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Identification of polymorphisms
in TYRP1, DCT and RAB38
genes and their association
with coat color in alpacas
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1Laboratorio De Genética. Escuela Profesional De Medicina Veterinaria Canchis, Universidad San
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Nacional Del Altiplano, Puno, Peru
Objective: The goal of this study was to characterize and investigate the effect of

single nucleotide polymorphisms (SNPs) or InDels in tyrosinase related protein 1

(TYRP1), dopachrome tautomerase (DCT), and Ras-related protein 38 (RAB38)

genes on coat color in South American camelids. TYRP1 is among one of the

major regulators of pigmentation in mammals. DCT is a pigment cell-specific

gene that plays an important role in the melanin synthesis pathway and the

expression of skin color. RAB38 is involved in the transport of tyrosinase (TYR)

and TYRP1, which are key enzymes in melanin production.

Methods: Five fleece color tones from 327 alpacas (white, black, brown, gray and

light fawn) were investigated to characterize and identify polymorphisms that

play a role in coat color. Among the SNPs and Indels identified in the coding

region, statistical analysis was performed to determine the association between

the polymorphisms and fleece color in camelids, as well as the determination of

allelic frequencies.

Results: Twenty two polymorphisms in the coding region, seven of them were

nonsynonymous, eleven were synonymous, three located in the 5’UTR region

and one deletion in the 3’UTR region were identified in the TYRP1 gene; in the

DCT gene were identified twenty two polymorphisms, where five of them were

non-synonymous, twelve were synonymous, one polymorphism in the 5’UTR

region and four in the 3’UTR region; in adition, in the RAB38 gene six

polymorphisms were identified, one was nonsynonymous, two were

synonymous, in addition to three polymorphisms in the 3’UTR region were

found in the RAB38 gene. There were low to moderate polymorphisms in the

populations. Significant differences (P<0.001) were found with color fiber in the

alpaca populations studied for TYRP1 and DCT genes.
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1 Introduction

Domestic camelids are the basis of the family economy of high

Andean communities. Among all domestic South American

camelids uses, fiber production is one of the most important for

breeders and for the industry (Anello et al., 2022), with white

alpacas being the most appreciated by the industry due to the ease of

dyeing the fiber and causing a favoring of this color, decreasing the

population of other natural colors. However, in recent years there

has been an increase in demand for natural products that do not

harm the environment, with camelids having a wide range of colors

ranging from white to black with quality fiber for the

international market.

The numerous tonalities of color in animals depend on the

pigment produced by melanocytes, which produce two chemically

distinct types of melanin pigments, eumelanin and pheomelanin

(Le Pape et al., 2008; Cieslak et al., 2011). Variation in coat color

results from a complex interaction of the melanins produced, their

ratio (eumelanin and pheomelanin), the intensity of pigmentation

and the distribution of pigment throughout the hairs (Bhat et al.,

2019) and the distribution of these pigments on the body (Cieslak

et al., 2011). Three main mechanisms have been identified that

define coat color variation; i) melanocyte migration and

differentiation ii) melanocyte signaling and regulation and iii)

melanin production and transport (Bhat et al., 2019).

Melanin synthesis occurs in specialized pigment cells called

melanocytes and is under the catalytic control of several enzymes

including Tyrp1 (Feeley et al., 2016). Tyrp1 is responsible for the

oxidation of an eumelanin monomer, formed during pigment

synthesis, which then allows for the formation of a more stable,

black eumelanin (Feeley et al., 2016). Loss-of-function mutations in

TYRP1 have been associated with brown phenotypes in dogs

(Schmutz et al., 2002; Hrckova Turnova et al., 2017), sheep

(Gratten et al., 2007), bears (Puckett et al., 2023), American mink

(Cirera et al., 2016) among other species.

Dopachrome tautomerase (DCT) plays an important role in

vertebrate melanin pigmentation (Jackson et al., 1992). The TYRP2

protein was identified as the DCT enzyme on chromosome 14 in the

mouse (Kroumpouzos et al., 1994) and is known as DCT or TYRP2

(Tsukamoto et al., 1992). Hair melanin content was detected at a

higher level in DCT knockout mice than in slaty mutant mice

(Guyonneau et al., 2004).

Tyrosinase-related protein 1 (TYRP1) and dopachrome

tautomerase (DCT) are involved in melanin production and are

therefore likely to be involved in determining coat color (Becker

et al., 2015; Paterson et al., 2015). However, the mechanisms by

which these genes act to produce coat color are unclear (Peng

et al., 2018).

Previous analysis confirms that RAB38 is a melanosomal

protein, mutated in the mouse pigmentation mutant, chocolate

(cht), and important for tyrosinase-related protein 1 sorting of

melanosomal protein tyrosinase (TYRP1) in melanocytes (Loftus

et al., 2002). The role of RAB38 in the biogenesis of melanosomes

and melanin and the genetic mechanism contribute to hair color

variety and intensity in American mink. (Manakhov et al., 2020).
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Although the role in brown and black coat coloration of the

TYRP1 gene has been evaluated in alpacas (Feeley et al., 2016;

Alshanbari et al., 2019), no work has yet been done with the DCT

and RAB38 genes in camelids, so the aim of this study was to

investigate polymorphisms in these three genes to evaluate their

associations with different fleece colors in high Andean camelids,

mainly in alpacas.
2 Materials and methods

2.1 Animal material and DNA extraction

Three hundred twenty-seven unrelated camelids were studied for

TYRP1, DCT and RAB38 genes sequencing; 327 were alpacas (158

white, 88 black, 49 brown, 88 gray and 15 light fawn). Animals were

from the Cusco and Puno region, two regions with the highest

population of alpacas in Peru. Figure 1 shows some examples of

white, brown, black and LF (Light fawn) alpacas. The samples were

obtained by venipuncture from the jugular vein into EDTA vacutainer

tubes. The blood was frozen at -20 °C until handling at the La Raya

research center from Universidad Nacional de San Antonio Abad del

Cusco. DNA (deoxyribonucleic acid) was extracted from whole blood

of all sampled animals using the Purelink Genomic mini kit (Qiagen)

according to the manufacturer’s protocol. DNA quality and quantity

were evaluated using the Qubit 4.0 fluorometer (Invitrogen).
2.2 Primer design, amplification and
sequencing of candidate genes

Primers to amplify the coding region and 5’ and 3’ part were

designed with the Ion Ampliseq 6.0.1 designer for Ion Torrent New

Generation (Life Technologies, www.ampliseq.com) from the

VicPac 2.0.1 reference sequence. A total of 29 Amplicons ranging

from 96 bp to 326 bp covered 100% of the target sequence

(Table 1S). Primers were supplied in two pools (Forward and

reverse), each at a concentration of 100 nM (Life Technologies,

Carlsbad, CA, USA). PCR was conducted in a total volume of 20 mL,
containing 10 mL QIAGEN Taq PCR Master Mix, 2.4 mL primer

mix (0.5 mm end concentration in the PCR), 6.6 mL Milli-Q water

and 1 mL of template DNA. A single PCR program was used:

denaturation at 95°C for 30 s, 40 cycles of denaturation at 95°C for

30 s, annealing at 60°C for 30 s, and extension at 72°C for 45 s, and a

final extension at 72°C for 5 min. The sequencing library was

prepared with the Ion AmpliSeq library kit version 2.0 according to

the manufacturer’s protocols. The amplified library was diluted to

10 pM, and 25 mL was used for template preparation according to

the Ion PGM Template OT2 200 Kit protocol using the Ion PGM

Template OT2 200 kit. The clone amplified library was enriched in

Ion OneTouch E.S. Sequencing was performed on an Ion Torrent

bulk sequencing machine using the Ion PGM Sequencing 200 v2 kit

and an Ion 540 chip. Using Torrent Suite (version 3.6.) variant call

format (VCF) files were loaded into Ion Reporter V4.0 (https://

ionreporter.lifetechnologies.com/ir/) for variant annotation.
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2.3 Variant analysis

The sequence variants in the 3 genes in each sample were identified

using the Torrent Suite Variant Caller (TSVC; v5.8) GATK software

tools (version 4.2.2.0; http://www.broadinstitute.org) were used for

genotype calling. and the resulting VCF were further annotated using

online Ion Reporter software (https://ionreporter.lifetechnologies.com/

ir/secure/home.html). The sequences were aligned using the software

Bosque 2.0.2 (Ramıŕez-Flandes and Ulloa, 2008) andMega 11 (Tamura

et al., 2021).
2.4 Statistical analysis

Genotypic and allelic frequencies, as well as the distribution of

genotypes among colors were evaluated by Fisher’s exact test and

Chi-squared test using the R language (version 4.1.3 http://www.R-
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project.org). Population polymorphism information content (PIC)

was calculated according to Nei’s methods (Chesnokov and

Artemyeva, 2015). JMP®, Version 17.1. SAS Institute Inc., Cary,

NC, 1989-2023 was also used to perform a contingency analysis

containing a mosaic plot, contingency table and complementary

statistical tests (Table S2). Contingency analysis allows measuring

the interaction between the coat color and genotype variables.

DnaSP v6 (Rozas et al., 2017) was used to determine different

neutrality tests (Table S3). PopART V1.7 software (Clement et al.,

2002) was used to construct a haplotype network for TYRP1 and

DCT genes, respectively, where polymorphisms with significant

effect were found from four coat colors (White, black, brown

and LF).
3 Results

3.1 Characterization of the genes TYRP1,
DCT and RAB38

1664 bp was obtained for the TYRP1 gene, 1624 bp for the DCT

gene and 791 bp for the RAB38 gene, corresponding to 100% of the

coding region of the three genes and partial regions of the 5’ and

3’UTR region (Figure 2).
3.2 Haplotypic distribution

Thirteen haplotypes were identified for the TYRP1 gene

(Figure 3), where haplotypes 1, 4, 5, 7, 9 and 10 are distributed in

the four coat colors of the alpacas analyzed, haplotypes 2, 3 and 8

are distributed in three colors and haplotypes 11, 12 and 13 are

exclusive to one coat color.

In the case of the DCT gene, 24 haplotypes were identified

(Figure 3), where haplotypes 6 and 10 are distributed in the colors

analyzed. Haplotypes 1, 2, 3, 4, 9, 11, 16 and 17 are distributed in

three colors, haplotypes 8 and 12 in two colors and haplotypes 5, 7,

13, 14 15, 18, 19, 20, 21, 22, 23 and 24 are exclusive for one coat

color in the studied alpacas.
3.3 Polymorphisms and association analysis

3.3.1 TYRP1
Twenty-two polymorphisms were identified (Table S3), twenty-

one of SNP type and one deletion in the 3’UTR region. The exons

with the highest number of polymorphisms were exon 2 and exon 5

(5 polymorphisms each), detailed in Figure 2. Seven of the

polymorphisms were of non-synonymous type. Significant

association (Using the value of P<0.001 as a value of greater

statistical rigor) was found with 5 polymorphisms (Table 1), one

involved amino acid change (c. 7G>T), three were synonymous

changes (c.400T>C, c. 1305C>T, c.1443T>C) and one was in the 5’

region (5’c.-26C>T). Likewise, the TYRP1 gene sequence translation

revealed an amino acid size of 537 amino acids.
FIGURE 1

Photographs of different coat color. (A) White, (B) LF or light fawn,
(C) Black, (D) Brown and (E) Gray.
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3.3.2 DCT
Twenty-two polymorphisms were identified (Table S3), all of

SNP type. The exon with the highest number of polymorphisms was

exon 1 (4 polymorphisms), detailed in Figure 2. Five of the

polymorphisms were of the non-synonymous type. Significant

association (P<0.001) was found with 7 polymorphisms, four

were synonymous changes (c.168C>T, c. 546T>C, c.660C>,

c.894G>A), one was in the 5’ region (5’c.-20G>A) and two were

in the 3’region (c.+2T>A, c.+36G>T). Likewise, the DCT gene

sequence translation revealed an amino acid size of 519

amino acids.

3.3.3 RAB38
Six polymorphisms were identified (Table S3) all of SNP type.

The exon with the highest number of polymorphisms was exon 4 (2

polymorphisms), detailed in Figure 2. One of the polymorphisms

was of non-synonymous type. No significant association (P<0.001)

was found with any polymorphism. The RAB38 gene sequence

translation revealed an amino acid size of 211 amino acids.

Genotypic frequencies of polymorphisms with significance (P<0.001).

The genotypic and allelic frequencies were analyzed statistically

for the polymorphisms of the TYRP1, DCT and RAB38 genes that

complied with values of P<0.001. In addition, the PIC values were

calculated for white, black and brown alpacas due to the large

population analyzed (Tables 2, 3). The information for all the colors

analyzed can be found in Table S1 and in Figure S1 including all

coat color analyzed.

For the TYRP1 gene, the five SNPs with P values less than 0.001

were found to show a low to moderate PIC value ranging from

0.0303 to 0.3748 (Mean 0.2555). For the -26T>C locus, the most

frequent genotype was TT with 82.84%, 62.50% and 87.50% for
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white, black and brown. The most frequent genotype for the 7G>T

locus was GG in the white, black and brown colors with 96.88%,

69.57% and 93.62%, being the TT genotype of null frequency. At the

400T>C locus, the most frequent genotype for white and brown

alpacas was TT with 57.27% and 65.85%, and for black alpacas it

was TC with 70.59%. At locus 1305C>T, the most frequent

genotype was CC for white and brown alpacas with 64.28% and

73.33%, and for black alpacas it was CT with 50%. For locus 1443,

the most frequent genotype was TT for white alpacas with 35.83%,

for black alpacas it was TC with 68.63% and for brown alpacas it

was CC with 52.63%.

For the DCT gene, the seven SNPs with P values less than 0.001

showed a low to moderate PIC value ranging from 0.1453 to 0.4999

(average 0.2636). For the -20G>A locus, the most frequent genotype

was GG with 73.18% and 84.44% for white and brown colors in

alpacas and, in the case of black alpacas it was AG with 61.54%. The

most frequent genotype for the 168G>T locus was CC in white and

brown colors with 72.95% and 82.61% and, for black alpacas the CT

genotype with 70.27%. At locus 546T>C, the most frequent

genotype for white and black alpacas was TC with 49.57% and

71.67%, and for brown alpacas it was TT with 70.73%. For the

660C>T locus, the most frequent genotype was CC for white and

brown alpacas with 68.42% and 89.48%, and for black alpacas it was

CT with 76.19%. For the 894G>A locus, the most frequent genotype

was GG for white and brown alpacas with 72% and 89.13%, for

black alpacas it was GA with 60%. At the +2T>A3’UTR locus, the

most frequent genotype for white and brown alpacas was TT with

78.72% and 75.61% and for black alpacas it was AT with 68.57%. In

case of the +36G>T locus, the most frequent genotype in white and

black alpacas was GT with 50.85% and 75.44% and, for brown

alpacas it was GG with 62.5%.
A

B

C

FIGURE 2

Structure of the TYRP1 (A), DCT (B) and RAB38 (C) genes. The exons are shown in the gray boxes with their size in base pairs (bp), in the case of
introns they are shown as dashed lines. The polymorphisms found in each gene are shown according to their exon or 5’ or 3’UTR region.
frontiersin.org

https://doi.org/10.3389/fanim.2023.1236582
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Melo-Rojas et al. 10.3389/fanim.2023.1236582

Frontiers in Animal Science 05
3.4 Relationship of the TYRP1, DCT and
RAB38 genes with the polymorphisms.

In the TYRP1 gene, two SNPs can affect black and white coat

color, including c.1305C>T and c.1443T>C in homozygous state for

white alpacas and in heterozygous state for black alpacas; as well as

three SNPs in the DCT gene, which are 5’c.-20G>A, c.546T>C and

3’c.+36G>T. One SNP can affect black and brown coat (c.400T>C)

in heterozygous state for black and homozygous dominant for

brown in the TYRP1 gene. Four SNPs can affect the coat color of

black alpacas, including c.168C>T, c.660C>T, c.894G>A and

3’c.+2T>A in the DCT gene.
4 Discussion

Coat color in domestic camelids is an important characteristic,

and in recent years there has been great interest in finding genes

responsible for the range of colors present in these animals.

TYRP1, DCT and RAB38 genes play an important role in

melanin synthesis. In this work we investigated the variations of

the TYRP1, DCT and RAB38 genes in the four South American

camelid species, taking large populations of white, black, and brown

alpacas, as well as small populations of gray and LF colors, finding a

total of 45 SNPs and 1 Indel in these three genes. From statistical

analysis, 12 SNP polymorphisms related to coat color in alpacas

were obtained, with variable distribution levels in the colors

analyzed. These polymorphisms may have a role in color

formation in alpacas.

When analyzing TCS-network of TYRP1 and DCT haplotypes,

most haplotypes were shared, with no color-specific clusters. At the

time of the conquest, when camelids were displaced by sheep, they

were not interested in selection by specific colors, but by fleece

weight (Marıń et al., 2018). The samples obtained were from
A

B

FIGURE 3

TCS-network of TYRP1 (A) and DCT (B) haplotypes showing all
variants identified in alpacas. The size of the circle corresponds to
haplotype. Colors represent circulating haplotypes identified in
white, black, brown and LF alpacas.
TABLE 1 Polymorphisms identified in TYRP1 and DCT genes of alpacas.

Gene Polymorphism Aminoacidic change Aminoacidic effect P-value

TYRP1 5’c.-26C>T N/A N/A 0.0007135

TYRP1 c.7G>T Ser/Ala Polar to non-polar 0.0002333

TYRP1 c.400T>C Leu N/A 6.104e-05

TYRP1 c.1305C>T Asn N/A 0.0005913

TYRP1 c.1443T>C Ile N/A 4.877e-07

DCT 5’c.-20G>A N/A N/A 0.0004691

DCT c.168C>T Asp N/A 4.318e-09

DCT c.546T>C Tyr N/A 2.234e-07

DCT c.660C>T His N/A 5.01e-05

DCT c.894G>A Leu N/A 0.0001657

DCT 3’ +2T>A N/A N/A 8.734e-07

DCT 3’ +36G>T N/A N/A 2.114e-06
fro
They were significant for coat color.
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breeders who manage alpaca selection by coat color. However, the

work of selection by defined colors should continue in order to

obtain offspring with the same colors as the parents and not vary in

their tonality.

Genetic diversity is an important basis for evaluating the status

of breeding germplasm resources, and it is the genetic basis for the

population’s adaptation to the environment and evolution (Jia et al.,

2021). The PIC value in population analysis is important because it

reflects genetic diversity. PIC values higher than 0.5 indicate high

polymorphism, values between 0.25 and 0.50 moderate

polymorphism and values lower than 0.25 indicate low

polymorphism (Li et al., 2018). For the genes analyzed, a

moderate PIC value (0.25 to 0.50) was shown in 11 loci in black

alpacas, 6 loci in white alpacas and 4 loci in brown alpacas. Low PIC

values (< 0.25) were observed in 1 loci in black alpacas, 6 loci in

white alpacas and 8 loci in brown alpacas. These results indicate that

the selection for the colors analyzed in alpacas was different.

Traditionally, the industry has preferred white because it can be

dyed without bleaching (Anello et al., 2022). In Peru, as a result of

high prices for white fiber, there has been a large decrease in colored

alpacas, causing a loss of genetic diversity that in the field becomes

more complex due to the low price obtained from the sale of colored

fiber. Fortunately, in recent years, the demand for natural colors by

the textile industry has increased along with the global trend

towards the consumption of environmentally friendly products
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(Anello et al., 2022). The results obtained are useful to consider

the conservation of genetic resources of coat color in alpacas due to

the diversity found in the animals analyzed from the PIC values.

The TYRP1 gene, which is a member of the tyrosinase gene

family, has been implicated mainly in the brown coat color of

animals such as sheep (Paris et al., 2019), goats (Becker et al., 2015),

birds (Li et al., 2019) where loss of function of the gene occurs. In

this study, SNPs c.400T>C, c.1305C>T and c.1443T>C were found

to have significant association (p<0.001) with white, black and

brown coat color in the TYRP1 gene, where they also had moderate

PIC values. The frequency of the TT genotype of the c.400T>C

polymorphism was higher in white and brown alpacas, as well as TC

in black alpacas. In case of the c.1305C>T polymorphism, the

frequency of the CC genotype was higher in white and brown

alpacas, CT in black alpacas. Finally, for the c.1443T>C

polymorphism, the frequency of the TT genotype was higher in

white alpacas, CC in brown alpacas and TC in black alpacas. These

results indicate that the three polymorphisms mentioned in the

TYRP1 gene could be associated with fiber pigmentation in alpacas,

even though they are synonymous and do not involve amino acid

changes. Similar studies in black and brown alpacas found no

association with dark coat color of the TYRP1 gene (Feeley et al.,

2016), despite finding 19 mutations, and sharing 11 mutations with

those of the present study, where they indicate that the reduced

number of samples could be the cause of not finding association
TABLE 2 Allelic and genotypic distribution of TYRP1 gene in alpacas.

Color
Position Allele Frequency Genotype Frequency PIC

T C TT TC CC

White

-26

0.9142 0.0858 111(0.82836) 23(0.1764) 0(0.000) 0.1446

Black 0.8125 0.1875 15(0.6250) 9(0.3750) 0(0.000) 0.2583

Brown 0.9063 0.0937 42(0.8750) 3(0.0625) 3(0.0625) 0.1555

T G TT TG GG

White

7

0.0156 0.9844 0(0.000) 4(0.0312) 124(0.9688) 0.0303

Black 0.1522 0.8478 0(0.000) 7(0.3043) 16(0.6957) 0.2247

Brown 0.0319 0.9681 0(0.000) 3(0.0638) 44(0.9362) 0.0599

T C TT TC CC

White

400

0.7773 0.2227 63(0.5727) 45(0.4091) 2(0.0182) 0.2863

Black 0.5686 0.4314 11(0.2157) 36(0.7059) 4(0.0784) 0.3702

Brown 0.8049 0.1951 27(0.6585) 12(0.2927) 2(0.0488) 0.2648

C T CC CT TT

White

1305

0.750 0.250 45(0.6428) 15(0.2143) 10(0.1429) 0.3047

Black 0.5132 0.4868 10(0.2632) 19(0.5000) 9(0.2368) 0.3748

Brown 0.8167 0.1833 22(0.7333) 5(0.1667) 3(0.1000) 0.2546

T C TT TC CC

White

1443

0.5125 0.4875 43(0.3583) 37(0.3084) 40(0.3333) 0.3748

Black 0.5784 0.4216 12(0.2353) 35(0.6863) 4(0.0784) 0.3688

Brown 0.3816 0.6184 11(0.2895) 7(0.1842) 20(0.5263) 0.3606
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with coat color. In a study conducted in camels (Alshanbari et al.,

2019) they found no association with brown color and the analyzed

polymorphisms found in intronic regions; however, they indicate

that despite the results the TYRP1 gene remains an important

candidate for color phenotypes in camels, but Holl et al., 2017 find

an important association between KIT gene and with spot in camel.

DCT or TYRP2 is involved in the isomerization of dopachrome

to DHICA (Bhat et al., 2019). Mutations in DCT cause drastic

decrease in the eumelanin content of melanocytes in mice,

unexpectedly increasing the pheomelanin content (Costin et al.,

2005). In this study, it was found that SNPs c.168C>T, c.546T>C,

c.660C>T, 3’c.+2T>A and 3’c.+36G>T of the DCT gene showed

strong significant association (p<0.0001) with white, black, and

brown coat color in alpacas, with moderate ICP values. For the
Frontiers in Animal Science 07
c.168C>T polymorphism, the frequency of the GG genotype was

higher in white and brown alpacas and TC in black alpacas. In case

of the c.546T>C polymorphism, the frequency of the TC genotype

was higher in white and black alpacas, TT in brown alpacas. The

frequency of the GG genotype of the c.660C >T polymorphism was

higher in white and brown alpacas, as well as CT in black alpacas. In

case of the 3’c.+2T>A polymorphism, the frequency of the TT

genotype was higher in white and brown alpacas, TA in black

alpacas. Finally, for the 3’c.+36G>T polymorphism, the frequency

of the GT genotype was higher in white and black alpacas and GG

in brown alpacas. The results shown indicate that the five

polymorphisms found in the DCT gene could be associated with

pigmentation in alpacas, and as in the case of the TYRP1 gene

analysis are of synonymous type. Studies in goats (Bhat et al., 2019)
TABLE 3 Allelic and genotypic distribution of the DCT gene in alpacas.

Color
Position Allele Frequency Genotype Frequency PIC

G A GG AG AA

White

-20

0.8537 0.1463 90(0.7318) 30(0.2439) 3(0.0243) 0.2186

Black 0.6923 0.3077 10(0.3846) 16(0.6154) 0(0.000) 0.3353

Brown 0.9222 0.0778 38(0.8444) 7(0.1556) 0(0.000) 0.1332

C T CC CT TT

White

168

0.8525 0.1475 89(0.7295) 30(0.2459) 3(0.0246) 0.2199

Black 0.5405 0.4595 7(0.1892) 26(0.7027) 4(0.1081) 0.3733

Brown 0.9022 0.0978 38(0.8261) 7(0.1522) 1(0.0217) 0.1609

T C TT TC CC

White

546

0.7009 0.2991 53(0.4530) 58(0.4957) 6(0.0513) 0.3314

Black 0.5083 0.4917 9(0.1500) 43(0.7167) 8(0.1333) 0.3749

Brown 0.8214 0.1786 29(0.7073) 11(0.2683) 1(0.0244) 0.2312

C T CC CT TT

White

660

0.8158 0.1842 26(0.6842) 10(0.2632) 2(0.0526) 0.2554

Black 0.5714 0.4286 4(0.1905) 16(0.7619) 1(0.0476) 0.3698

Brown 0.9211 0.0789 17(0.8948) 1(0.0526) 1(0.0526) 0.1348

G A GG GA AA

White

894

0.8560 0.1440 90(0.7200) 34(0.2720) 1(0.0080) 0.2161

Black 0.7000 0.3000 12(0.4000) 18(0.6000) 0(0.000) 0.3318

Brown 0.9457 0.0543 41(0.8913) 5(0.1087) 0(0.000) 0.0975

T A TT AT AA

White

3’UTR
+2

0.8883 0.1117 74(0.7872) 19(0.2022) 1(0.0106) 0.1788

Black 0.6286 0.3714 10(0.2857) 24(0.6857) 1(0.0286) 0.3579

Brown 0.8537 0.1463 31(0.7561) 8(0.1951) 2(0.0488) 0.2186

G T GG GT TT

White

3’UTR
+36

0.6949 0.3051 52(0.4407) 60(0.5085) 6(0.0508) 0.3341

Black 0.4825 0.5175 6(0.1053) 43(0.7544) 8(0.1403) 0.3747

Brown 0.7750 0.2250 25(0.6250) 12(0.3000) 3(0.0750) 0.2879
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indicate that the DCT gene significantly regulates dark fiber color,

having high expressions in brown skin of Pashmina goats. There are

no reported works to date on the analysis of the DCT gene in

alpacas, so this work hopefully helps to understand the role of this

gene in color phenotypes in alpacas.

The RAB38 gene encodes the member of the Rab family of small

G proteins, which is involved in intracellular vesicle trafficking and

melanosome biogenesis (Osanai et al., 2005). The RAB38 gene is

highly expressed in melanocytes (Loftus et al., 2002). RAB38 is

involved in the transport of newly synthesized tyrosinase and

Tyrp1, which are key enzymes in melanin production from

endosomes in the trans-Golgi network to maturing melanosomes

(Bultema et al., 2012; Coppola et al., 2016). Mutations in the RAB38

gene were associated with coat color in chocolate mice (Loftus et al.,

2002). The present work reports 6 polymorphisms, which would

have no association with coat color in alpacas; however, it is the first

time we report the study of the RAB38 gene in alpacas.
5 Conclusions

It was identified that TYRP1 and DCT genes are related to coat

color in alpacas, finding significant association between 3 SNPs for

the TYRP1 gene and 5 SNPs for the DCT gene. The loci have low to

moderate polymorphism and there are differences in their

distribution among the colored alpacas analyzed. The results of

this study show the role of genes involved in the alpaca coat color

phenotype, which could be used as markers in the selection of

preferred fleece tonalities in alpacas.
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