described findings (Table 3).

Self-declaration category (n = 166)
SNP Black (n = 61) Brown (n = 90) White (n = 15) (p-I:::L)
MA MAF MA MAF MA MAF
rs16891982 G 0.049 G 0.085 G 0.091 0.473
rs181832 A 0.265 A 0.280 A/G" 0.500 0.515
rs2287949 c 0.422 C 0.457 c 0.409 0.081
rs250417 G 0.157 G 0.232 G 0.136 0.813
rs1042602 A 0.069 A 0.183 A/C" 0.500 0.0001
rs2238289 G 0.412 A 0.470 A/G " 0.500 0.269
rs1800404 T 0.431 c 0.463 C/T? 0.500 0.149
rs1426654 G 0.324 G 0.360 A 0.409 0.065
rs2675345 » » * * * * *

Table 3. Results of the multinomial logistic regression investigating the association of skin color self-
declaration categories with candidate SNPs

* The locus rs2675345 is monomorphic, rendering association analysis for this SNP unfeasible.
" Both allele frequencies are equal (0.500).

Statistically significant associations are underlined. The p-value was calculated using the minor allele
as the reference.

MA = minor allele; MAF = minor allele frequency.

3.5 Sun response phenotypes and facultative skin pigmentation

Using the questionnaire detailed in Supplementary Table 1, we determined the
phototypes of each individual according to the Fitzpatrick scale, as earlier described.

Considering tanning and sunburn characteristics, phototypes | to 1l were classified as
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"sun-sensitive" while phototypes IV to VI were designated as "sun-resistant"

phenotypes in subsequent analyses (Table 4).

Sun response phenotypes Sun-sensitive Sun-resistant

Fitzpatrick scale phototypes | I ]l v Vv VI

1(1.20) 2(2.41) 5(6.02) 30(36.14) 26 (31.33) 19 (22.89)
N (%
o) 8 (9.64) 75 (90.36)

Table 4. Distribution of the phototypes and sun response phenotypes in the sample

Distinct mean Ml values are observed in each phenotype (p < 0.001), with the
sun-sensitive phenotype exhibiting lower values than the sun-resistant phenotype. The
sun response phenotypes are associated with the total Ml (p = 0.04, Supplementary
Table 11, Figure 3A), with pairwise comparisons revealing significant associations of
the phenotypes with the MI from each body part (p = 0.021, p = 0.009, and p = 0.006
for the inner upper arm, forehead, and hand, respectively). Furthermore, the
phenotypes are also associated with skin color self-declaration categories (p < 0.001,
Figure 3B).

Consistent with the previous findings on the association with M| (Table 2) and
self-declaration (Table 3), the TYR SNP rs1042602 is also associated with the sun
response phenotypes, being the only one associated among the candidate SNPs
investigated here (Table 5). The association analysis wad adjusted for sex, age, and

quilombo.
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Sun response phenotype (n = 83)
SNP Sun-resistant (n = 75) Sun-sensitive (n = 8) (p-r\?atﬁ:e)
MA MAF MA MAF

rs16891982 G 0.114 G 0.142 0.335

rs181832 A 0.283 A 0.429 0.480
rs2287949 C 0.393 C 0.357 0.229
rs250417 G 0.229 G 0.214 0.321
rs1042602 A 0.159 A 0.357 0.047
rs2238289 G 0.486 AG" 0.500 0.124
rs1800404 T 0.457 C/T! 0.500 0.837
rs1426654 G 0.343 G 0.429 0.633
rs2675345 * * * * *

Table 5. Logistic regression results examining the association between sun response phenotypes with
candidate SNPs

* The locus rs2675345 is monomorphic, rendering association analysis for this SNP unfeasible.
' Both allele frequencies are equal (0.500).

Statistically significant associations are underlined. The p-value was calculated using the minor allele
as the reference.

MA = minor allele; MAF = minor allele frequency.

The difference between the Ml values of the inner upper arm and the hand was
calculated to determine the magnitude of the facultative pigmentation (Figure 4). In the
subsequent analysis, the MI of the inner upper arm was used as constitutive
pigmentation.

An absence of association is observed between constitutive and facultative
pigmentation (p = 0.538, adjusted for age, sex, and quilombo), suggesting that higher
MI values in the former do not necessarily correspond to higher Ml values in the latter,
as illustrated in Figure 4. Likewise, facultative pigmentation is not associated with self-
declared skin color categories (p = 0.478, adjusted for age, sex, and quilombo). We
also did not detect a significant association between facultative pigmentation and the
sun response phenotypes (p = 0.189, adjusted for age, sex, and quilombo).

Among the candidate SNPs, the TYR SNP rs1042602 is the only associated
with facultative skin pigmentation, but exclusively in the additive model adjusted for

age, sex, and quilombo (Table 6).
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Additive model Dominant model
Chrom Gene SNP MA | MAF

p B (95%Cl) p B (95%Cl)

0.003 0.032

5 SLC45A2 | rs16891982 G | 0074 | 0.978 | 5534y | 0785 | 5553
-0.090 -0.055

5 SLC45A2 rs181832 A | 0304 | 0459 | T | 0639 | e
-0.075 -0.139

5 SLC45A2 rs2287949 C | 0428 | 0526 | o5 'lq | 0242 | g o
0.082 0.035

5 SLC45A2 rs250417 G | 0200 | 0.500 | o5 ) | 0765 | e o
-0.252 -0.225

11 TYR rs1042602 A | 0163 | 0.085 | 55759 | 0058 | 5401
-0.002 0.055

15 HERC2 rs2238289 G | 0478 | 0.980 | 575, | 0635 | a0
0.205 0.248

15 OCA2 rs1800404 T | 0497 | 0084 | 27 | 0083 | (4T
0.064 0.024

15 SLC24A5 rs1426654 G | 0361 | 0.583 | o6 | 0838 | e,
15 SLC24A5 rs2675345 * * NA NA NA NA

Table 6. Results from multiple linear regression assessing the association of candidate SNPs with
facultative pigmentation, using additive and dominant genetic models (n = 83)

* The locus rs2675345 is monomorphic, rendering association analysis for this SNP unfeasible.

Statistically significant associations are underlined. The p-value was calculated using the minor allele
as the reference.

MA = minor allele; MAF = minor allele frequency.

3.6 Contribution of rs1042602 to skin pigmentation

Reiterating, the TYR SNP rs1042602 displays associations with M| across
different body parts (Table 2), skin color self-declaration categories (Table 3), sun
response phenotypes (Table 5) and facultative pigmentation (Table 6). Examining
genotype distributions across MI values (Figure 5A) and self-declaration categories
(Figure 5B) reveals consistent patterns. In both scenarios, the C/C genotype is linked
to darker phenotypes (highest Ml means and black self-declared individuals), C/A to
intermediate phenotypes (intermediate Ml means and brown self-declared individuals),
and A/A to lighter phenotypes (lowest Ml means and white self-declared individuals)

(Supplementary Table 11). Similar patterns are observed in sun response phenotypes
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and facultative skin pigmentation (Figure 6). Consequently, even considering that such
SNP is associated with the Ml also in the dominant model (Table 2), we propose that
the C and A alleles exert an additive effect, allowing the observation of extreme
phenotypes in homozygotes and, especially, intermediate phenotypes in

heterozygotes.

4 Discussion

Statistical differences in Ml among body parts detected here were expected,
as different sites are exposed to distinct levels of sunlight — which justifies the
selection of these specific locations for measurement (Kleesz et al., 2012; Vernez et
al., 2012). As widely reported in human skin pigmentation studies, the inner upper arm
exhibited lower Ml values, attributed to its sun-protected nature, and can be used as a
reference for constitutive skin pigmentation (Andersen et al., 2020; Shin et al., 2014,
Shriver & Parra, 2000). On average, the MI values from the forehead fall within the
intermediate range; nevertheless, it is essential to note that the site exhibits the highest
and the lowest index observed in the entire sample. These results can be attributed to
two main factors: first, the forehead is a body part that is highly exposed to the sun
throughout the year; second, it can also be a region protected from this exposure due
to the use of head accessories such as hats or caps, as well as the presence of hair.
Additionally, this body area has a greater tendency to use sunscreen (Boyas et al.,
2016; Gorig et al., 2020). Furthermore, studies suggest that the forehead is relatively
darker pigmented than the inner upper arm, even in neonates, possibly due to a higher
density of epidermal melanocytes in this region (Lee et al., 2002; Park & Lee, 2005).
On average, the hand exhibited the highest MI values observed in the sample,
reflecting constant sun exposure without protection throughout the year, justifying its
use as a facultative pigmentation reference. A recent study by Schmalwieser et al.
(2024) reported that, in Europeans, the hand is the site with the highest tan during
summer, a trend that could be cautiously extended to our sample.

Despite potential expectations based on findings in other populations
suggesting a possible impact of sexual selection, our sample has no significant
difference in Ml values between females and males (Jablonski & Chaplin, 2000;
Madrigal & Kelly, 2007; Shriver et al., 2003). However, the highest mean MI values in

our dataset were observed in males. While our sample size, especially for males, is
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limited (n = 19 and n = 45 for MI and genotype/self-declaration data, respectively) and
might introduce bias, the absence of significant differences aligns with findings in
another Brazilian population with a larger sample (Andersen et al., 2020). This
suggests that skin pigmentation patterns might not be universally extended, especially
in Brazil and other Latin American countries. Further studies with a bigger sample size
are needed to confirm the differences in this context.

The distribution of skin color self-declaration categories in our sample, where
over 90% identified as black and brown, contrasts with the broader Brazilian
population, where these categories comprise 55%, with variations observed across
different regions of the country (IBGE, 2023a). These disparities may be attributed, at
least in part, to the Afro-derived character of the quilombos, highlighting the distinctive
demographic composition of this ethnic group.

In our sample, self-declaration is associated with MI values, with white
individuals having, on average, lower MI values than brown individuals, who, in turn,
have intermediate M| values compared to black individuals with higher MI values
(Figure 2). This association aligns with findings reported in other Brazilian populations
(Durso et al., 2014; Leite et al., 2011), as well as in studies conducted among Puerto
Ricans (Gravlee et al., 2005) and Africans (Wright et al., 2015). Nevertheless, it is
crucial to acknowledge a considerable overlap in the MI distribution among the
categories, a phenomenon that may arise from the complexity of the self-declaration
process. Particularly in Latin America, while skin pigmentation may serve as a
significant factor in skin color self-declaration, the decision is not solely determined by
this aspect; instead, it relies on the cultural significance of skin color as a criterion for
social categorization (Dixon & Telles, 2017; Telles & Paschel, 2014). Hence, there may
not always be a straightforward correlation between quantitative and skin color self-
declaration, as observed in our sample regarding M| from the inner upper arm and
forehead in white and brown self-declared individuals. Similarly, in another study
involving the Brazilian population, individuals with intermediate skin color (likely
corresponding to our brown/parda category) exhibited a closer phylogenetic relation to
the light skin category rather than the darker skin category (Neitzke-Montinelli et al.,
2022).

In this study, we detected the association of the rs1042602, located in the

coding region of the TYR gene, with skin pigmentation. This gene encodes for the
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tyrosinase enzyme, which catalyzes the initial two steps of melanogenesis (i.e.,
melanin synthesis) (Abattyani et al., 1993). The polymorphism consists of a non-
synonymous substitution (Ser to Tyr), resulting from the C to A transversion. According
to a meta-analysis conducted by Lona-Durazo et al. (2019), this substitution leads to
reduced expression of TYR, explaining its association with light skin pigmentation
observed not only in our sample but also in other Brazilian samples (Durso et al., 2014;
Sawitzki et al., 2017) and other populations like South Asians (Jonnalagadda et al.,
2016; Stokowski et al., 2007), Latin Americans (Adhikari et al., 2019), Afro-Americans
and Afro-Caribbeans (Batai et al., 2021; Shriver et al., 2003), and Europeans (Shriver
et al., 2003) — where the derived allele has been favored by positive selection over
the last 5000 years (Sulem et al., 2007; Wilde et al., 2014). The A allele frequencies
vary globally, with Europeans exhibiting the highest (51.4%) and Africans the lowest
(0.6%), while South Asians show intermediate frequencies (The 1000 Genomes
Project Consortium et al., 2015). While the allele is absent in Native Americans
(Bergstrom et al., 2020), it is present in admixed Latin Americans, with frequencies
ranging from 10.0 to 32.4% (The 1000 Genomes Project Consortium et al., 2015).

Interestingly, our findings align with previous studies, encompassing both
quantitative (MI) and qualitative (skin color self-declaration) skin pigmentation
information. Moreover, our study establishes an association with sun response
phenotypes, a correlation previously observed only in males from a Spanish sample
(Hernando et al., 2016), and, unprecedentedly, with facultative skin pigmentation.
Regarding the SNP rs1042602, our findings indicate that homozygote C is linked to
darker phenotypes, homozygote A to lighter phenotypes, and heterozygotes to
intermediate phenotypes. This suggests an additive effect for these alleles, as already
has been described (Stokowski et al., 2007).

Concerning sun response phenotypes, for which we did not designate an
intermediate category in our analyses due to sample size, it is evident that the sun-
sensitive group exhibits average lower Ml values than the sun-resistant group (Figure
4). Intermediate phenotypes (represented by brown self-declared individuals and the
C/A rs1042602 genotype) are observed in both phenotypic classes, with a higher
frequency in the sun-resistant category. Notably, our study highlights a noteworthy
limitation associated with the Fitzpatrick scale, which was employed for our

categorization. This scale presupposes that individuals with non-white skin tones
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inherently possess some degree of tanning ability, a premise that does not align with
the observed reality in our sample. Contrary to this assumption, several individuals with
dark skin reported never experiencing tanning, underscoring a discrepancy in the
applicability of the Fitzpatrick scale to diverse populations or, at least, suggesting its
use cautiously, as highlighted in previous literature (Lim et al., 2023; Norton, 2021;
Okoiji et al., 2021; Ware et al., 2020).

While the SNP rs1042602 is utilized in the HIrisPlex-S DNA testing system,
which concurrently predicts eye, hair, and skin pigmentation, the SNPs rs16891982,
rs2238289, and rs1426654 — non-associated with skin pigmentation in our sample —
are also included in this predictive test (Chaitanya et al., 2018). This suggests that the
HlrisPlex-S test may not accurately predict our population, underscoring its population-
specific nature.

Notably, the ancestral allele of SNP rs2675345 (G) is monomorphic in our
sample despite its derived allele frequencies ranging from 0.986 to 0.005 in Yoruba
and European (Iberian and Finnish) populations, respectively (The 1000 Genomes
Project Consortium et al., 2015). We ruled out genotyping errors as the cause, as the
same genotyping protocol (Supplementary Table 3) yielded polymorphic results in
other samples. Given the low frequencies of the derived allele in European
populations, its virtual absence in our sample may suggest an African ancestry, at least
in this genomic region.

The findings of this study hold particular significance for populations of the
African diaspora, shedding light on the genetic determinants of skin pigmentation and
contributing to the understanding of diversity within these communities. The
established association between the rs1042602 polymorphism and skin pigmentation
highlights its influential role in molding phenotypic diversity, with notable implications
for Afro-diasporic populations such as Afro-American and Afro-Caribbean and, from
this study, quilombos in Brazil. The prevalence of the derived allele associated with
lighter skin in European populations aligns with the observed lighter pigmentation in
these Afro-descendant groups. The monomorphic status of the rs1042602 locus in
Native American and African populations (or with the generally low frequencies of the
derived allele in African populations) may suggest that the association described in this
study could be invalid for other quilombos (or even other Afro-diasporic populations)

with high African ancestry. However, identifying this association in a relatively small
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sample size suggests a substantial impact of the rs1042602 SNP on phenotypic
variation. Moreover, consistently detecting of this association across diverse skin
pigmentation metrics, including MI, skin color self-declaration, sun response
phenotypes, and facultative pigmentation, enhances confidence in the robustness of
the findings.

In summary, this study contributes to the understanding of genetic factors
influencing skin pigmentation variability, particularly within populations of the African
diaspora, especially in Latin America. Furthermore, the intricate interplay between skin
color self-declared and Ml values, marked by significant overlap, highlights the cultural
impact on categorization processes in Latin American settings. These findings
underscore the limitations of the Fitzpatrick scale for non-white populations and stress
the importance of culturally sensitive approaches in evaluating skin pigmentation. This
study constitutes the first exploration of skin pigmentation genetics within quilombos,
and it is crucial to recognize that our reduced sample size may introduce potential
influences on the results, such as the possibility of not detecting another SNP that
could also be associated with the phenotype. Consequently, further investigations
encompassing a broader range of quilombos are essential to determine the

generalizability of the findings presented here.
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. Facultative pigmentation . Constitutive pigmentation

Fig. 4 Constitutive and facultative pigmentation in the sample (n = 83)
Constitutive pigmentation is derived from the melanin index (MI) measured on the inner

upper arm, while facultative pigmentation is derived from the Ml measured on the hand.
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Fig. 6 Sun response phenotypes and facultative pigmentation by rs1042602 genotypes

(n =83) a. Sun response phenotypes by rs1042602 genotypes and melanin index (Ml)

across different body parts. b. Facultative pigmentation by rs1042602 genotypes.

The mean MI values for each genotype are presented as numerical annotations

positioned above the respective boxplots.
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The difference between the MI values of the inner upper arm and the hand was

calculated to determine the facultative pigmentation.
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Supplementary Figure

* QF * QR

Supplementary Figure 1. The geographic location of the quilombos sampled
QF = Quilombo Feixo, QR = Quilombo Restinga
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Supplementary Table 1. Questionnaire about facultative skin pigmentation

Question

Answer options

Do you usually get freckles on your face or other
body parts after exposure to the sun often?

Yes, many freckles always appear.
Yes, some freckles appear.
Yes, a few freckles appear.

No, freckles never appear on my skin.

What would happen to your skin if exposed to
strong sunlight for many hours on an early summer
day without sunscreen?

My skin would burn severely, forming blisters.

My skin would burn strongly and peel after a few days.

My skin would get slightly burned on the first day and
then tan.

My skin would tan without any signs of burning.

What would happen to your skin if exposed to
strong sunlight daily during the summer without
sunscreen?

My skin would become significantly more tan.
My skin would become slightly tan.

My skin would not tan or only get a few freckles.

How would you describe your skin's reaction to the
sun during the summer?

My skin always gets very tan.
My skin gets slightly tanned.
My skin shows no significant changes.

My skin gets sunburned or irritated.

Does your skin turn red and painful after sun
exposure without protection (hat, sunscreen, etc.)?

Yes, | always experience redness and intense pain.
Yes, | often experience redness and moderate pain.

Rarely do | experience mild redness and pain.

No, my skin does not turn red or become painful after
sun exposure.
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Supplementary Table 3. PCR protocols
Each multiplex was executed using primers designed for each SNP (see
Supplementary Table 2), leading to two variations for each SNP: Multiplex 1 tested for

ancestral alleles and Multiplex 1 tested for derived alleles, and so on.

MULTIPLEX 1 (rs16891982, rs1800404, and rs250417)

Reagent Initial concentration|Final concentration|Volume (pL)
1X Buffer * 10 1.50 1.50
MgCI2 (mM) 50 2.00 0.40
dNTP (mM) 2 0.20 1.00
Forward primer rs16891982 (10pmol/uL) 10 0.25 0.25
Reverse primer rs16891982 (10pmol/uL) 10 0.25 0.25
Forward primer rs1800404 (10pmol/pL) 10 0.25 0.25
Reverse primer rs1800404 (10pmol/uL) 10 0.25 0.25
Forward primer rs250417 (10pmol/uL) 10 0.25 0.25
Reverse primer rs250417 (10pmol/uL) 10 0.25 0.25
Forward primer HGH (10pmol/uL) 10 0.25 0.25
Reverse primer HGH (10pmol/uL) 10 0.25 0.25
Taq Polymerase Conventional (U/uL) 5 0.06 0.12
Genomic DNA (ng/uL) 20 3.00 1.50
Milli-q water - - 3.48
TOTAL - - 10.00

MULTIPLEX 1 (rs16891982, rs1800404, and rs250417)

Step Cycling Temperature (°C) Time
Initial denaturing 1 94 2 min
Denaturing 94 15s
Annealing 35 times 63.5 30s
Elongation 72 1 min
Final elongation 1 72 1 min
On hold 1 12 0

The PCR products were run on 2% agarose gel for 60 minutes at 80V, stained with

Greensafe Premium® (NZYtech, Portugal), and visualized under UV light.
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MULTIPLEX 2 (rs1042602 and rs2287949)

Reagent Initial concentration|Final concentration |Volume (pL)
1X Buffer * 10 1.50 1.50
MgCI2 (mM) 50 1.50 0.30
dNTP (mM) 2 0.20 1.00
Forward primer rs1042602 (10pmol/uL) 10 0.25 0.25
Reverse primer rs1042602 (10pmol/pL) 10 0.25 0.25
Forward primer rs2287949 (10pmol/uL) 10 0.25 0.25
Reverse primer rs2287949 (10pmol/pL) 10 0.25 0.25
Forward primer HGH (10pmol/uL) 10 0.20 0.20
Reverse primer HGH (10pmol/uL) 10 0.20 0.20
Taq Polymerase Conventional (U/uL) 5 0.06 0.12
Genomic DNA (ng/uL) 20 3.00 1.50
Milli-q water - - 4.18
TOTAL - - 10.00
MULTIPLEX 2 (rs1042602 and rs2287949)
Step Cycling Temperature (°C) Time
Initial denaturing 1 94 2 min
Denaturing 94 15s
Annealing 35 times 60.9 30s
Elongation 72 1 min
Final elongation 1 72 1 min
On hold 1 12 0

The PCR products were run on 2% agarose gel for 50 minutes at 80V, stained with

Greensafe Premium® (NZYtech, Portugal), and visualized under UV light.
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MULTIPLEX 3 (rs2238289 and rs1426654)

Reagent Initial concentration|Final concentration|Volume (pL)
1X Buffer * 10 1.50 1.50
MgCI2 (mM) 50 2.20 0.44
dNTP (mM) 2 0.20 1.00
Forward primer rs2238289 (10pmol/uL) 10 0.32 0.32
Reverse primer rs2238289 (10pmol/pL) 10 0.32 0.32
Forward primer rs1426654 (10pmol/uL) 10 0.27 0.27
Reverse primer rs1426654 (10pmol/pL) 10 0.27 0.27
Forward primer HGH (10pmol/uL) 10 0.25 0.25
Reverse primer HGH (10pmol/uL) 10 0.25 0.25
Taq Polymerase Conventional (U/uL) 5 0.065 0.13
Genomic DNA (ng/pL) 20 3.00 1.50
Milli-q water - - 3.75
TOTAL - - 10.00
MULTIPLEX 3 (rs2238289 and rs1426654)
Step Cycling Temperature (°C) Time
Initial denaturing 1 94 2 min
Denaturing 94 15s
Annealing 35 times 60.9 30s
Elongation 72 1 min
Final elongation 1 72 1 min
On hold 1 12 0

The PCR products were run on 2% agarose gel for 55 minutes at 80V, stained with

Greensafe Premium® (NZYtech, Portugal), and visualized under UV light.
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MULTIPLEX 4 (rs181832 and rs2675345)

Reagent Initial concentration|Final concentration|Volume (pL)
1X Buffer * 10 1.50 1.50
MgCI2 (mM) 50 2.50 0.50
dNTP (mM) 2 0.20 1.00
Forward primer rs181832 (10pmol/uL) 10 0.40 0.40
Reverse primer rs181832 (10pmol/uL) 10 0.40 0.40
Forward primer rs2675345 (10pmol/pL) 10 0.35 0.35
Reverse primer rs2675345 (10pmol/uL) 10 0.35 0.35
Forward primer HGH (10pmol/uL) 10 0.15 0.15
Reverse primer HGH (10pmol/uL) 10 0.15 0.15
Taq Polymerase Conventional (U/uL) 5 0.05 0.10
Genomic DNA (ng/uL) 20 3.00 1.50
Milli-q water - - 3.60
TOTAL - - 10.00
MULTIPLEX 4 (rs181832 and rs2675345)
Step Cycling Temperature (°C) Time
Initial denaturing 1 94 2 min
Denaturing 94 15s
Annealing 38 times 57.8 30s
Elongation 72 1 min
Final elongation 1 72 1 min
On hold 1 12 0

The PCR products were run on 2% agarose gel for 45 minutes at 80V, stained with

Greensafe Premium® (NZYtech, Portugal), and visualized under UV light.
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Supplementary Table 4. Pairwise comparisons (p-value) between MI from different

body parts

Ml inner upper arm MI hand
MI hand 2.0 x 10718 -
MI forehead 8.50 x 10710 2.9 x 107




Supplementary Table 5. Mean MI values by sex
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Body part Sex Mean + SD p-value*

. Female 45.06 + 8.02

Ml inner upper arm Male 46.00 + 10.50 0.999
Female 52.62 + 10.90

M forehead Male 52.85 + 14.30 0.975

1.97 +10.

MI hand Female 61.97£10.50 0.964

Male 64.14 + 9.98

' p-values were calculated using post hoc Tukey test.
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Supplementary Table 6. Association between skin color self-declaration categories
and Ml

Body part p-value R?
Ml inner upper arm 0.427 -0.004443
Ml forehead 0.152 0.01313
MI hand 0.172 0.0108
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Supplementary Table 7. Association between skin color self-declaration categories
and Ml

Body part Si'f)rdn%‘:z;a;:?“ Mean M £ SD | EMM (p-value) |T-test (p-value)"
aihite R 0.08230 0.0006000
MI inner upper arm inite s 0.00003 0.0000001
Srown Rt 0.00001 0.0000300
aihite oo 0.13500 0.0082000
MI forehead inite ep ol o8 0.00230 0.0002000
ok 5506 4 15.90 0.01390 0.0041000
wrie | 850512 | oue | somems
MI hand inite e E o0 0.00010 0.0000010
Srown ot £ 83 0.00090 0.0003000

Statistically significant associations are underlined.
EMM = Estimated marginal means using Bonferroni correction
" Null hypothesis assumption: the mean of the first sample set is greater than or equal

to that of the second sample set.



Supplementary Table 8. Candidate SNPs frequencies
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Chrom | Gene SNP Genotype frequencies | Allele frequencies HW p
c/C 0.865 C 0.926
5 SLC45A2 | rs16891982 C/G 0.123 G 0.074 0.178
G/G 0.013
G/G 0.506 G 0.696
5 SLC45A2 | rs181832 G/A 0.380 A 0.304 0.253
A/A 0.114
/T 0.300 T 0.572
5 SLC45A2 | rs2287949 T/C 0.544 C 0.428 0.148
c/C 0.156
c/C 0.663 C 0.800
5 SLC45A2 | rs250417 C/G 0.275 G 0.200 0.084
G/G 0.063
c/C 0.705 C 0.837
11 TYR rs1042602 C/A 0.263 A 0.163 0.770
A/A 0.032
A/A 0.252 A 0.522
15 HERC2 | rs2238289 A/G 0.541 G 0.478 0.341
G/G 0.208
c/C 0.214 C 0.503
15 OCA2 rs1800404 Cc/T 0.579 T 0.497 0.059
/T 0.208
A/A 0.439 A 0.639
15 SLC24A5 | rs1426654 A/G 0.400 G 0.361 0.115
G/G 0.161
G/G 1.000 G 1.000
15 SLC24A5 | rs2675345 NA




Supplementary Table 9. Linkage Disequilibrium between the candidate SNPs

SNPs from chromosome 5

Dl

rs16891982

rs250417

rs181832

rs2287949

rs16891982

rs250417

0.098353

rs181832

0.648242

0.114742

rs2287949

0.708334

0.427304

0.065747

rZ

rs16891982

rs250417

rs181832

rs2287949

rs16891982

rs250417

0.024374

rs181832

0.107536

0.15536

rs2287949

0.024536

0.035437

0.001363

SNPs from chromosome 15

Dl

rs1800404

rs2238289

rs1426654

rs1800404

rs2238289

0.000115

rs1426654

0.196619

0.166178

r2

rs1800404

rs2238289

rs1426654

rs1800404

rs2238289

0.000000

rs1426654

0.022052

0.016226
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Supplementary Table 10. Comparison of mean MI across different body parts by
rs1042602 genotypes

Body part cgr?\r;)ztr);sgn Mean Ml £ SD | T test (p-value) *
Ga | arassos | 004
Ml inner upper arm 2;2 gg% i ig? 0.006
wa %7445 | 000
A | soaesss | 004
M forehead A 6 818 0.013
ca | pEe | o
% | oy | oo
Mi'hand A AT 0.009
o LA .01

Statistically significant associations are underlined.
" Null hypothesis assumption: the mean of the first sample set is greater than or equal

to that of the second sample set.



Supplementary Table 11. Association between the sun response phenotypes and Ml

Sun-response phenotype

Body part comparison Mean * SD EMM (p-value)

Wimerupporam  usenstve | 0T g
wioshess  gumsemaive | 24021058 | o
Ml hand Sunrestatant 6350 1 10,05 0.0013

Statistically significant associations are underlined.

EMM = Estimated marginal means, using Bonferroni correction
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CONCLUSAO GERAL

A sintese das descobertas do presente trabalho oferece uma visdo
abrangente dos fatores genéticos que influenciam a pigmentagao da pele em diversas
populagdes nas Américas. O primeiro capitulo apresentou uma perspectiva mais
ampla, revisando estudos em paises da América do Norte, Central e do Sul. Revelou
uma lacuna significativa de conhecimento, com uma concentragdo de pesquisas no
Brasil e nos EUA, destacando a necessidade de maior diversidade geografica e
inclusdo de grupos populacionais diversos em futuras investigagcdes. A revisao
identificou 26 genes e regides genbmicas associadas a pigmentagdo da pele no
continente, enfatizando a complexa composicdo genbmica das populagdes
americanas e 0s processos evolutivos unicos que moldam a diversidade da
pigmentacao da pele no continente.

O segundo capitulo, centrado em duas populagdes quilombolas do Brasil,
fornece uma visédo da interacdo complexa entre determinantes genéticos, influéncias
culturais e fatores ambientais. A identificagdo do polimorfismo rs1042602 do gene
TYR como um marcador genético associado a pigmentagao da pele nessa populagao
estd em consonéancia com padrdes observados globalmente, inclusive em populacdes
latino-americanas. Este SNP, além de evidenciar associacdo com o indice de
Melanina (MI), também se mostrou associado a autodeclaragdo de cor/raga e aos
fendtipos de resposta ao sol. A persisténcia dessa associagao em diferentes métricas
fortalece a confiabilidade desses resultados, proporcionando insights valiosos para
compreender a complexa determinagdo genética e cultural da pigmentagcdo em
contextos populacionais especificos.

Além disso, o estudo ressalta as limitacdes dos métodos tradicionais de
categorizagao, como a escala de Fitzpatrick, na compreensao da diversidade da
pigmentacdo da pele, especialmente em contextos ndo brancos. Este capitulo
destaca-se ainda pela analise detalhada da autodeclaracdo em relacdo ao MI,
revelando a intrincada natureza desse processo. A associagao entre a autodeclaracao
e os valores de MI destaca que a pigmentacao transcende seu aspecto meramente
biolégico, incorporando elementos culturais e sociais. Notavelmente, a constatacao
de que individuos autodeclarados como brancos apresentam, em média, valores de

MI mais baixos do que aqueles autodeclarados como pardos, que tém valores
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intermediarios em comparagdo com os autodeclarados como negros, sublinha a
influéncia das percepg¢des culturais na construgdo das categorias de cor da pele. Esta
abordagem destaca a importancia de considerar a autodeclaragdo como componente
essencial na compreensao da pigmentacgao da pele, indo além de métricas puramente
bioldgicas e destacando a complexidade desse processo, em que a cor da pele nem
sempre se traduz diretamente na autodeclaragao.

Apesar dos focos distintos dos dois capitulos, emerge um tema comum em
relagdo a complexidade da genética da pigmentacao da pele, influenciada por fatores
genéticos e ambientais. A convergéncia de descobertas sobre o papel do gene TYR
na pigmentacdo da pele em populagdes diversas destaca sua importancia na
formacdo da diversidade fenotipica. Além disso, ambos os estudos enfatizam a
necessidade de interpretacdo cuidadosa dos resultados, reconhecendo possiveis
vieses em metodologias e as limitagdes das ferramentas de categorizagéo existentes.

Em sintese, o presente trabalho contribui coletivamente para o avanco do
entendimento da genética da pigmentagdo da pele nas Américas, representando
também o primeiro artigo dedicado a investigacao da cor da pele em populagdes
quilombolas. Destaca-se a importancia de considerar tanto fatores genéticos quanto
ambientais, as limitacbes dos métodos de categorizagao existentes e a necessidade
de mais pesquisas com amostras maiores e mais diversas. Essa perspectiva
abrangente aprimora nosso conhecimento sobre a intrincada interagao entre genética,
cultura e ambiente na formacdo da diversidade da pigmentacédo da pele em

populagdes nas Américas.
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APENDICE 1 — MATERIAIS E METODOS DO ARTIGO DE REVISAO
(CAPITULO 1)

Para o desenvolvimento do primeiro capitulo deste trabalho, adotou-se a
metodologia da pesquisa bibliografica, por meio da revisdo narrativa, para a
elaboragao de um artigo de revisdo. O objetivo consistiu na investigagao de genes e
suas respectivas variantes genéticas associadas a variagdo do fendtipo de
pigmentacdo da pele em populagdes americanas, abrangendo tanto populagdes
nativas quanto miscigenadas. A revisao narrativa, caracterizada pela nao
sistematizacdo da selecido das referéncias utilizadas e pela auséncia de diretrizes
especificas para sua realizacdo, esta mais suscetivel a influéncia do viés do
pesquisador (FERRARI, 2015; DE LIMA; MIOTO, 2007).

Diante dessa susceptibilidade, € pertinente a adog¢ao de estratégias que visem
mitigar a parcialidade, tais como a busca em diferentes bases de dados e a definigéo
de critérios de inclusdo (GREEN et al., 2006). Em contrapartida, a revisdo narrativa é
indicada para descrever e sintetizar o conhecimento cientifico disponivel na literatura
acerca de determinado topico, justificando seu emprego neste estudo (OXMAN,
1994).

A busca bibliografica foi conduzida nas bases de dados PubMed, Web of
Science e SciELO, além de uma busca complementar a partir das bibliografias
relevantes listadas nos trabalhos selecionados. Os descritores utilizados foram: “skin
pigmentation genetics America”, “skin color genetics America’, “variants SkKin
pigmentation America”, “skin pigmentation Latin America”, “Native American skin
color” e "Native American skin pigmentation”.

Os critérios de inclusdo estabelecidos compreenderam: i) a selegdo de
estudos ja publicados, excluindo preprints; ii) a inclusdo de amostras provenientes de
populagbes americanas; iii) a investigagcdo de genes e/ou variantes genéticas
potencialmente associados a variagdo da pigmentacado da pele; e iv) a andlise da

relagdo entre ancestralidade genémica e o fen6tipo de pigmentagao da pele.
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APENDICE 2 —- MATERIAIS E METODOS DO ARTIGO DE PESQUISA ORIGINAL
(CAPITULO I

1 AMOSTRAS

Foram incluidas amostras de individuos das comunidades quilombolas do
Feixo (QF) e da Restinga (QR), localizadas no municipio da Lapa (PR). A coleta e
utilizacdo dessas amostras foram devidamente aprovadas pelo Comité de Etica em
Pesquisa com Seres Humanos do Setor de Ciéncias da Saude da Universidade
Federal do Parand (CEP/SD), sob o parecer numero 6.578.322, CAAE
74481823.0.0000.0102 (ANEXO 1). O conjunto de amostras foi composto por 166
participantes (117 do QF e 49 do QR) que foram submetidos a genotipagem e
questionados sobre sua autodeclaragao de cor/raga. Desses, 83 individuos (57 do QF
e 26 do QR) preencheram o questionario e participaram das medi¢gdes com o
colorimetro. Nas seg¢bes seguintes, serao fornecidas informagdes detalhadas sobre

os procedimentos de genotipagem, questionarios e medigdes com o colorimetro.

2 COLETA DE DADOS FENOTIPICOS

As e os participantes amostrados expressaram suas autodeclaragdes quanto
a cor/raga por meio de um questionario, seguindo as categorias estabelecidas pelo
Instituto Brasileiro de Geografia e Estatistica (IBGE): preto, pardo, branco, indigena e
amarelo.

Com o intuito de investigar a pigmentacao facultativa da pele, ou seja, a
producdo de melanina mediada pela exposi¢do a radiagdo UV (QUILLEN, 2015),
aplicou-se um questionario que abordou as reacdes da pele diante da exposicao solar
pontual ou repetida. Esse instrumento ndo apenas proporcionou uma Visao
abrangente da pigmentacgéo facultativa dos participantes, mas também possibilitou a
classificagado de seus fototipos de acordo com a escala Fitzpatrick: fototipo 1) pele
branca, sempre queima e nunca bronzeia, fototipo Il) pele branca, sempre queima,
bronzeando-se minimamente, fototipo Ill) Pele branca, queima minimamente e
bronzeia moderada a gradualmente, fototipo 1V) pele marrom clara, queima

minimante, bronzeando-se moderada a gradualmente, tipo V) pele marrom, raramente
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se queima, bronzeando-se profundamente e tipo VI) pele escura/preta, nunca queima
e bronzeia profundamente (FITZPATRICK, 1988). O questionario foi adaptado do
trabalho de Smit e colaboradores (2020) (QUADRO 1).

QUADRO 1 — QUESTIONARIO SOBRE O COMPORTAMENTO DA PELE FRENTE A EXPOSICAO
SOLAR

1. Costumam aparecer sardas no seu rosto ou outras partes do corpo apés se expor ao sol
muitas vezes?

Sim, sempre aparecem muitas sardas.
Sim, aparecem algumas sardas.
Sim, aparecem poucas sardas.

N&o, nunca aparecem sardas em minha pele.

2. O que aconteceria com sua pele se vocé se expusesse, sem protetor solar, ao sol forte por
muitas horas em um dia do comeg¢o do verao?

Minha pele queimaria gravemente, formando bolhas.
Minha pele queimaria fortemente e descascaria depois de alguns dias.
Minha pele ficaria levemente queimada no primeiro dia e depois ficaria bronzeada.

Minha pele ficaria bronzeada, sem nenhum sinal de queimadura.

3. O que aconteceria com sua pele se vocé se expusesse, sem protetor solar, ao sol forte
diariamente durante o verao?

Minha pele ficaria profundamente mais bronzeada.
Minha pele ficaria levemente bronzeada.

Minha pele nao ficaria bronzeada ou apenas ficaria com algumas sardas.

4. Como vocé descreveria a reagao da sua pele ao sol durante o verdao?
Minha pele fica sempre muito bronzeada.

Minha pele fica levemente bronzeada.

Minha pele n&o apresenta mudancas significativas.

Minha pele fica com queimaduras ou irritagdes.

5. Sua pele fica vermelha e dolorida apds a exposi¢ao solar sem protegao (chapéu, protetor
solar etc)?

Sim, sempre fico com vermelhid&o e dor intensa.
Sim, frequentemente fico com vermelhiddo e dor moderada.
Raramente fico com vermelhidao e dor leve.

N&o, minha pele nao fica vermelha nem dolorida apds a exposigéo solar.

FONTE: A autora (2024).

A avaliagdo objetiva da pigmentagdo da pele foi conduzida por meio do

espectrocolorimetro Color Muse® (Variable, EUA), ajustado para o iluminante padréo
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D65, que reproduz a luz natural do dia (conforme norma ISO/CIE 11664-2:2022(E)).
As leituras foram conduzidas pelo sistema tridimensional de cores CIELab, o qual é
dividido em trés componentes principais: L*, a*e b*. O componente L* (luminancia)
representa a intensidade da luz ou brilho da cor e varia de 0 (preto) a 100 (branco). O
componente a* (variagao de cor entre verde e vermelho) abrange valores negativos (-
a*) a positivos (+a*), indicando tons de verde a vermelho, respectivamente. Ja o
componente b* (variagdo de cor entre azul e amarelo) também varia de -b* a +b*,
indicando tons de azul a amarelo, seguindo essa ordem (LY et al., 2020).

Com base nos valores obtidos pelo sistema CIELab, foi possivel calcular o Ml
de cada participante (TABELA 1). O M|l é um parametro de pigmentacao da pele
amplamente utilizado que é baseado na quantidade de melanina existente na pele
(TAKIWAKI et al., 1994).

TABELA 1 - EQUAGOES UTILIZADAS PARA O CALCULO DO iNDICE DE MELANINA (MI)

Parametro Equacgéao Referéncia
Ml testa Ml = 317,06 — 68,647 Ln (L) Shriver; Parra (2000)
MI maos e bragos MI = 300,53 — 63,646 Ln(L*) Shriver; Parra (2000)

FONTE: A autora (2024).

Com o objetivo de realizar uma caracterizagdo abrangente da pigmentagao da
pele dos participantes, a aferigao foi feita em diferentes areas do corpo (FIGURA 1).
Inicialmente, foram feitas medigdes na parte interna de ambos os bragos, uma regiao
que tende a ser pouco exposta ao sol e que, que consequentemente, tende a fornecer
informagdes sobre a pigmentacdo constitutiva da pele. Em seguida, as medicdes
foram realizadas no dorso de ambas as maos, uma area exposta ao sol que revela
informagdes sobre a pigmentagao facultativa. Também foi medida a pigmentagéo no
centro da testa, uma area que pode ter sido exposta ao sol, mas também pode ter sido
protegida por bloqueadores quimicos ou fisicos dos raios solares. Cada medigao foi
realizada em triplicatas para garantir precisdo e minimizar possiveis erros de leitura.

A média obtida foi utilizada para os calculos dos parametros de pigmentagao da pele.
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FIGURA 1 — LOCAIS DE AFERICAO DA COR DA PELE

FONTE: A autora (2024).

3 EXTRAGCAO DE DNA

Foram coletados 5 ml de sangue periférico das e dos participantes das
comunidades quilombolas do Feixo e da Restinga. A extragdo de DNA do sangue
coletado foi realizada a partir do sangue total ou apenas do anel de leucécitos obtido
a partir de sua centrifugagdo. Em ambos os casos, utilizou-se o kit DNA Wizard®
Genomic (Promega, EUA), utilizando o protocolo recomendado pelo fabricante, que
compreende etapas de lise celular, precipitacdo de proteinas, lise nuclear e
ressuspensdo do DNA. Apds a extracdo, as amostras foram quantificadas e
analisadas quanto a pureza do DNA por meio do NadoDrop® 2000 (Thermo Scientific,
EUA). As amostras que apresentaram elevados parametros de contaminagao
(presenga de proteinas ou dos reagentes utilizados no processo de extragdo, por

exemplo) foram posteriormente purificadas.

4 GENOTIPAGEM

Foram escolhidos nove polimorfismos de nucleotideo unico (SNPs, do inglés

single nucleotide polymorphism) previamente associados a pigmentacgéo da pele, para
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serem genotipados nos participantes amostrados por meio da técnica de PCR-SSP
(reagdo da cadeia da polimerase — iniciadores sequéncia-especificos, do inglés
polymerase chain reaction — sequence-specific primers). A selegdo desses
polimorfismos considerou dois aspectos: i) serem alelos cuja associagdo a
pigmentacao da pele, especialmente em tons mais escuros, tenha sido reportada em
populacdes brasileiras e/ou americanas; ii) serem alelos descritos em pelo menos
mais de uma publicacdo, mesmo que nao associados especificamente em populagdes
americanas (TABELA 2).

Para cada um dos polimorfismos escolhidos, foram desenhados iniciadores
diretos e reversos utilizando a plataforma Primer-BLAST. Os iniciadores diretos foram
desenhados considerando a ultima base correspondente a posig¢ao de interesse a ser
avaliada. Para cada variante, sao disponibilizados dois iniciadores, sendo que a ultima
base de cada um representa, respectivamente, o alelo ancestral e o alelo derivado
para aquela posi¢cao (TABELA 2). Como controle enddégeno da reagéo, foi utilizado um
fragmento de 434 pares de bases (pb) da regido de controle do /ocus do gene do
horménio do crescimento humano (HGH, do inglés human growth hormone), utilizando
os iniciadores descritos na tabela 3.

Os nove SNPs selecionados foram alocados em quatro reacdes multiplex
distintas identificadas como MTP1, MTP2, MTP3 e MTP4, cujos protocolos de PCR
estdo detalhados nas tabelas 4, 5, 6 e 7, respectivamente. Cada multiplex foi
conduzida com ambos os iniciadores planejados para cada SNP (TABELA 2),
resultando em duas variacdes para cada uma: MTP1 testada para os alelos ancestrais
e MTP1 testada para os alelos derivados, e assim sucessivamente. Em todos os
ensaios, foram incorporadas rea¢des de controle negativo, onde a amostra de DNA
foi substituida por agua. Adicionalmente, visando garantir a validade de cada reacao,
o controle enddégeno previamente mencionado (TABELA 3) foi incluido em cada

multiplex.
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TABELA 4 — PROTOCOLO DA PCR-SSP MULTIPLEX 1 (MTP1)

Reagentes [Inicial] [Final] Volume (uL)
Tampao (x) 10 1,50 1,50
MgClz (mM) 50 2,00 0,40
dNTP (mM) 2 0,20 1,00
Iniciador direto SNP1 (10pmol/pL) 10 0,25 0,25
Iniciador reverso SNP1 (10pmol/uL) 10 0,25 0,25
Iniciador direto SNP2 (10pmol/pL) 10 0,25 0,25
Iniciador reverso SNP2 (10pmol/uL) 10 0,25 0,25
Iniciador direto SNP3 (10pmol/uL) 10 0,25 0,25
Iniciador reverso SNP3 (10pmol/uL) 10 0,25 0,25
Iniciador direto HGH (10pmol/uL) 10 0,25 0,25
Iniciador reverso HGH (10pmol/uL) 10 0,25 0,25
Taq Polimerase Convencional (U/pL) 5 0,06 0,12
DNA (ng/uL) 20 3,00 1,50
Agua (MiliQ) - - 3,48
TOTAL - - 10,00

FONTE: A autora (2024).
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LEGENDA: MgCl2 = Cloreto de Magnésio, dNTP = Desoxirribonucleotideos Fosfatados, mM =

Milimolar, pmol = Picomol, yL = Microlitro, ng = Nanograma.
NOTA: Os SNPs 1, 2 e 3 estao definidos na tabela 2.

TABELA 5 — PROTOCOLO DA PCR-SSP MULTIPLEX 2 (MTP2)

Reagentes [Inicial] [Final] Volume (pL)
Tampao (x) 10 1,50 1,50
MgCl2 (mM) 50 1,50 0,30
dNTP (mM) 2 0,20 1,00
Iniciador direto SNP6 (10pmol/uL) 10 0,25 0,25
Iniciador reverso SNP6 (10pmol/uL) 10 0,25 0,25
Iniciador direto SNP9 (10pmol/uL) 10 0,25 0,25
Iniciador reverso SNP9 (10pmol/uL) 10 0,25 0,25
Iniciador direto HGH (10pmol/uL) 10 0,20 0,20
Iniciador reverso HGH (10pmol/uL) 10 0,20 0,20
Taq Polimerase Convencional (U/pL) 5 0,06 0,12
DNA (ng/uL) 20 3,00 1,50
Agua (MiliQ) - - 4,18
TOTAL - - 10,00

FONTE: A autora (2024).
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LEGENDA: MgCl2 = Cloreto de Magnésio, dNTP = Desoxirribonucleotideos Fosfatados, mM =

Milimolar, pmol = Picomol, yL = Microlitro, ng = Nanograma.

NOTA: Os SNPs 6 e 9 estdo definidos na tabela 2TABELA 2.

TABELA 6 — PROTOCOLO DA PCR-SSP MULTIPLEX 3 (MTP3)

Reagentes [Inicial] [Final] Volume (uL)
Tampao (x) 10 1,50 1,50
MgCl2 (mM) 50 2,20 0,44
dNTP (mM) 2 0,20 1,00
Iniciador direto SNP5 (10pmol/uL) 10 0,32 0,32
Iniciador reverso SNP5 (10pmol/uL) 10 0,32 0,32
Iniciador direto SNP7 (10pmol/pL) 10 0,27 0,27
Iniciador reverso SNP7 (10pmol/pL) 10 0,27 0,27
Iniciador direto HGH (10pmol/uL) 10 0,25 0,25
Iniciador reverso HGH (10pmol/uL) 10 0,25 0,25
Taq Polimerase Convencional (U/pL) 5 0,065 0,13
DNA (ng/uL) 20 3,00 1,50
Agua (MiliQ) - - 3,75
TOTAL - - 10,00

FONTE: A autora (2024).

LEGENDA: MgCl2 = Cloreto de Magnésio, dNTP = Desoxirribonucleotideos Fosfatados, mM =

Milimolar, pmol = Picomol, yL = Microlitro, ng = Nanograma.

NOTA: Os SNPs 5 e 7 estao definidos na tabela 2.

TABELA 7 — PROTOCOLO DA PCR-SSP MULTIPLEX 4 (MTP4)

Reagentes [Inicial] [Final] Volume (uL)

Tampao (x) 10 1,50 1,5

MgCl2 (mM) 50 2,50 0,5

dNTP (mM) 2 0,20 1,00
Iniciador direto SNP4 (10pmol/uL) 10 0,40 0,40
Iniciador reverso SNP4 (10pmol/uL) 10 0,40 0,40
Iniciador direto SNP8 (10pmol/uL) 10 0,35 0,35
Iniciador reverso SNP8 (10pmol/uL) 10 0,35 0,35
Iniciador direto HGH (10pmol/uL) 10 0,15 0,15
Iniciador reverso HGH (10pmol/uL) 10 0,15 0,15
Taq Polimerase Convencional (U/pL) 5 0,05 0,10
DNA (ng/uL) 20 3,00 1,50
Agua (MiliQ) - - 3,60
TOTAL - - 10,00
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FONTE: A autora (2024).

LEGENDA: MgCl2 = Cloreto de Magnésio, dNTP = Desoxirribonucleotideos Fosfatados, mM =
Milimolar, pmol = Picomol, yL = Microlitro, ng = Nanograma.

NOTA: Os SNPs 4 e 8 estao definidos na tabela 2.

Apds o preparo, as reagbes MTP1, MTP2 e MTP3 foram conduzidas no
termociclador QIAamplifier 96® (Qiagen, Alemanha), seguindo as condigdes descritas
na tabela 8. Ja as reacbes da MTP4 foram realizadas no termociclador Mastercycler
EP Gradient S® (Eppendorf, Alemanha), cujo programa especifico esta detalhado na
tabela 9.

TABELA 8 — CICLOS DO TERMOCICLADOR EMPREGADO NAS REAGOES MTP1, MTP2 E MTP3

Etapa N° de ciclos Temperatura (°C) Tempo
Desnaturagéo inicial 1 94 2 min
Desnaturacao 94 15s
Anelamento 35 60,9* 30s
Extenséao 72 1 min
Extenséo final 1 72 1 min
Espera 1 12 0

FONTE: A autora (2024).
*A temperatura de 63,5°C foi empregada na reagao MTP1.

TABELA 9 — CICLOS DO TERMOCICLADOR EMPREGADO NA REAGAO MTP4

Etapa N° de ciclos Temperatura (°C) Tempo
Desnaturagéo inicial 1 94 2 min
Desnaturacao 94 15s
Anelamento 38 57,8 30s
Extenséao 72 1 min
Extenséo final 1 72 1 min
Espera 1 12 &

FONTE: A autora (2024).

As amplificagbes obtidas foram analisadas em gel de agarose a 2%, corado
com Greensafe Premium® (NZYtech, Portugal), e visualizadas sob luz ultravioleta. A
duracao da corrida eletroforética variou de acordo com a reacido: 60 minutos para a
MTP1, 50 minutos para a MTP2, 55 minutos para a MTP3 e 45 minutos para a MTP4.
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5 ANALISE DE DADOS

5.1 Frequéncias alélicas, genotipicas, EHW e LD

As analises das frequéncias alélicas e genotipicas, a verificagdo do equilibrio
de Hardy-Weinberg (EHW) e a estimativa dos parametros de desequilibrio de ligagao
entre loci (valor de p, D’ e r?) foram conduzidas utilizando o pacote “genetics”, v.
1.3.8.1.3 (WARNES, 2021), na linguagem de programagdo R, v. 433 (R
DEVELOPMENT CORE TEAM, 2023).

5.2 Analises de associagao

Todas as analises estatisticas descritas na sequéncia foram realizadas
utilizando linguagem de programacgéao R, v. 4.3.3 (R DEVELOPMENT CORE TEAM,
2023).

Comparacoes do Ml de diferentes partes do corpo foram realizados utilizando
ANOVA de medidas repetidas. As suposi¢des de normalidade e esfericidade foram
avaliadas por meio dos testes de Shapiro-Wilk e Mauchly, respectivamente. Testes t
pareados post-hoc com corre¢gao de Bonferroni foram empregados para examinar as
diferengas entre pares.

As diferencgas entre a quantidade de pessoas do sexo feminino e masculino
na amostra foram analisadas utilizando o teste qui-quadrado. Uma ANOVA de duas
vias foi conduzida para avaliar as variacbes no Ml entre os sexos. Os pressupostos
de normalidade foram avaliados pelo teste de Shapiro-Wilk e os de homogeneidade
de variancias foi examinada pelo teste de Levene. Testes post hoc de Tukey foram
utilizados para comparar o Ml entre diferentes partes do corpo entre os sexos.

As associacdes entre idade e MI em diferentes partes do corpo e entre os
fendtipos de resposta ao sol e Ml foram avaliadas utilizando regresséo linear simples.
O pressuposto de normalidade foi verificado utilizando o teste de Shapiro-Wilk, a
independéncia dos residuos utilizando o teste de Durbin-Watson, e a
homocedasticidade utilizando o teste de Breusch-Pagan.

As associagoes entre a autodeclaragao de cor da pele e MI, bem como entre

os fendtipos de resposta ao sol e a autodeclaragao, foram analisadas por meio de
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MANOVA (Analise de Variancia Multivariada), onde a hipétese nula foi avaliada por
meio do Traco de Pillai. Os pressupostos de normalidade foram verificados pelo teste
de Shapiro-Wilk, a homogeneidade das covariancias pelo teste M de Box, a
homogeneidade das variancias pelo teste de Levene e a multicolinearidade pela
correlacao de Pearson. Comparagdes post-hoc foram realizadas utilizando médias
marginais estimadas com corregdo de Bonferroni.

As associagdes entre os gendtipos dos loci dos SNPs candidatos e o Ml em
diferentes partes do corpo, bem como entre os SNPs candidatos e a pigmentagao
facultativa foram avaliadas por meio de regressao linear multipla usando modelos
genéticos aditivo e dominante. A mesma analise foi também empregada para avaliar
a associagao entre os fendtipos de resposta ao sol e o MI, bem como entre tais
fendtipos e a autodeclaracdo de cor da pele. As suposi¢cbes de normalidade,
homocedasticidade e multicolinearidade foram verificadas usando os testes de
Shapiro-Wilk, Breusch-Pagan e correlagao de Pearson, respectivamente.

As relagbes entre as categorias de cor da pele autorrelatada e os SNPs
candidatos, fendtipos de resposta ao sol e categorias de autodeclaragado de cor de
pele e fendtipos de resposta ao sol e SNPs candidatos foram conduzidas através de
uma regressao logistica multivariada. Em todas as analises, a categoria de
autodeclaragédo “branca” e o alelo menor (MA, isto &, o alelo de menor frequéncia)
foram utilizados como referéncias.

Finalmente, as associagbes da pigmentagao facultativa com autodeclaragao
e com os fendtipos de resposta ao sol foram avaliadas utilizando ANOVA de uma via.
As suposigdes de normalidade e homogeneidade de varidncias foram verificadas

usando os testes de Shapiro-Wilk e de Levene, respectivamente.
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populagdo negra no Brasil, utilizando uma abordagem integrada que combina a autodeclaragio de corfraga,
o indice de melanina calculado a partir da absorbancia medida por colorimetro e as categorias da escala de
Fitzpatrick determinadas a partir do padréo de resposta da pele frente & exposigio solar;

-Relacionar o fendtipo de cor de pele e de resposta ao sol com a ancestralidade gendmica dos individuos;
-Investigar a associagdo de variantes genéticas candidatas com o fendtipo de cor de pele & com a resposta
ao sol;

-Testar a eficicia da predigio da caracteristica a partir da genotipagem de marcadores selecionados para
fenotipagem forense.

-Investigar possiveis comelacies entre os niveis de vitamina D e a pigmentagio da pele dos participantes.

Avaliagio dos Riscos e Beneficios:

De acordo com os pesquisadores:

Riscos: Com relagdo aos potenciais riscos, embora improvaveis devido & natureza das informagdes a serem
coletadas, algumas situagdes foram previstas. Por exemplo, pode haver algum desconforto ou
constrangimento durante a realizacio das medidas pigmentares visto que elas demandam a exposicio de
partes do corpo como porgdo interna do brago. Ainda, o compartilhamento de informagbes pessoais ao
responder o questionario sobre a resposta da pele 4 exposigdo solar pode gerar algum desconforto para
aslos participantes. Alem disso, o risco de se descobrir informagies de relevancia sohre sua pigmentagio,
que podem mudar a percepgdo de si mesmo e de sua origem, com impacto ndo apenas no participante da
pesquisa, mas também em seus familiares. Durante a pesquisa, por se tratar de analise de marcadores
genéficos, podemos inclusive descobrir acidentalmente casos de filhos ndo biologicos, porém esse tipo de
informagSo sensivel acidental ndo sera revelada aos participantes.

Beneficios: Em primeiro lugar teremos o beneficio de conhecer e divulgar a grande diversidade de
pigmentagio de pele em populagies de ancestralidade africana, ajudando a desconstruir o esteredtipo de
que uma pessoa negra tem necessanamente a pele escura, extremamente pigmentada, em especial em
comunidades quilombaolas. Além disso, gueremos chamar a atengio & necessidade de estudos orentados &
populagio afro-brasileira, incluindo-os na pesquisa em
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humanos e ampliande o conhecimento sobre a diversidade da pigmentagio da pele nestes individuos.

Esperamos tambeém contribuir com o conhecimento da histéria das comunidades investigadas no que diz
respeito aos padries de miscigenagdo levantados a partir da investigagSo genética proposta. Este projeto
de pesquisa sera em grande parte desenvolvido por estudantes de graduagio e pds graduagdo, tendo desta
forma wum impacts direto no seu desenvolvimento académico e profissicnal.

Comentarios & Consideragtes sobre a Pesquisa:
Todas 3= pendéncias do parecer de nimeno 6 404 883 foram atendidas -

1. Apresentar a carta de concordancia do servigo envolvido Laboratorio de Genética Molecular Humana,

departamento de Genética, Setor de Ciéncias Biclogicas, e do Servigo envolvido Laboratorio Escola da
UFPR (onde sera feita a dosagem de vitamina D por cromatografia). Resposta: A carta de concordancia do
Laboratario de Genética Molecular Humana foi incluida no arquivo sob o titulo "Concordéncia de Servigos
Envolvidos - LGMH (laboratério da prépria coordenadora deste projein)”. Porém, & carta de concordancia do
Laboratoric Escola da UFPR ndo sera necessaria. Essa decisio decome da escolha de conduzir a dosagem
de vitamina D no Laboratario de Genética Molecular Humana, utilizando a técnica de imunoabsorgao
enzimatica (ELISA), conforme detalhado no topico 8. Material e Metodologia”, nas paginas 8 e 8 do projeio

de pesquisa detalhado (arquive "Projeto_pele_versao_2)"). Vale destacar que essa alteragio na

metodologia implicou na aquisicio do kit de reagentes, uma necessidade ndo prevista no orgamento inicial.

Essa modificagio também foi registrada no topico correspondente, localizade na pagina 20 do projeto de
pesquisa detalhado.

2. Mo Projeto de pesquisa detalhado o item 6. Material e Metodologia necessita ser reescrito, pois deve
conter: o tipo de estudo, processo metodolégico, tamanho da amostra (nimero de paricipantes de
pesquisa) € completar os critérics de incluse e exclusfo. Resposta: As alteragies sugeridas foram
realizadas e estio devidamente marcadas nas paginas 7 e 8 do projeto de pesquisa detalhado (arquivo
“Projeto_pele wersao_2)").

3. Mo Projeto de pesquisa detalhado o item Critérios para Suspender ou Encerrar a Pesquisa, deve ser
reescrito, ver resolugdo 406/12. Resposta: Texto reescrite conforme solicitado, estando as alteragies

devidamente marcadas na pagina 12 do projeto de pesquisa detalhado (arquivo “Projeto_pele_versao_27)).

4. Mo Projeto de pesguisa detalhado no item Propriedade das Informagdes, comigir o texto, pois a
propriedade e responsabilidade devera ser da pesqguisadora principal. Resposta: Alteracdo
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realizada e devidamente marcada na pagina 12 do projeto de pesquisa detalhado (arquivo

“Projeto_pele_wersao_2").

5. Mo Projeto de pesquisa detalhado no item Critérios de Inclusio e Exclusio e em todo texto do projeto,
solicita-se subsfituir a palavra individuo por participante de pesquisa (ver Resolugio 466/12). Ainda quanto
aos critérios de inclusdo, rever o texto “Se woluntariar para participar do estudo.” Pois ser voluntario ou
concordar em participar ndo pode ser considerado critério de inclusdo para selegdo do estudo (ver
Resolugio 466/12). Resposta: Substituico do termo Sindividuo™ por “participante da pesquisa” destacada
nas paginas 3, 10, 11, 14, 15 do projeto de pesquisa detalhado. Alm disso, foi retirado o eritério de indus3o
“se voluntariar para participar do estudo”, como & possivel verificar na pagina 15 do projeto de pesquisa
detalhado (amuivo “Projeto_pele_wversao_27).

8. Mo Projeto de pesquisa detalhado no item Planos para o Recrutamenio dos Participantes da Pesquisa, os
pesquisadores afirmam: . “Apos a divulgagdo e discussdo do projeto de pesquisa e as possiveis
adequagbes que forem solicitadas, sera realizado o agendamento para a aplicagio do TCLE, questionarios
e das medidas pigmentares. Cada participante sera contatado por WhatsApp ou telefone para informar sua
disponibilidade para a realizagio da pesquisa. Assim que agendado, iniciaremos a aplicagio e assinatura do
TCLE para consentimento, seguida das perguntas iniciais para cadastro dos participantes. Na sequéncia,
serd realizada a aplicagdo do questionario scbre o comportamento da pele frente & exposigSo solar. Para os
casos em que ndo for viavel a aplicagio do guestionario de forma presencial, sera disponibilizado um link
para seu preenchimento no formato Formularios Google. Por fim, serd realizada a coleta de material
bioldgico para a obiengio do DMNA dos parficipantes, bem como de suas medidas pigmentares.” ... Pergunta
-se, para aqueles participantes de pesquisa que optarem por responder o questionario no formato
Formularios Google, como, onde e gquando serao realizadas as coletas de matenal biclogico para a
obtengio do DNA dos participantes, bem como de suas medidas pigmentares. Resposta: A informagao
faltante foi acrescentada ao texto, estando devidamente marcada na pagina 15 do projeto de pesquisa
detalhado (arquive “Projeto_pele versao_2)"). Ela esclarece que nesse caso sera agendada uma data para
coleta de sangue e medida da pigmentagio da pele.

7. O projeto devera prever o ressarcimento quants aos gastos com o deslocamento do parficipante de
pesquisa e cormigir o item 20 Previsdo de Ressarcimento de Gastos aos Participantes da Pesquisa no
Projeto e adequar no documento Informacgdes Basicas do projeto. Resposta: Conforme detathado no item 17
do projeto de pesquisa detalhado (pagina 15 do arquivo
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“Projeto_pele wersao_27", em trecho destacado em azul), nSo estio previstos gastos com o deslocamento
do parficipante para a realizagio da pesquisa j& que ndo havera deslocamento de parficipantes. |sso coome
porque os pesquisadores irdo se deslocar até o local mais adequado, escolhido pelo participante, para a
realizagio das coletas planejadas, sendo prioritariamente o local de residéncia do participante.

8. No item 24. Orgamento financeiro esclarecer a fonte de financiamento para o estudo com gasto total de
R$23.035,00. Resposta: Mo topico mencicnado (pagina 18 do projeto de pesquisa detalhado, arquivo
“Projeto_pele_wersao_2)7), foi especificado e devidamente marcado que os bens e materiais discriminados
serdo adquirdos por meio de financiamento proprio.

8. Mo TCLE: A apresentagSo do TCLE esta longo, devera ser reescrito pois ndo apresenta linguagem clara
e objetiva.

Resposta: A apresentagio foi modificada e esta mais concisa agora, como & possivel verificar na pagina 1
do TCLE {arquive "TCLE_wersao 27).

Mo item f) “Vocé ndo recebera nenhum pagamento pela participagdo na pesquisa. Os resultados das
analises genéticas serdo entregues a vocé ao final da pesquisa”. Corrigir, de acordo com o item m) pois
deve ser considerado o ressarcimenio se houver deslocamento do participante de pesquisa e prever esse
custo no Orgamento Financein.

Resposta: Ma nova versdo do projeto de pesquisa detalhado (arquivo “Projeto_pele_versao_2]7), ndo ha
previsio de despesas relacionadas ao deslocamento dos participantes da pesguisa. Portanto, a frase do
item m no TCLE, gque abordava esse aspecto ("Entretanto, caso seja necessarnio seu deslocamento até o
local do estudo, os pesquisadores asseguram o ressarcimento dos seus gastos com transporte®), foi

removida, como pode ser verificado no arquive “TCLE_versao_2)".

e} Alguns riscos relacionados & coleta de sangue s3o: dor no local devido a pungdo com agulha,

sangramento minime, hematoma (marca amoxeada temporaria na pele), como qualquer coleta de sangue
para exame medico. Esta frase pode ser redigida de maneira a esclarecer ao potencial participante o
significado da ancestralidade e origem familiar especialmente gquando informa "vocé pode optar per nio
receber informagdes resultantes da pesguisa em cada caso, basta avisar a equipe”. Essa pode ser uma
informagio sensivel. Cabe & equipe de pesquisadores considerar o desejo/ou direito de conhecer ou néo e
as consequéncias advindas; cuidar com a interpretagdo disso para o participante. Resposta: Fomecemos
um melhor detalhamento no item e, como & possivel verificar na pagina 2 do TCLE (arguivo
"TCLE_wersao_2})").
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Consideragies sobre os Termos de apresentagio obrigatoria:

Todos os termos foram apresentados .

Conclustes ou Pendéncias e Lista de Inadequagtes:

Aprovado

Consideragtes Finais a critério do CEP-

01 - Solicitamos gue sejam apresentados a este CEP, relatorios semestrais{a cada seis meses de seu
parecer de aprovado) e final, scbre o andamente da pesquisa, bem como informagies relativas as
medificagies do protocole, cancelamento, encerramente e destine dos conhecimentos cbtidos, através da
Plataforma Brasil - no modo: NDTIFIGAI;-E.D. Fara o proxime relatdrio, favor utilizar o modelo atualizade,
(abrilf22), de relatorio parcial.

02 - Demais alteragdes e promogagio de prazo devem ser enviadas no modo EMENDA. Lembrando gue o
cronograma de execucdo da pesquisa deve ser atualizado no sistema Plataforma Brasil antes de enviar
solicitagio de promogacio de prazo. Emenda — ver modelo de carta em nossa pagina: www.cometica.ufprbr
(cbrigatério envia).

03 - Importante:(Caso se aplique). Pendéncias de Coparticipante devem ser respondidas pelo acesso do
Pesquisador principal. Para projetos com coparticipante que também solicitam relatdrios semestrais, estes
relatorios devem ser enviados por Motificagio, pelo login e senha do pesquisador principal no CAAE
comespondente a este coparticipante, apds o envio do relatorio & instituigSo proponente.

04 — Inserir nos TCLE e TALE o nimero do CAAE e o nimero do parecer consubstanciado aprovado, para
aplicagio dos termos.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipe Documento Arquivo Paostagem Autor Situagio
| Ses Basicas. PE_INFORMACOES _BASICAS DO P 0722023 Aceito
do Projeto ROJETO 21687 705.pdf 18:31:15
Projeto Detalhade /| Projeto_pele_versao_2 docx D7AZ/2023 |NATALIE MARY Aceio
Brochura 182848 (SUKOW
| Investigador
Outros Respostas,_pendencias. pdf 07/12/2023 |NATALIE MARY Aceiln
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Coninuagio do Farecer 5.575322
Outros: Respostas_pendencias.pdf 122711 | SUKOW Aceilo
TCLE{ Termos de  |[TCGLE_versao 2. docx OD7M2/2023 |NATALIE MARY Aceitn
Assentimento / 18:18:08 |SUKOW
Justificativa de
Auséncia
Dedaml;:ﬁude Concordancia_de_Servicos_Envolvidos_ | 07M122023 (MATALIE MARY Aceitn
concordancia LGMH. pdf 18:16:33 | SUKOW
Projeto Detalhade /| Projeto_pele comigide.docx 25/08/2023 |MARCIA HOLSBACH| Aceits
Brochura 14:34:32 |BELTRAME
| Investigador
TCLE{ Termos de | TCLE_comigido.docx 25/08/2023 |MARCIA HOLSBACH| Aceiin
Assentimento / 14:34:08 |BELTRAME
Justificativa de
Auséncia
Qutros Analisa_merito_cientifico_pdf 25/08/2023 |MARCIA HOLSBACH| Aceiin
12:47:03 |BELTRAME
Cutros Carta_encaminhamento_pesquisador.pd| 25082023 (MARCLA HOLSBACH| Aceits
f 12:46:21  |BELTRAME
Cutros Exfrato_Ata 538.pdf 25/089/2023 |MARCIA HOLSBACH| Aceitn
12:41:02  |BELTRAME
Folha de Rosto folhaDeRosto_ass pdf 1208/2023 |MARCIA HOLSBACH| Aceitn
135735 |BELTRAME
Declaragao de DECLARACAC DE_COMPROMISSOS | 12D8/2023 (MARCIA HOLSBACH| Aceito
Pesquisadores D4 _EQUIPE_ASS pdf 12:17:51  |BELTRAME
Cutros TERMO _DE_GUARDA_DE_MATERIAL | 1208/2023 (MARCIA HOLSBACH| Aceits
BIOLOGICD ASS pdf 12:17:27  |BELTRAME
Outros Checklist_assinado.pdf 01/08/2023 |MARCIA HOLSBACH| Aceiin
17:5241  |BELTRAME
Situagio do Parecer:
Aprovado

Mecessita Apreciagio da COMEP:

Mao

CURITIBA, 14 de Dezembro de 2023

Assinado por:

IDA CRISTINA GUBERT

[Coordenador{a))
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