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Context. Currently, there is a growing consumer demand for more ecologically sustainable
practices in the textile industry. Fabric dyeing is highly pollutive, and one way to avoid dyeing is
to use naturally coloured fibres. Alpacas exhibit a wide range of fleece colours, thereby making
them a good source of fibre for sustainable textile production. Our understanding of the colour
genetics of alpacas is improving, but there is still no explanation for all the variation seen in
alpaca coat colours. Aims. To identify a region or regions in the alpaca genome that contribute
to differences in pigment intensity. Methods. Colorimetric analysis using L*a*b* colourspace of
fibre from white and black alpacas, that had been genotyped using the Neogen Australasia alpaca
coat colour test, was used to classify the samples into intense and dilute groups for each colour.
Illumina short-read genotyping by sequencing of the DNA from these alpacas was used to identify
single nucleotide polymorphisms that were subsequently used in a case–control genome-
wide association study (GWAS) comparing the extreme dilute and intensely pigmented animals.
Key results. Intense eumelanic fibre is darker (P = 0.0003), less red (P = 0.004), and more
blue (P = 0.001) than is dilute eumelanic fibre. Intense pheomelanic fibre is darker (P = 1 × 10−7),
more red (P = 3 × 10−20), and more yellow (P = 2 × 10−6) than is dilute pheomelanic fibre. The
GWAS showed six regions of genome-wide significance. After manual inspection of these six
regions, the best candidate region was upstream of KITLG, a gene previously associated with pigment
intensity in dogs. Conclusions. In combination with ASIP genotype, a regulatory mutation in a
region upstream of KITLG in alpacas potentially has a major effect on pigment intensity in the
species. Implications. Successful identification of a marker for pigment intensity will allow
breeders to select more precisely for breeding and production animals that will assist them in
supplying the desired fibre colours to the textile industry.

Keywords: alpaca, ASIP, CNV, colorimetry, colour, genotyping by sequencing, GWAS, KITLG,
pigment intensity.
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Alpacas (Vicugna pacos) are domesticated South American camelids, farmed for their fibre, 
meat, pelts, and leather. In Australia, alpaca farming is an emerging industry currently 
transitioning into a commercial phase (Rural Industries Research and Development 
Corporation 2016; GHD 2022). The most profitable aspects of the Australian alpaca 
industry are the livestock export trade and fleece production (Rural Industries Research 
and Development Corporation 2016). One determinant of fleece quality is its colour 
(Frank et al. 2006). Compared with other fibre-producing species, alpacas display a wide 
range of fleece colours (Cruz et al. 2021). Historically, white fibre is preferred as it can be 
artificially dyed; however, there is a growing interest in utilising the full range of existing 
alpaca fleece colours (Frank et al. 2006). This is mainly due an increased demand for ‘green’ 
and sustainable textile production (Cruz et al. 2021). The use of dye is a particularly 
pollutive part of current textile production (Cruz et al. 2021). An alternative to the use 
of dyes is to use naturally coloured fibre, therefore making alpacas a good candidate for 
sustainable textile production (Cruz et al. 2021). It is therefore important to understand 
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alpaca pigmentation genetics to enable farmers to make 
informed breeding choices (Feeley and Munyard 2009). 

Pigmentation in mammals is a highly conserved process, 
meaning that pigment mechanisms and their genetic basis 
identified in other mammals can provide an insight into the 
genetics of alpaca fleece colour (Camacho-Hübner et al. 2002; 
Hoekstra 2006). In skin, hair, and eyes, the base colour in 
mammals is determined by the proportion of eumelanin 
(black/brown pigment) and pheomelanin (yellow/red pigment) 
(Ito and Wakamatsu 2003). Over 650 genes are known to 
be involved in pigment formation (Baxter et al. 2019). 
Eumelanin and pheomelanin are synthesised through melano-
genesis inside melanocytes, a specialised form of dendritic cell 
derived from the embryonic neural crest cells (reviewed by 
Bonaventure et al. (2013) and Pillaiyar et al. (2017)). Melanin 
is stored inside melanosomes, which are transferred to 
neighbouring cells via dendrites (Bonaventure et al. 2013; 
Pillaiyar et al. 2017). In alpacas, melanocytes are located in 
the skin epidermis where a single melanocyte will interact 
with approximately 2–10 keratinocytes (Fleis and Scott 2010). 

Within a melanocyte, the production of eumelanin or 
pheomelanin is determined through the interaction of the 
melanocortin-1 receptor (MC1R), α-melanocyte stimulating 
hormone (αMSH), and the agouti signalling protein (ASIP; 
Robbins et al. 1993; Lu et al. 1994; Barsh 1996; Furumura 
et al. 1996). MC1R is activated by αMSH binding leading to 
eumelanin production, which can be antagonised by ASIP 
binding, promoting pheomelanin production instead (Lu 
et al. 1994; Barsh 1996; Furumura et al. 1996; ØYehaug et al. 
2002; D’Mello et al. 2016). Functional copies of MC1R, αMSH, 
and ASIP result in a mixture of eumelanin and pheomelanin 
expression (Table 1; Robbins et al. 1993). Homozygous 
loss-of-function mutations in ASIP result in predominantly 
eumelanin production (Table 1; Robbins et al. 1993). 
Homozygous loss-of-function mutations in MC1R result in 
predominantly pheomelanin production (Table 1; Bultman 
et al. 1992; Lu et al. 1994; Barsh 1996). 

In alpacas, a dominant, functional copy of MC1R is 
identified by the A82/C901 allele, resulting in alanine and 
arginine (denoted as ‘E’) (Table 2; Powell et al. 2008; Feeley 
and Munyard 2009). Three mutations are associated with a 
recessive loss-of-function mutation in MC1R, including G82 
resulting in a substation from threonine to alanine at Codon 
28 (e1), T901 resulting in a substitution from arginine to 
cysteine at Codon 301 (e2), and a 4 bp deletion at 224–227 

Table 1. Genotype and phenotype of base-colour pigmentation.

MC1R ASIP Pigment

EE or Ee AA or Aa Eumelanin and pheomelanin

EE or Ee aa Eumelanin

ee AA or Aa Pheomelanin

ee aa Pheomelanin

Data are based on Munyard (2011).

Table 2. MC1R alleles.

MC1R allele 82 A > C 901 C > T Del 224–227

E A C No

e1 A T No

e2 G C No

e3 A C Yes

Data are based on Feeley and Munyard (2011), and Powell et al. (2008).

resulting in a frameshift mutation in the protein (e3) (Powell 
et al. 2008; Feeley and Munyard 2009). In ASIP, three variants 
in exon four result in a loss-of-function mutation (Feeley et al. 
2011). The three mutations include a 57 bp deletion at 325– 
381 preventing 19 of the final 25 amino acids of ASIP from 
being synthesised (a1), 292C > T resulting in a substitution 
from arginine to cysteine at Codon 98 (a2), and 353G > A 
resulting in a substitution from arginine to histidine at Codon 
118 (a3) (Table 3; Feeley et al. 2011). 

The current understanding of the MC1R and ASIP genes 
does not explain all the variation in colour observed in 
alpaca fibre, for example, as shown in Fig. 1 (Lupton et al. 
2006; Feeley and Munyard 2009; Munyard 2011; Brancalion 
et al. 2022). The environment does modify alpaca fibre colour 
as sun exposure degrades eumelanin and pheomelanin, 
resulting in a dilution of colour from base to tip (Fig. 1; 
Wakamatsu et al. 2021). Intense black alpacas produce more 
eumelanin than do dilute black alpacas, with no difference in 
pheomelanin production (Wakamatsu et al. 2021). Similar 
differences in the pheomelanin intensity that are not explained 
by known MC1R and ASIP alleles have been observed 
by alpaca breeders (Lynn Edens, Brett Fallon, pers. comm.). 
There is likely to be an as-yet-unknown effect in addition to 
the base colour alleles that is intensifying or diluting the 
production of eumelanin and pheomelanin in alpacas. 

Differences in pigment production could be a result of an 
intensity variant that increases the amount of pigment 
produced, or a dilution variant that decreases the amount of 
pigment produced. Genes associated with differences in 
pigment production in other species include pre-melanosome 
protein (PMEL) in horses (Brunberg et al. 2006; Andersson 
et al. 2013), frizzled-7 (FZD7) and silver (SILV) in cattle 
(Gutiérrez-Gil et al. 2007; Floriot et al. 2021; Kimura et al. 
2022), melanophilin (MLPH) in chickens (Vaez et al. 2008), 

Table 3. ASIP alleles.

ASIP allele Del 325–381 292 C > T 353 G > A

A T C G

a1 G C G

a2 T T G

a3 T C A

Data are based on Feeley et al. (2011).
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Fig. 1. Variation in pigment intensity in ‘black’ alpacas, all genotyped
to be ‘EE aa’. The two on the left are considered ‘intense’ black and the
two on the right are considered ‘dilute’ black. The photographed alpacas
live in same environment, are a similar age, and have the same diet (Brett
Fallon, pers. comm.).

and major facilitator superfamily domain containing 12 
(MFSD12), tyrosinase-related Protein 1 (TYRP1), KIT ligand 
(KITLG), and MLPH in dogs (Drögemüller et al. 2007; 
Bauer et al. 2018; Hédan et al. 2019; Van Buren et al. 2020; 
Weich et al. 2020; Slavney et al. 2021). Mutations in 
tyrosinase (TYR) and membrane associated transport protein 
(MATP) are associated with albinism and pigment dilution in 
a wide variety of species (Oetting et al. 1996; Aigner et al. 
2000; Newton et al. 2001; Camacho-Hübner et al. 2002; 
Mariat et al. 2003; Schmutz et al. 2004; Blaszczyk et al. 
2005; Graf et al. 2005). Due to the large number of genes 
that are involved in pigment intensity or dilution, the 
method best suited to identifying novel mutations in alpacas 
is a genome-wide association study (GWAS; Tam et al. 2019). 
The purpose of a GWAS is to identify polymorphisms that 
correlate with a specific phenotype (Marees et al. 2018). In 
this study, a GWAS was conducted using whole genome 
sequencing data of alpacas to identify regions in the alpaca 
genome that correlate to differences in pigment intensity 
and dilution. 

Materials and methods

Animal selection and sample collection

Blood and fibre samples were collected from 65 alpacas 
comprising 23 black alpacas genotyped as ‘EE aa’ and 42 
white alpacas genotyped as ‘AA ee’ using the Neogen 
Australasia alpaca coat-colour test (all animals were genotyped 
as non-grey). An additional 27 fibre samples were collected 
from 11 black ‘EE aa’ alpacas and 16 white ‘AA ee’ alpacas. 
The ASIP genotypes included were a1a1 (n = 7), a1a2 
(n = 2), a1a3 (n = 9), a2a2 (n = 7), a2a3 (n = 2), and a3a3 
(n = 4). Twenty-two of the samples were from alpacas bred 

in Western Australia (WA) and 70 samples were from 
alpacas bred in the United States of America (USA). Blood 
samples (1–5 mL) were collected using 22 g needles and 
syringe by a registered veterinarian, into 5 mL K2 EDTA 
tubes, and the blood was stored at −20°C. Fibre samples were 
taken from the mid-side body of the alpaca, as close to the skin 
as possible. 

Fibre-sample preparation and colorimetric
analysis

Prior to washing, white fibre samples were trimmed to 
remove distal parts of the fibre that were stained with grass 
and dirt that could not be washed out with water. Larger 
pieces of dirt and debris were removed from the fibre with 
tweezers. Fibre samples were gently washed, to avoid felting, 
in deionised water until the water was clear. Washed fibre 
samples were dried overnight at 37°C, then stored in clear, 
labelled zip-loc bags for storage at room temperature in a 
dark cupboard. 

In total, 92 fibre samples (34 eumelanic and 58 
pheomelanic) were measured using a BYK-Gardner spectro-
guide sphere gloss colorimeter (Catalogue No. 6834). The 
colorimeter was used to take L* as a measurement of lightness 
from black (0) to white (100), a* as a measurement of the 
green (−100) to red (+100) spectrum and, b* as a measure-
ment of the blue (−100) to yellow (+100) spectrum. White-
fibre measurements were taken closest to the root end of 
the fibre as that part was least stained by the environment. 
Black-fibre measurements were taken from the root to tip 
of the fibre as staining did not affect the colour. Each fibre 
sample was measured seven times and the averages 
were plotted in an XYZ scatterplot generated using the 
scatterplot3d package in RStudio ver. 4.2.0 (Ligges and 
Maechler 2003; R Core Team 2022). The a* measurements 
were used to sort the samples in intense and dilute 
categories as the measurements were distributed similarly 
between eumelanic and pheomelanic samples, unlike the L* 
and b* measurements. The highest and lowest quartiles were 
plotted in a boxplot and the P-value was calculated using a 
one-tailed test in Microsoft Excel. For eumelanic fibre, 
samples with a lower a* value were categorised as intense 
and samples with a higher a* value were categorised as 
dilute. For pheomelanic fibre, samples with a lower a* value 
were categorised as dilute and samples with a higher a* were 
categorised as intense. The eumelanic group had nine fibre 
samples in each of the intense and dilute quartiles (n = 34), 
and the pheomelanic group had 15 fibre samples in each of 
the intense and dilute quartiles (n = 58). Eumelanic alpacas 
were additionally categorised on the basis of their ASIP 
genotype (n = 31) and the differences among the L*a*b* 
measurements were plotted and analysed using a one-way 
ANOVA in Microsoft Excel. Pheomelanic alpacas were not 
compared on the basis of their MC1R genotype as 57 of 58 
had the same MC1R genotype. 
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DNA extraction and sequencing

For the samples collected in WA, genomic DNA was extracted 
from 200 μL of blood by using an Invitrogen PureLink 
Genomic DNA Mini Kit according to the manufacturer’s 
protocols. Aliquots containing 1 μg of DNA were dried and 
transported to Neogen Australasia. Blood samples collected 
in the USA were sent directly to Neogen Australasia for their 
in-house DNA-extraction method. Whole-genome sequencing 
of 65 alpacas was conducted at ~10× coverage (150-base paired-
end read format) by using the Illumina NovaSeq system. 

Genotyping by sequencing

Genotyping by sequencing was conducted using an in-house 
bioinformatics pipeline written in bash script. The analysis 
was executed on a Pawsey Nimbus instance with 32 GiB of 
RAM and 8 vCPUs, and an AWS M5A.2XLARGE machine 
with 32 GiB of RAM and 8 vCPUs (RONIN). Read trimming 
and quality control was conducted using fastp with – 
trim_poly_g parameter set to a minimum length of 5 (Chen 
et al. 2018). The trimmed reads were mapped to VicPac4 
(draft alpaca reference genome supplied by Brian Davis, 
Texas A&M) by using Bowtie2 (Langmead and Salzberg 2012) 
and SAMtools (Danecek et al. 2021) with default settings. 
Picard tools AddOrReplaceReadGroups and MarkDuplicates 
were used for quality control (QC) of the BAM files (Broad 
Institute 2019). Individual variant calling was conducted 
using GATK HaplotypeCaller with the -ERC GVCF parameter, 
which output 1 GVCF file per animal (Poplin et al. 2018; Van 
der Auwera and O’Connor 2020). 

GATK GenomicsDBImport was used to merge the 65 GVCF 
files into a database by using an AWS R5AD.4XLARGE machine 
with 128 GiB of RAM and 16 vCPUs (RONIN) (Poplin et al. 
2018; Van der Auwera and O’Connor 2020). Following this, 
GATK GenotypeGVCFs was used for joint genotyping of the 
GVCF database, which processed 1 969 187 806 variants into 
one VCF file (Poplin et al. 2018; Van der Auwera and O’Connor 
2020). In preparation for the GWAS, GATK SelectVariants was 
used to extract 27 289 672 single-nucleotide polymorphisms 
(SNPs) from the VCF file (Van der Auwera and O’Connor 2020). 

GWAS

SNPs were filtered with a genotyping rate of >90%, and a 
minor allele frequency of 0.05 by using PLINK 1.9 (Purcell 
et al. 2007). Principal-component analysis was conducted 
on the basis of identity-by-state of SNPs in linkage equilibrium 
(r2 = 0.2) occurring within 50 kb genome-wide windows by 
using PLINK1.9 (Purcell et al. 2007) and were visualised 
using the ggplot package (Wickham 2016) in Rstudio (R 
Core Team 2022). Three GWAS were generated, including 
combined eumelanic and pheomelanic samples categorised 
as intense (n = 16) or dilute (n = 16), only pheomelanic 
samples categorised as intense (n = 12) or dilute (n = 12), 
and only eumelanic samples categorised as intense (n = 8) 

or dilute (n = 8). The phenotypic extremes were selected as 
cases and controls for each GWAS as outlined in Lander and 
Botstein (Lander and Botstein 1989). All three GWAS were 
conducted using Fisher’s exact test and with the genome-
wide significance threshold set at 5 × 10−8. The GWAS 
results were visualised in Manhattan and quantile–quantile 
(Q–Q) plots generated using SNPEVG v3.2 (Wang et al. 2012). 

Analysis of genome-wide significant regions

GWAS results were viewed using Integrative Genomics 
Viewer (IGV) v2.15.2 (Robinson et al. 2011), and regions of 
genome-wide significance were extracted and used to 
search NCBI nucleotide BLAST (Altschul et al. 1990; Sayers 
et al. 2022). NCBI Genome Data Viewer (GDV) was used to 
identify genes in the area (Rangwala et al. 2021; Sayers et al. 
2022). A literature search was performed to identify any 
genes with known roles in mammalian pigmentation. 

Results

The distribution of the averages of seven L*a*b* colour 
measurements for each formed two distinct clusters (Fig. 2), 
with pheomelanic fibre having higher L* and  b* measurements 
than did eumelanic fibre. 

Intense eumelanic fibre is significantly darker (Fig. 3a; 
P = 0.0003), less red (Fig. 3b; P = 0.004), and slightly more 
blue than is dilute eumelanic fibre (Fig. 3c; P = 0.001). 
Similarly, intense pheomelanic fibre is significantly darker 
(Fig. 3d; P = 1 × 10−7), more red (Fig. 3e; P = 3 × 10−20), 
and more yellow (Fig. 3f; P = 2 × 10−6) than is dilute 
pheomelanic fibre. 

There was no statistically significant difference in the 
L*a*b* colour measurements of alpacas with the different 
ASIP alleles (Fig. 4, Supplementary Fig. S1). The a3a3 genotype 
did have a higher median for all L*a*b* measurements than did 
other ASIP genotypes; however, this was not statistically 
significant. This supports the hypothesis that ASIP alleles do 
not explain all of the pigment variation seen in eumelanic 
fibre, and that a different variant is likely to be modifying 
pigment intensity or dilution. 

A total of 16 503 152 SNPs and 61 samples with a total 
genotyping rate of 0.999247 passed filtering and QC. In the 
combined eumelanic and pheomelanic GWAS, 18 scaffolds 
contained regions of genome-wide significance (Fig. 5a); of these, 
six scaffolds contained regions with good support (Fig. 5b–g). 
In the pheomelanic GWAS (Fig. S3), nine scaffolds contained 
regions of genome-wide significance (Fig. S2), with only 1 
scaffold containing a region with good underlying support 
(Fig. S2, Table S1). The eumelanic GWAS did not contain 
any well-supported genome-wide significant regions (Fig. S4). 

The Super-Scaffold 15 candidate region contained three 
known pigmentation genes, KITLG, POC1B, and CEP290 
(Table 4). RIMS1 located on Super-Scaffold 100005 and 
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Fig. 2. Colour measurement of alpaca fibre. (a) CIELAB colour chart (adapted from Ly et al. 2020). L* is a measurement of lightness of
black (0) to white (100). a* is a measurement of the green (−100) to red (+100) spectrum. b* is a measurement of the blue (−100) to yellow
(+100) spectrum (b) Distribution of the averaged L*, a* and b* measurements for each fibre sample.

Fig. 3. Comparison of averaged L*a*b* colourmeasurement for most intense and dilute fibre samples. (a) Eumelanin L* values, P= 0.0003,
(b) Eumelanin a* values, P = 0.004, (c) Eumelanin b* values, P = 0.001, (d) pheomelanin L* values, P = 1 × 10−7, (e) pheomelanin a* values,
P = 3 × 10−20, and (f ) pheomelanin b* values, P = 2 × 10−6.

SYT4 located on Super-Scaffold 31 are genes involved in Discussion
melanocyte structure (Table 4). The well supported regions 
of genome-wide significance on Super-Scaffold 19, 4, and 10 These data suggest that a region on Super-Scaffold 15 of 
did not contain any known pigmentation genes (Table 4). VicPac4 draft genome, which contains KITLG, POC1B and 
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Fig. 4. Box-and-whisker plot of averaged L* values of eumelanic samples categorised by ASIP
genotype. Average L* measurement for each sample on the Y-axis and the ASIP genotype on the
X-axis. One-way ANOVA of the L* values for the different ASIP genotypes resulted in P = 0.33.

CEP290, is a strong candidate for influence on pigment 
intensity in alpacas. In dogs, a 6 kb CNV 152 kb upstream 
of KITLG was associated with differences in the intensity of 
eumelanin and pheomelanin (Weich et al. 2020; Slavney 
et al. 2021). A higher copy number was associated with more 
intense and uniformly distributed pigment along the hair shaft, 
while a lower copy number was associated with more dilute 
pigment (Weich et al. 2020). The CNV was hypothesised to 
affect KITLG expression levels (Weich et al. 2020). In alpacas, 
a 145 kb CNV ~272 kb upstream of KITLG was recently 
identified (Shah et al. 2023) and this corresponds to the 
candidate region (Fig. 5b). It would be ideal to investigate 
this CNV in the current study dataset; however, coverage of most 
of the samples in this study was too low for a valid CNV analysis. 

The gene KITLG encodes the ligand for the KIT receptor 
(KITLG); their interaction is involved in melanogenesis, 
gametogenesis, and haematopoiesis (Besmer 1991). The 
binding of KITLG to the KIT receptor on melanocytes activates 
the MAPK/ERK signalling pathway, which increases melanocyte 
proliferation and differentiation (Grichnik et al. 1998; Wang 
et al. 2017). In mice, the expression of KITLG is controlled by 
an extensive regulatory region between 100 and 300 kb 
upstream of the gene (Bedell et al. 1995; Wehrle-Haller 2003). 
Changes in the regulatory region of KITLG can modify its 
expression, leading to a change in pigmentation, with higher 
levels of expression associated with darker pigmentation in 
minks and goats (Bedell et al. 1995; Wehrle-Haller 2003; 
Miller et al. 2007; Song et al. 2017; Wu et al. 2021). 
Human skin grafts treated with injections of KITLG resulted 
in an increase in the size and number of melanocytes in the 
skin (Grichnik et al. 1998). It is therefore possible that a 
regulatory variant over 100 kb upstream of KITLG could be 
altering its expression, leading to an increase in eumelanin 

and pheomelanin production by modifying the size and 
number of melanocytes in the skin. In the future, additional 
samples should be characterised for the CNV to determine 
whether the copy number in this species also correlates 
with pigment intensity. 

POC1B and CEP290 are also located near the region of 
genome-wide significance on Super-Scaffold 15 (Table 4). 
Knockdown of POC1B results in abnormal melanocyte 
distribution in zebrafish (Beck et al. 2014), and knockdown 
of CEP290 results in a delay in melanosome transport in 
zebrafish (Baye et al. 2011). Genes that regulate melanocyte 
development and melanogenesis, such as MITF, TYR, and 
TYRP1 in humans and mice, are conserved in zebrafish 
(Neuffer and Cooper 2022). However, the role(s) of POC1B 
and CEP290 in mammalian pigmentation are currently unknown 
(Baye et al. 2011; Beck et al. 2014). 

SYT4 (located on Super-Scaffold 31) and RIMS1 (located 
on Super-Scaffold 100005; Table 4) are associated with 
melanocyte dendrite elongation. Melanocytes transfer melanin 
to neighbouring cells via dendrites (Bonaventure et al. 2013; 
Pillaiyar et al. 2017). In humans, the number and length of 
melanocyte dendrites is associated with pigmentation in the 
skin (reviewed by Costin and Hearing 2007). Melanocytes 
with higher dendricity are associated with hyperpigmen-
tation in the skin (Costin and Hearing 2007). A variant in 
or near this gene could affect melanocyte dendricity, leading 
to more dilute or more intense pigmentation. 

GWAS that were conducted using only eumelanic or 
pheomelanic samples did not show the same areas of genome-
wide significance as did the combined eumelanic and 
pheomelanic samples (Table 4). This indicates that there is 
likely to be at least one gene of major effect, and at least one 
gene affecting pheomelanin intensity. Variations in genes that 
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Fig. 5. GWAS of eumelanic and pheomelanic animals. (a) Manhattan plot generated in SNPEVG by using the 16 most intense animals as
controls and the 16 most dilute animals as cases. Y-axis is the −log10(P-value) and the X-axis is the scaffold label. Green line represents
genome-wide signifiance of 5 × 10−8. (b) Q–Q plot showing a genomic inflation factor, λ, of 1.14804. (c) Super-Scaffold 15 genome-
wide significant region at 38.41–41.13 Mb. (d) Super-Scaffold 19 genome-wide significant region at 26.37–27.24 Mb. (e ) Super-Scaffold
100005 genome-wide significant region 14.23–15.54 Mb. (f ) Super-Scaffold 4 genome-wide significant region at 67.90–67.96 Mb. (g)
Super-Scaffold 10 genome-wide significant regions at 27.98–28.15 Mb and 30.51–30.72 Mb. (h) Super-Scaffold 31 genome-wide significant
region at 0.77–0.84 Mb.
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Table 4. Known pigmentation genes in regions of genome-wide significance.

GWAS Scaffold Known pigmentation gene within 500 kb

Combined Super-Scaffold 15 KITLG: associated with differences in pigment intensity in dogs (Weich et al. 2020; Slavney et al. 2021).
POC1B: knockdown results in abnormal melanocyte distribution (Beck et al. 2014).
CEP290: knockdown results in delayed melanosome transport (Baye et al. 2011).

Combined Super-Scaffold 19 No known pigmentation genes.

Combined Super-Scaffold 100005 RIMS1: overexpression leads to melanocyte dendrite elongation (Yoo et al. 2013).

Combined Super-Scaffold 4 No known pigmentation genes.

Combined Super-Scaffold 10 No known pigmentation genes.

Combined Super-Scaffold 31 SYT4: overexpression leads to melanocyte dendrite elongation (Yoo et al. 2013).

Pheomelanic only Super-Scaffold 4 No known pigmentation genes.

cause only dilutions in pheomelanin are known to exist in 
cattle and dogs (Hédan et al. 2019; Floriot et al. 2021). 
However, no known pigmentation genes were identified within 
the genome-wide significant region. The lack of genome-wide 
significant regions in the eumelanic GWAS is likely to be due 
to a combination of genes with a small effect plus a low sample 
size. Increasing the number of eumelanic samples would help 
identify whether there are any genome-wide significant regions 
that are associated only with eumelanic alpacas. It is therefore 
possible that multiple intensity and dilution variants exist in 
alpacas, including some that modify eumelanin and pheome-
lanin combined and others that modify only pheomelanin. 

Colorimetric analysis of alpaca fibre measured a gradient 
of colour rather than an intense and dilute phenotype. Other 
studies that have conducted colorimetric analysis of alpaca 
fibre have also noted a gradient in colour (Lupton et al. 2006; 
Cruz et al. 2021). 

The inability to genotype the roan pattern in alpacas may 
be a limitation in the colorimetric analysis of pheomelanic 
fibre samples. For example, the roan pattern is characterised 
by white fibres mixed in the base coat (Munyard 2011). Roan 
is most visible on dark base coats and is difficult to visualise on 
light base coats. It is therefore possible that the pheomelanic 
samples used in this study contained roan alpacas. For 
example, a sample measured as dilute pheomelanin may be an 
intense pheomelanic sample that is also roan. Once the genetic 
basis for roan in alpacas is determined, future work studying 
pigment intensity should exclude roan alpacas based on 
genotype rather than phenotype. 

Sample collection was limited to black alpacas genotyped 
as ‘EE aa’ and white alpacas genotyped as ‘ee AA’. This 
enabled the samples to be separated into eumelanic and 
pheomelanic groups to determine whether areas of genome-
wide significance were correlated with the two pigments in 
combination or separately. Collecting colorimetric data on 
additional MC1R and ASIP genotypes would be beneficial 
to understand the full spectrum of colour in alpacas. 

No statistically significant difference in L*, a* or  b* 
measurements was found between alpacas categorised on the 
basis of their ASIP genotype (Figs 4, and S1). This could be 

due to a low sample size; for example, both the a1a2 and 
the a2a3 ASIP genotypes contained only two samples. While 
not statistically significant, the a3a3 genotype had a high 
median compared with the other genotypes. This could be 
due to the difference between each ASIP allele, as a3 is 
hypothesised to be the least deleterious as it results in an 
amino acid change from arginine to histidine, which are 
both large, positively charged amino acids (Feeley et al. 
2011). Increasing the sample size for each ASIP genotype 
would better indicate whether there is a correlation between 
ASIP genotype and pigment intensity. Pheomelanic alpacas 
were not compared on the basis of their MC1R genotype 
because 57 of 58 had an e1e1 genotype. Future studies should 
incorporate the e2 and e3 alleles to determine whether they 
influence colour measurement. 

This research has identified several genome-wide signifi-
cant regions in the alpaca genome that are associated with 
differences in pigment intensity as measured by a colorimeter. 
Identifying candidate variants within these regions will 
identify new pigment intensity loci in alpacas. Future work 
should involve developing a genotyping test for the intensity 
loci which will enable alpaca breeders to make more informed 
breeding decisions. 

Supplementary material

Supplementary material is available online. 
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