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ABSTRACT

Context. The alpaca roan pattern is characterised by white and coloured fibre interspersed
together, with a distinctive lighter body and darker extremities, and commonly is believed to be
inherited in an autosomal dominant manner-. It is of interest to the alpaca fibre industry as it causes
‘contamination’ of coloured fibre with white fibres, but cannot be detected in white or light fawn
animals. Other livestock species, such as horses, cattle, goats, and pigs, exhibit comparable phenotypes,
which are associated with candidate variant(s) in either KIT or KITLG. Aims. To identify a region or
regions of the genome that is/are causative of the roan pattern in alpacas. Methods. We conducted
a genome-wide association study (GWAS) by using 13 roan and 14 non-roan alpacas sampled from
the USA, Australia, and New Zealand. Regions of genome-wide significance were examined for
variants that correlated with the roan phenotype. Key results. A novel candidate single-nucleotype
polymorphism (SNP; Super-Scaffold_15:39 742 851T > A), located 272 kb upstream of KITLG, was
identified in | of 12 regions with genome-wide significant association (P < 5 x 1078). We identified
the candidate SNP-containing region (Super-Scaffold_15:39 742 09639 887 419) to be a 145 kb
copy number variant (CNV) that is likely to be a tandem duplication. All 13 roan alpacas had
one or two copies of the roan-associated T allele and all except three non-roans had zero copies.
Furthermore, we determined the Mendelian inheritance of copy number haplotypes and their allelic
composition in a roan and a non-roan family. Conclusions. Our data support the hypothesised
autosomal incomplete dominant mode of inheritance of the roan pattern in alpacas and suggests
that the effect of the T allele CNV version is likely to be suppressed when in cis with the A allele
CNV version. However, additional verification is required to validate the finding and determine
the functional effect. Implications. ldentification of the cause, or a marker for roan pattern will
allow alpaca breeders to select for or against the roan pattern, even when the phenotype is hidden,
and therefore increase production output and profitability.

Keywords: alpaca, CNV, colour, fibre, genotyping by sequencing, GWAS, KITLG, pattern, roan,
SNP.

Introduction

Coat colours and patterns in livestock species have been artificially selected for thousands
of years, giving rise to numerous colour phenotypes. Alpacas (Vicugna pacos) produce
over 20 colours of base fibre and exhibit a range of patterns, such as classic grey, roan
(aka modern grey in the USA and UK), blue-eyed white, tuxedo, piebald and appaloosa
(Munyard 2013; Thangavel et al. 2015). The large variety of high-quality, naturally
coloured fibre is gaining popularity within the ‘green’, environmentally conscious market
and so many alpaca breeders are selecting for coloured fibres instead of the traditional
white (Thangavel et al. 2015). For most domesticated species, selective breeding practices
have significantly improved since the development and commercialisation of genetic
screening (Toro 2010). Similarly, the Alpaca Coat Colour DNA test (Neogen Australasia)
was developed to report the so-far known genotypes for the three loss-of-function MCI1R
alleles (no black pigment able to be produced) and three loss-of-function ASIP genes
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(only black pigment able to be produced; Feeley and Munyard
2009; Feeley et al. 2011; Munyard 2013), and the presence or
absence of the classic grey pattern (Jones et al. 2019), the only
colours with known genetic causes.

The roan coat pattern in alpacas presents as depigmented
fibres interspersed within the base colour, generally being
concentrated to the central body and with darker extremities
(Fig. 1). In the fibre industry, roan fibre is considered a
contaminant to coloured fibre and undesirable for commercial
processing, whereas hobby spinners and knitters often prefer
such variety (Mathews et al. 2019). Genetic testing is required
for the early and accurate detection of roan animals as the
pattern is highly variable in its expressivity, distribution,
and age of onset. Roan commonly appears at birth or early
in life (Munyard 2013) and develops over time, whereas
late-onset depigmentation is classed as age-related greying.
However, in practice, distinguishing between the two traits
is difficult due to the phenotypic variability of roan (Goldleaf
and Windella alpacas, Dr C. Oddie pers. comm.). Detecting the
pattern on white or light fawn animals is very difficult, and
these so-called cryptic roans are typically responsible for
the hidden dissemination of the trait within herds.

A similar autosomal dominant (or incomplete dominant)
roan phenotype has also been described in other species.
Genetic studies in horses (Marklund et al. 1999; Grilz-Seger
etal. 2020; VoB et al. 2020), cattle (Charlier et al. 1996; Seitz
et al. 1999), pigs (Cho et al. 2011; Lim et al. 2011; Fontanesi
and Russo 2013), and goats (Talenti et al. 2018) have shown a
shared association between roan and the candidate genes KIT
proto-oncogene, receptor tyrosine kinase (KIT) or KIT ligand
(KITLG). The biological cause of roan is predicted to be the
premature depletion of melanocyte stem-cells (melanoblasts)
within hair follicles, leading to gradual and permanent depig-
mentation of individual fibres (Hachiya et al. 2009; Endou
et al. 2014; Bian et al. 2019; Qiu et al. 2019). KIT and KITLG
are essential signalling proteins involved in migration,
differentiation, maturation, and survival of melanoblasts

(Besmer et al. 1993; Wehrle-Haller 2003). Apart from melano-
genesis, KIT and KITLG are also vital for gametogenesis
(Besmer et al. 1993) and haematopoiesis (Zsebo et al. 1990).
Thus, loss-of-function mutations in either gene are associated
with patterns of depigmentation (Hemesath et al. 1998;
Cieslak et al. 2011) as well as pleiotropic effects such as
subfertility in homozygous roan cattle (Charlier et al. 1996)
and homozygous lethality in some roan horses (Hintz and
Van Vleck 1979).

Although mammalian pigmentation is highly conserved,
genetic heterogeneity exists for many interspecies colour
phenotypes (Cieslak et al. 2011; Brancalion et al. 2022).
Over 688 pigmentation-associated genes are known (Baxter
et al. 2019). We hypothesised that an autosomal incompletely
dominant regulatory variant in or around a gene involved in
pigmentation was responsible for the roan coat pattern in
alpacas. The aim was to identify a candidate gene and associ-
ated variant(s) through use of a genome-wide association
study (GWAS), and thereby improve our knowledge of the
genetic basis of the roan coat pattern in alpacas.

Materials and methods

Samples

Whole-genome sequence data (WGS) were generated from
blood samples of 46 white, fawn, bay, black, white spotted,
classic grey, blue eyed white and roan (modern grey)
alpacas. Animals were a mix of closely and distantly related
individuals, and were sampled from Australian, New Zealand
and American herds. Sequences were generated using
Illumina Novaseq 150 bp paired-end reads with approxi-
mately 30x depth-of-coverage per sample. Phenotype data,
in the form of photographs, and pedigree information were
available for 35 of the sampled animals.

Fig. I.
pattern increases from alpaca to alpaca (as shown in a—c respectively). (c) White spotting, like on the nose of
this alpaca may or may not be present.

Alpacas displaying variable expressivity of the roan coat pattern. (a—) Extent and distribution of the
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Genotyping by sequencing

All fastq files were processed through an in-house genotyping
by sequencing (GBS) bioinformatics workflow, by using bash
script on cloud computing infrastructure (Nimbus Pawsey),
providing two instances with eight cores and 32 Gb of
RAM. The GBS workflow was based on the best practices
for variant-discovery analysis guide by the Broad institute
(Van der Auwera and O’Connor 2020) and used open-source
software. Raw FASTQ format reads were trimmed (polyG
minimum length = 5) and quality filtered via Fastp v.0.23.2
(Chen et al. 2018) by using default parameters. Quality-
controlled reads were mapped (with local alignment) to the
draft VicPac4 reference genome (Brian Davis, Texas A&M,
pers. comm.) via Bowtie2 v2.3.5.1, by using default para-
meters (Langmead and Salzberg 2012). Mapped reads were
sorted and indexed via Samtools v1.10 (Danecek et al.
2021), followed by formatting (AddOrReplaceReadGroups)
and quality control (MarkDuplicates) using Picard v2.27.1
(Broad Institute 2019). Individual BAM (binary alignment
map) files were processed with GATK v4.2.6.1 HaplotypeCaller
(Poplin et al. 2018) to produce GVCF (genomic-variant call
format) files, which were subsequently merged using GATK
GenomicsDBImport. Joint genotyping was performed with
GATK GenotypeGVCFs by using the GenomicsDBImport
workspace as input. Single-nucleotide polymorphisms (SNP)
were extracted from the VCF file via GATK SelectVariants.

Genome-wide association analysis

The unfiltered VCF file containing only SNP data was
processed using PLINK v1.9 (Purcell et al. 2007). SNPs with
a minor allele frequency of <0.05 and those missing a geno-
type for >5% of animals were removed. Animals missing
genotypes for >5% of SNPs were also excluded. Dark roan
alpacas (n = 13) were selected as cases and dark non-roans
(n = 14) as controls. The white and light fawn animals
(n = 19) were excluded from the GWAS due to the ambiguity
of their observed phenotype. Quality-controlled genome-
wide SNPs were included in a case-control association
analysis using the Fisher’s exact test model in PLINK
(Purcell et al. 2007). A genome-wide significance threshold
of P =5 x 108 was applied, and Manhattan plots were
generated using SNPEVG v3.2 (Wang et al. 2012).

Candidate variants

All genomic regions with genome-wide significant association
(P < 5 x 1078) and with underlying support observed on
the Manhattan plot, were manually assessed for potential
candidate variants. Both SNP and indel genotypes, within
the complete VCF file, were considered and viewed on
Integrated Genomic Viewer (IGV) v2.12.3 (Robinson et al.
2011). Variant search was additionally extended to the core
pigment genes KIT, MITF, ASIP, MCIR, and those signifi-
cantly downregulated in prematurely greying human hair
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follicles (Bian et al. 2019), namely, SOX10, TYR, TYRPI,
MLANA, PMEL, MATP and GPR143. Gene sequences
were retrieved from the VicPac3.1 gene database on NCBI
(https://www.ncbi.nlm.nih.gov/gene/) and aligned to the
candidate VicPac4 (draft) regions via the BLASTn v2.9.0+
command line tool (Camacho et al. 2009) to identify genes
in those regions. Where possible, pedigree data were checked
for Mendelian inheritance of variant genotype and all animals
were checked for potential misclassification of phenotype
through examination of available photographs and personal
communication with breeders.

PCR and sequencing of the candidate SNP

To validate the candidate SNP (Super-Scaffold_15:39
742 851T > A), 10 additional dark roans plus four animals
from the GWAS were genotyped through targeted polymerase
chain reaction (PCR) and subsequent DNA sequencing.
Genomic DNA was extracted from blood samples following
the PureLink Genomic DNA Mini Kit (Invitrogen) protocol.
Forward (5’-TCATGCTCCCCTGAACAACA-3’) and reverse
(5’-TCTCGTTGATGATGGTGGGAG-3’) PCR primers were
designed using Primer3Plus (https://www.primer3plus.
com/), having a predicted product size of 541 bp. PCR was
performed using a T100 Thermal Cycler (Kyratec) in a total
volume of 10 pL, containing ~100 ng genomic DNA, 2.5 U
MyTaq HS DNA polymerase (Bioline), 2 pL. MyTaq reaction
buffer (5x) (Bioline) and 3 pmol of each primer. The
amplification conditions were as follows: 1 min at 95°C,
30 cycles of 15 s at 95°C, 15 s at 60°C, 30 s at 72°C, then
5 min at 72°C. For each sample, the above PCR was
performed in triplicate and the pooled products were
visualised on a 2% w/v SB buffer agarose gel, followed by
purification by using a FavorPrep PCR Clean-Up Mini Kit
(Favorgen). Two separate sequencing reactions (forward and
reverse) were performed by the Australian Genome Research
Facility, by using the respective PCR primers, and following
the ABI Prism BigDye Terminator Cycle Sequencing protocol.
Sequence data were visualised and manually analysed using
FinchTV v1.4.0 (Team Giospiza 2004).

Copy-number variant analysis

Analysis of copy number was limited to the scaffold that
contained the candidate variant and was conducted using
CNVpytor v1.2.1 (Suvakov et al. 2021), following the
developers’ guide. Briefly, depth-of-coverage of mapped reads
was corrected for GC bias and normalised to a diploid copy
number for each sample, complemented by B-allele (referring
to the non-reference or variant allele) frequency analysis of
SNPs and small indels. Read-pair orientation of mapped reads
was assessed in the candidate region using IGV (Robinson
et al. 2011) to view BAM files. The proportion of roan and
non-roan associated allele at the candidate SNP, and variants
in visual linkage disequilibrium (LD) with it, were considered
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when manually determining the roan:non-roan copy-number
ratio for each sample.

Results

In total, 28 296 476 SNPs and 4 191 807 indels were detected.
Following SNP extraction and quality control, 16 863747
SNPs were retained, and all samples had a genotyping rate
of >95%. The GWAS showed 12 regions with association
greater than P < 5 x 1078 (Fig. 2a). However, only one region
contained variant genotypes that were concordant with
phenotypes (Supplementary material Fig. S1).

A candidate SNP (Super-Scaffold_15:39 742 851T > A) was
identified 272 kb upstream of KITLG (Fig. 2b). All 13 roan
alpacas were genotyped as either homozygous or heterozygous
for the reference allele (T), and all but 3 of 14 non-roans were
homozygous for the variant allele (A). It is interesting to note
that the alpaca used to generate the reference genome is light
fawn in colour. Almost half of the white and light fawn animals
(n = 19) were heterozygous for the roan-associated allele, and
one was homozygous (Table 1). Mendelian inheritance of the
SNP genotype was concordant for the 12 parent-offspring trios
included in the GWAS (data not shown). Additionally, pedigree
analyses of all animals supported the dominant mode of
inheritance of roan (or cryptic roan in the white and light
fawn animals; data not shown).

On inspection of raw read depth at the candidate SNP, an
allelic imbalance was observed for all except five heterozygotes
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was consistent with the WGS genotypes. Three of ten addi-
tional (i.e. Sanger sequence only) roan animals were
genotyped A/A and the remaining seven had an unreliable
T/A genotype, which supported a hypothesis of allelic
imbalance at this locus.

In the Super-Scaffold_15:39 742 096-39 887 419 region,
which contained the Super-Scaffold_15:39742851T > A
candidate, an abrupt increase in depth-of-coverage was
observed in all except 8 of the 46 of the BAM files, suggestive
of a CNV. Subsequently, the presence of a CNV 127-272 kb
upstream of KITLG was validated (Fig. 3a, b). The copy
number ratio of the roan (T):non-roan (A) associated allele
was estimated for all samples (Table 1). All eight US roan
alpacas were closely related, and each had two copies of
T and zero or one copies of A. Of the five Australian roan
alpacas, only two were related (second generation) and all
had one or two copies of T and one to four copies of A. All
except three (one Australian and two New Zealand) non-roan
animals (n = 14) had no copies of T and three to seven
copies of A.

Read-pair orientation analysis of individual BAM files
demonstrated a trend of right-left oriented discordant
paired-end reads mapped at the boundaries of the CNV,
indicative of a tandem duplication (Fig. 3c). A smaller 40 kb
CNV region (Super-Scaffold_15:39 763 502-39 804 057) was
predicted to occur in tandem within the 145 kb (Super-
Scaffold_15:39 742 096-39 887 419) tandem duplication.
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Fig.2. GWAS comparing roan (n = 13) and non-roan (n = 14) alpacas. (a) Manhattan plot. Of the 790 scaffolds, 39 peaks reached the
genome-wide significance (P < 5 x 1078) threshold (green line). (b) Manhattan plot of Super-Scaffold_15 only; the candidate region is

highlighted with a box.
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Table I.

Genotypes at the candidate SNP Super-Scaffold_15:39742851T > A (derived from SNPs genotyped using GATK) and diploid copy

number (CN) of each allele estimated relative to the CNVpytor normalised copy-number read depth of the candidate region Super-

Scaffold_15:39 742 09639 887 419.

Phenotype (origin) N Occurrence of SNP Occurrence of CNV genotype
genotype
TIT TIA AIA CNT=24 CNT=1I" CNT=0"
CNA>0 CNA>I CNA>2
Roan alpacas
Black (Australia) 5 0 5 0 2 3 0
Black (USA) 3 2 | 0 3 0 0
Chestnut (USA) 2 | | 0 2 0 0
Black or brown roan + white spotting (USA) 2 2 0 0 2 0 0
Bay (USA) | | 0 0 | 0 0
Total 13 6 7 0 10 3 0
Non-roan alpacas
Black (Australia) 6 0 | 5 0 | 5
Black (New Zealand) 3 0 | 2 0 | 2
Bay (New Zealand) 3 0 | 2 0 | 2
Black or bay + white spotting (Australia) 2 0 0 2 0 0 2
Total 14 0 3 I 0 3 I
White and light fawn alpacas
Blue eyed white (Australia) 2 0 0 0 0 2
Classic grey (Australia) 5 0 | 0 | 4
Classic grey (New Zealand) 3 0 2 | 0 2 |
Fawn + white spotting (Australia) 2 | | 0 | | 0
White/fawn (New Zealand) 7 0 6 | 0 6 |
Total 19 | 10 8 | 10 8

AThe CN of the roan-associated allele (T) detected in a single animal ranged from 0 to 2, whereas the CN of the non-roan-associated allele (A) ranged from 0 to 7.

All progeny T:A counts were concordant with those
expected through Mendelian inheritance. We could unam-
biguously infer the CNV haplotypes within two nuclear
families by using Mendelian inheritance principles (Fig. 4).
These were the only families in which at least one individual
had a normal diploid copy count (CN = 2) in the homozygous
state. All US roan animals within a single family had at least
one haplotype with just the T allele version. The other family
of four consisted of two non-roan and two classic grey
animals, and all except the dam (non-roan) had only haplo-
types composed of the A allele copies. Possible misclassifi-
cation of the dam’s phenotype was checked, and she did
not roan at a later stage in life.

Discussion

These data suggest an association of the T allele version of a
145 kb tandem CNV upstream of KITLG with the roan
phenotype in alpacas. It is also tempting to speculate that
the roaning effect of T is suppressed when in cis with the
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non-roan associated version A. In support of this concept,
one non-roan animal had a haplotype composed of one
T and two A copies (cn = AAT; Fig. 4). Similarly, two roan
animals, each with cn = TA and cn = T haplotypes, expressed
roan to a lesser extent than did their roan relatives with only
the cn = T haplotype (Fig. 4).

The 145 kb candidate CNV ends 127 kb upstream of KITLG.
HapMap data have shown that 90% of CNVs have two or more
allelic states (McCarroll et al. 2008; Handsaker et al. 2015)
and that 66.7% of haplotypes consisting of copy-number
gains are composed of alternative allelic copies (Palta et al.
2015), which reflects what we have discovered here. The
association of the genes KITLG or its receptor KIT with the
roan phenotype has been well established in other species
(Charlier et al. 1996; Marklund et al. 1999; Cho et al. 2011;
Lim et al. 2011; Fontanesi and Russo 2013; Talenti et al. 2018;
Grilz-Seger et al. 2020; VoR et al. 2020). More compelling
evidence that this CNV could be associated with the roan
trait in alpacas is that KITLG expression in mice is regulated
by a ~200 kb region 100 kb upstream of the gene (Bedell et al.
1995), and mutations in this region cause depigmentation,
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Fig. 3. CNV and read-pair orientation analysis. (a, b) CNVpytor output of BAM-file analysis on two roan animals. The top panel shows

normalised read depth to a diploid copy number (CN = 2) and the bottom panel is the corresponding B-allele (variant allele) frequency
analysed using the VCF file. (a) CNVpytor output depicting a roan animal with a copy number gain and B-allele frequency deviating from
0.5 in the same region, representing allelic imbalance. (b) CNVpytor output depicting a roan animal with a normal diploid copy number.
(¢) IGV interface of lllumina paired-end reads (green) mapped in the right—left orientation at the extremities of two regions
(Super-Scaffold_15:39 742 096-39 887 419 and Super-Scaffold_15:39 763 502—39 804 057) with a conspicuous increase in depth-of-coverage,
indicating a tandem duplication. The position of the candidate SNP is marked with a vertical red line and KITLG is highlighted in red (top right).

anaemia and embryonic death (Bedell et al. 1996). Similarly,
a study comparing the parallel evolution of colour variation in
human and stickleback fish has attributed variation in KITLG
expression to cis-regulatory changes in a large region upstream
of the gene (Miller et al. 2007). Therefore, a potential mech-
anism of action for roan in alpacas is disruption to a cis-
regulatory element involved in KITLG regulation, such as
an enhancer domain, caused by the T-allele version, which
could be rescued when the functional A-allele version is in cis.

An allele dosage effect may also contribute to the expres-
sion of roan. The observed copy-number counts varied both
among and between roan and non-roan animals. The
variation in copy number was mostly attributed to the
A-allele version (Table 1). This not only reflects the strong
(artificial) selection for non-roan alpacas but also suggests
that the dosage of A may be associated with the extent or
onset of roan. A study in dogs identified a 6 kb CNV
located 152 kb upstream of KITLG that was associated with
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E Non-roan B Pale Roan

CN=TT CN=AA CN = AAAAAAT
cn=T cn=A cn = AAAA
an=T cn=A cn = AAT

CN=TT CN=TTA CN = AAAAA CN = AAAAA
=T en=T cn=A cn=A
cn=T cn=TA cn = AAAA cn = AAAA

CN=TT CN=TT CN=TTA CN=TT CN=TT
=T =T cn=T en=T =T
=T en=T cn=TA en=T cn=T
Fig. 4. Pedigree information of a US (left) and Australian (right) alpaca family and the respective roan-

associated (T) and non-roan-associated (A) allele copy-number composition of inherited haplotypes, generated
using Progeny Genetics online tool (https://pedigree.progenygenetics.com/). ‘CN’ refers to the diploid copy
number and ‘cn’ refers to the phased haploid copy number of T and/or A. All animals with a phenotype label

were those originally used in the WGS.

pigment intensity, with a higher copy number correlating
to higher intensity (Weich et al. 2020). Since the early deple-
tion of hair follicle melanoblasts, thus causing gradual and
permanent depigmentation, is the probable cause of roan
(Hachiya et al. 2009; Endou et al. 2014; Bian et al. 2019;
Qiu et al. 2019), it is plausible that a related mechanism
may also contribute to pigment intensity. Although we did
not account for variation in pigment intensity in this work,
the observed A copy-version counts were higher among the
Australian (unrelated) roans than the US roans (related).
Unlike the Australian roans, the US roans were selectively
bred for the roan pattern. This information, in addition to
the fact that the US alpacas displayed the pattern earlier
than did the Australian roans, suggests that a higher copy
number of the A version may reduce, or delay, the expression
of roan.

Interestingly, the alpaca that is the source of the reference
genome also had a cn = T haplotype. Considering her light
fawn base colour and darker extremities, it is plausible that
she was a cryptic roan. Almost half of the sampled white
or light fawn animals had one copy of T, and although
unphased, this observation is consistent with the knowledge
that cryptic roan animals often go undetected until mated
with dark base-colour animals. All but three dark non-roan
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animals had varying copy numbers of A alone (Table 1),
indicating homozygosity at the putative functionally important
site. An autosomal incomplete dominant inheritance pattern
can be inferred from these data, whereby a single haplotype
consisting solely of the T allele copy version likely confers
the expression of roan. There is no evidence of homozygous
lethality as evidenced by six roan alpacas (USA) that are
homozygous for the T allele version of the CNV (Table 1).

Breed specific allelic heterogeneity owing to potential
founder effect is known in roan horses (Grilz-Seger et al.
2020; VoB et al. 2020) and pigs (Cho et al. 2011; Lim et al.
2011). Therefore, we cannot exclude the possibility of multiple
causative variants for roan in alpacas or that the candidate SNP
may be in LD with the true casual variant(s). This may explain
why 3 of the 10 additional roan animals genotyped A/A at the
candidate SNP. However, all 10 animals were sampled from the
same farm and the three non-concordant animals developed
the roan pattern at a much later age than did the rest (Windella
and Goldleaf alpacas, Dr C. Oddie and Mr B. Fallon pers.
comm.). It is possible that the late onset of pattern development
was age-related, which highlights the importance of recording
the onset and progression of the roan phenotype.

We hypothesise that a cis-regulatory mechanism alters the
expression of KITLG and causes premature depigmentation of
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individual fibres, which may be further influenced by allelic
dosage effects. This study has provided novel insights into the
genetic basis of the roan coat pattern in alpacas and suggests
that the KITLG CNV influences both pheomelanic and
eumelanic base-colour phenotypes.

Supplementary material

Supplementary material is available online.
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