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Identification of genomic regions associated with differences in
fleece type in Huacaya and Suri alpacas (Vicugna pacos)

Abstract

The difference in fleece type is the distinguishing
trait between the two types of alpacas (Vicugna
pacos), Huacaya and Suri. The Suri fleece type
has been found to be inherited dominantly over
the Huacaya type, resulting in offspring with the
Suri phenotype. The aim of our study was to map
genomic regions associated with the two different
fleece types. In this study, 91 alpacas (54 Huacayas
and 37 Suris) from Germany and Switzerland were
genotyped using the 76k alpaca SNP array. Only 59k
chromosome-localised markers map to the alpaca
reference assembly VicPac3.1, and after quality
control 49866 SNPs, were retained for population
structure assessment and to conduct a genome-wide
association study. Both principal component and
neighbour-joining tree analysis showed that the two
fleece-type cohorts overlapped rather than forming
two distinct clusters. Genome-wide significantly
associated markers were observed in the scaffold
region of chromosome 16 (NW_021964192.1), which
contains a cluster of keratin genes. A haplotype
predominantly found in Suri alpacas has been
identified which supports dominant inheritance.
Variant filtering of nine whole-genome sequenced
alpacas from both fleece types in the critical interval
of 0.4 Mb did not reveal perfect segregation of either
fleece type for specific variants. To our knowledge,
this is the first study to use the recently developed
species-specific SNP array to identify genomic
regions associated with differences in fleece type in
alpacas. There are still some limitations, such as the
preliminary status of the reference assembly and the
incomplete annotation of the alpaca genome.

Alpaca fibre has grown in popularity outside of South
America in recent decades owing to its use in the pro-
duction of high quality fleece. Alpaca fibre is preferred
for its unique thermoregulatory, water repellent, flame
retardant and hypoallergenic properties. The appear-
ance of the fleece is the main trait that distinguishes the

two fleece types, Huacaya and Suri (Figure la) are the
alpaca breeds of this domestic South American Camelid
species (Vicugna pacos). The differences in texture and
fibre characteristics between the two fleece types allow
them to be used only for specific textile products. The
elasticity of Huacaya fleece makes it suitable for knit-
ted products. Suri fleece is too fine and lacks elastic-
ity, making it more suitable for woven products (Frank
etal., 2006). The Suri phenotype has been observed to be
dominant over Huacaya (Ponzoni et al., 2003). Breeding
results do not fully support a single-gene model of inher-
itance. According to Sponenberg (2010), as the main fea-
tures, the excess of Huacaya offspring in Huacaya x Suri
matings, and the rare production of Suri offspring from
Huacaya x Huacaya matings is consistent with a single
autosomal dominant gene that is subject to suppression
by modifiers. Presciuttini et al. (2010) proposed based on
statistical analysis of breeding results a genetic model
with two linked loci which both need to be homozygous
for recessive alleles in order to produce the Huacaya phe-
notype. Therefore, crossbred Huacaya and Suri alpacas
might have an overall Suri phenotype but fleece type
that does not fit specifically in the distinct fleece type
classification of Suri or Huacaya when manufactured for
textile products (Sponenberg, 2010).

The alpacas sampled in this study were phenotyped
according to their fleece type from their pedigree data
and pictures. Blood samples from 91 unrelated animals
(54 Huacayas and 37 Suris) were collected in Germany
(n=29) and Switzerland (n=62) (Table S3) for genotyping
using the Illumina 76k alpaca SNP array, performed ex-
ternally by NEOGEN (Ayr, Scotland). See Appendix Sl
for details of genomic analysis.

A single genome-wide significant association signal
was located on a scaffold (NW_021964192.1) on chromo-
some 16 (Figure 1b). The top-associated markers were
located in a ~0.4Mb-sized region containing a cluster
of keratin genes (Figure Ic). These findings suggest an
important influence of keratin on the difference between
Huacaya and Suri fleece. The results from this study fur-
ther confirm and refine the findings in a previous study
in which KRT15, together with five other keratin genes
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(a) Comparison between the two fleece types, Huacaya (left) and Suri (right). (b) Manhattan plot from the genome-wide

association study of Huacaya vs. Suri alpacas. The red line represents Bonferroni corrected genome-wide significance threshold (p=1.0x 107°),
while the blue line corresponds to the suggestive threshold (p=2.0x 107°). The x-axis corresponds to the scaffolds, in ascending order of
chromosome number. Note that all adjacent scaffolds of one colour (grey or black) localise to the same chromosome. (c) Gene content in the

0.4 Mb critical region identified from the genome-wide association study.

No. of copies of the main associated haplotype Two
Suri 11
Huacaya 1

(KRT31, KRTI3, KRTY, KRT14 and KRTI6) cytogen-
ically mapped to chromosome 16, making it the main
target for identifying sequence variants associated with
hair texture and growth (Mendoza et al., 2019). Keratins
are the main protein components of hair, skin and nails.
They affect the structural integrity and quality of animal
fibres (Balmer et al., 2017). Variants affecting fleece type
have been identified in keratin genes in other species,
notably KRT74 for fleece type in sheep (OMIA:002687-
9940), KRT71 for curly coat in dogs (OMIA:000245-
9615) and cats (OMIA:001581-9685, OMIA:001712-9685),
KRT27 for karakul (tightly curled) coat type in cattle
(OMIA:000246-9913) and KRT25 for curly coat type in
horses (OMIA:000245-9796).

TABLE 1 Genotypes for a Suri-
One Zero associated haplotype in the mapped region
21 5 on chromosome 16 in relation to fleece
0 53 type in alpacas.

The SNP genotypes from all 225 markers mapped
to the NW_021964192.1 scaffold were phased using
fastPHASE software (Scheet et al.,, 2006) and then
ordered with respect to genome-wide significantly
associated markers. This revealed the presence of a
predominant haplotype in the mapped region on chro-
mosome 16 in Suri animals (Table S1), supporting the
assumption of a dominant mode of inheritance. Over
86% (32 out of 37) of the Suri alpacas carried at least
one copy of this haplotype, whereas it was present in
only one of the 54 Huacaya animals (Table I). These
findings affirm the genetic model of dominance pro-
posed in an earlier study, where 588 Surix Suri and
2126 Huacaya x Huacaya offspring were identified and
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a single gene with two alleles model for an inheritance
pattern of seven dominant Suri:] recessive Huacaya
was accepted based on segregration of the offspring
(Renieri et al., 2008). A principal component analysis
(PCA) plot and neighbour-joining (NJ) tree are pre-
sented in Figures S1 and S2. The results showed incom-
plete clustering of Huacayas and Suris according to the
fleece type and country of origin. The partial overlap
of the groups suggests genetic similarities between
both fleece types (Presciuttini et al., 2010) and calls
into question previous classification of the Huacaya
and Suri as two separate breeds. Interestingly, two Suri
alpacas with known Huacaya ancestry cluster with
other Suris but not with Huacayas.

Since Huacaya has been identified as the wild-
type variety that was domesticated from vicunas, it is
likely that Suris were probably derived from Huacayas
through mutation, resulting in a much thinner fleece
type with reduced ability to withstand the harsh climate
of high altitudes (Presciuttini et al., 2010). The clus-
tering of samples could also be the result of different
breeding practices of alpaca owners and breeders. Most
breeders keep the populations separate, mainly for the
purposes of producing a specific type of fleece for yarn,
but there is a probability of occasional crossbreeding,
especially by some owners keeping these animals only
as pets. In addition, crossbreeding in previous genera-
tions, particularly of imported animals as was seen from
the pedigree data of some of the sampled alpacas led to
genetic introgression of Suri into Huacaya or vice versa.
An example is the alpaca with a clear Suri phenotype
(Figure la) which was found to descend in the fourth
generation from a Suri dam who had two Huacaya par-
ents. Such crossbred alpacas increase the difficulty of
identifying specific variants that cause the difference in
fleece type. Since Suri has been identified as the dom-
inant fleece type, most animals that have been cross-
bred are expected to show the Suri phenotype, making it
more difficult to determine their actual genotype.

However, the genomic region identified here associated
with fleece type on alpaca chromosome 16, with function-
ally significant candidate genes, provides a first starting
point for finding potentially causal functional variant(s) of
interest, similar to what has been done for inherited body
traits in other animal species (Paris et al., 2020). Therefore,
exonic variant filtering was subsequently performed on
nine whole-genome sequenced alpacas (four Suris and five
Huacayas) from the critical interval on chromosome 16
(Figure 1c¢) to identify heterozygous and homozygous vari-
ants that might have a low (synonymous variant, splice re-
gion variant), moderate (missense variant, inframe indel)
or high (frameshift variant, splice site variant) impact on
the encoded protein. This resulted in a total of 331 variants
(158 low, 149 moderate and 24 high impact) detected in the
critical interval (Table S2). No consistent patterns of seg-
regation were found for any of the variants with respect to
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the different fleece types, neither for the recessive nor for
the dominant mode of inheritance.

There are still certain limitations in the analysis of
variants that cause the Huacaya and Suri fleece type. One
important issue is the inheritance of the Suri phenotype,
which seems not to be completely dominant (Presciuttini
et al., 2010; Sponenberg, 2010). It is likely that at least
two variants are controlling this trait (Presciuttini
et al., 2010; Sponenberg, 2010), making their identifica-
tion, e.g. via genome sequencing and variant filtering,
much more difficult. The earlier example of the Suri ani-
mal (Figure la) that has Huacaya ancestry demonstrates
the difficulty of grouping this animal as a ‘purebred’
Suri. According to the PCA plot and NJ tree, it groups
more closely together with other Suris. In addition, the
NIJ tree revealed six Suris having a Huacaya-like genome
and one Huacaya with a Suri-like genome, indicating
a low frequency of the recessive Huacaya allelle in the
Suri population (Figure S2). The exclusion of Suris and
Huacayas from the analysis with ancestors of the other
phenotype may be helpful, but unfortunately we do not
have such extensive or even any pedigree information for
a large part of the sampled alpacas (Table S3).

In addition, SNP annotation on unplaced contigs and
scaffolds, gaps in the reference assembly and incomplete
annotation of the current assembly pose problems when
trying to align sequences and identify specific variants.
Identification of variants on keratin genes is particularly
complicated, as most keratin genes for alpacas are still
not well annotated and they cluster together owing to
their proximity to each other and were therefore mapped
as a single keratin cluster (Richardson et al., 2019). A
similar situation was encountered when analysing kera-
tin genes from dogs and horses (Balmer et al., 2017).

A recent paper examininig the genome sequence data of
two alpaca trios with Suriand Huacaya animals confirmed
the dominant inheritance of the Suri fleece type postu-
lated here (Pallotti et al., 2023). One of the two KIT mis-
sense variants (XM_031688000.1:c.35G>A) they presented
as a candidate causal variant for the white coat phenotype
was absent from the genomes of the nine whole-genome
sequenced alpacas from our study, while the other variant
(XM_031688000.1:c.982G>C) is absent in two completely
white alpacas and heterozygous in two pigmented alpacas
including a grey Huacaya that also carries the most likely
causal missense variant (XM_031688000.1: c.391G>A)
reported previously (Jones et al., 2019; Tan et al., 2022).
Preliminary conclusions of Pallotti et al. (2023) are there-
fore invalidated by our data (Table S4).

Further whole-genome sequencing of well-pheno-
typed alpacas from both fleece types and different coat
colours with deep pedigree information is required to
unravel the causative variants. Nevertheless, the data
presented strongly support for the first time that the ker-
atin locus on chromosome 16 is a highly plausible candi-
date for influencing fleece type in alpacas.
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