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ABSTRACT

Improving fibre quality traits is a key objective in alpaca breeding programmes. A total of 630 alpaca indi-
viduals managed at the Pacomarca experimental farm located in Puno, Perd, and subjected to selection
for fibre quality traits were genotyped using the Affymetrix Custom Alpaca genotyping array (76 508
SNPs). Two tests, the integrative Haplotype Score (iHS) and the number of segregating Sites by Length
(nSL), aimed at identifying incomplete sweeps, were applied on all sample genotypes to identify selective
candidate genomic regions spanning genes putatively involved in fibre production. The Cross-Population
Extended Haplotype Homozygosity (XP-EHH) statistic was applied to two divergent subpopulations
included in the total genotyped population: one less selected (reference; 49 individuals) and one highly
selected (target; 127 individuals) to assess if some of the selective sweeps identified with both iHS and
nSL were fixed in the target subpopulation. A total of 544 single—nucleotide polymorphisms (SNPs) were
identified as candidate selective signals using both the iHS and nSL tests. Furthermore, 27 SNPs were
identified as surrounding selective signals and further considered as candidate selective signals as well.
A total of 509 candidate selective genomic regions covering 14.6 Mb of the alpaca genome were con-
structed. Gene-annotation enrichment analyses enabled to identify 293 candidate genes in these selec-
tive candidate genomic regions. Up to 11 candidate genes (e.g. PTPRN, FRK, PTPN23, and PTPRT) were
associated with Gene Ontology (GO) terms related to phosphorylation and dephosphorylation and 28
candidate genes (e.g. FOXP1, MITF, RNF10, and ZNF664) with GO terms related to RNA polymerase activity.
These genes have been reported to play a crucial role in the development of animal hair follicles, as well
as in regulating hair growth and quality across different livestock species. Functional annotation con-
ducted allowed to identify four significantly enriched functional term clusters including a total of 32 can-
didate genes. These functional clusters may be involved in the modulation of fibre growth and quality as
well as skin and hair follicle development. Moreover, enrichment analyses within candidate selective
genomic regions identified with XP-EHH allowed to identify 54 candidate genes, 10 of which were also
identified using both the iHS and nSL tests. However, no functional clusters were identified. The results
presented suggest that the genomes analysed were shaped by directional selection for fibre quality traits,
involving multiple chromosomal areas of the alpaca genome. This fits well with traits expected to be
mainly controlled by genes of additive effect.
© 2025 The Authors. Published by Elsevier B.V. on behalf of The animal Consortium. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Implications

breeding decisions. The Pacomarca experimental farm has been
under formal genetic evaluation and selection since 2007, with

High-quality fibre production in alpacas is crucial for the textile the general aim of increasing the amount of fine fibre per individ-
industry, enhancing the economic value of their fleece and shaping ual. This study suggests that directional selection for production
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traits may have caused selective sweep signatures on the alpaca
genome, identifying new genomic regions and candidate genes
potentially involved in fibre production. While these findings offer
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valuable insights for breeding programmes in alpacas, further val-
idation is needed before implementation on a broader scale.

Introduction

Alpaca (Vicugna pacos) is a South American camelid probably
domesticated from vicufia (Vicugna vicugna) in the wet puna of
Peru’s central Andes 6 000-7 000 years ago (Wheeler et al.,
2006). Present alpaca population results from a complex history:
different vicufia populations may have contributed to the domesti-
cated alpaca and there is evidence suggesting that hybridisation
among llamas (Lama glama) and alpacas (Kadwell et al., 2001)
occurred continuously until present (Varas et al., 2020; Fan et al.,
2020). Whereas alpacas were domesticated mainly for fibre pro-
duction, llamas were presumably domesticated from guanaco
(Lama guanicoe) to provide draught power and meat (Wheeler
et al., 2006). This continuous interbreeding between llamas and
alpacas may lessen the alpacas’ ability for high-quality fibre pro-
duction, a concern underscored by genetic evidence suggesting
that a major gene affecting fibre quality traits could be segregating
in alpacas (Pérez-Cabal et al., 2010).

From a genetic point of view, the assessment of traits involved
in fibre production is challenging. Although fleece weight is of
major importance for producers’ income (Wurzinger and
Gutiérrez, 2022, McGregor, 2006), there is a need to decrease
prickle factor by decreasing the percentage of medullated fibre
and reducing the fibre diameter (Quispe et al., 2022; Cruz et al.,
2019; Allain and Renieri, 2010; Gutiérrez et al., 2009). Fleece
weight is influenced by several factors such as fibre density, staple
length, and the skin surface where the fibre grows (McFadden and
Neale, 1954), adding complexity to the genetic management of
fibre production. Selection aimed at reducing fibre medulation
has also been explored as a way to obtain valuable fibre to address
market demands (Cruz et al., 2019, 2024).

The Pacomarca experimental farm, founded in 1992 by the INCA
Group, is located in the department of Puno (Peruvian Altiplano) at
an altitude of 4 060 m above sea. Currently, the farm raises approx-
imately 2 400 alpacas subjected to performance recording for
fleece weight and fibre quality traits. Since 2007, this alpaca popu-
lation has been under formal genetic evaluation and selection with
the general aim of increasing the amount of fine fibre per individ-
ual (Morante et al., 2009). To reach this goal, genetic parameters
and breeding values are routinely estimated for fleece weight,
diameter, fibre mean variability, fibre length, fibre medulation,
shearing interval, textile value, and morphological traits (Cruz
et al., 2019, 2024; Gutiérrez et al., 2009, 2011; Cervantes et al.,
2010). Furthermore, the breed (either Suri or Huacaya) and the col-
our coat are considered when planning matings.

Directional selection for production traits may cause selective
sweep signatures on the genome, characterised by reduced diver-
sity and extensive linkage disequilibrium in different chromosomal
areas (Sabeti et al., 2002). Favourable alleles increase in frequency
more rapidly than expected for a neutral genetic scenario and fur-
ther alter the allele frequencies of genomic variants near the ben-
eficial mutation (Sabeti et al., 2002). Despite the scientific and
economic importance of alpaca fibre production, studies aiming
at the identification of selective sweeps in alpaca are still scant
(see Ghildiyal et al., 2023 for a review). Marin et al. (2018) studied
the genetic variation of two genes (MC1R and ASIP) involved in coat
colour to gain insights into domestication and management of
South American camelids. Mendoza et al. (2019), using fluores-
cence in situ hybridisation, located potential genes for alpaca fibre
development and colour. Recently, More et al. (2023) analysed
genotypes from alpacas belonging to three different Peruvian
farms to investigate genetic factors influencing fibre diameter.
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Using the Cross-population Extended Haplotype Homozygosity
(XP-EHH) statistics to compare fine (< 18 pm) and coarse (>
23 pum) fibre groups across the alpaca autosomes (VPA), they iden-
tified four candidate regions on VPAG, VPA9, and VPA29 associated
with fibre diameter.

The analysis of the selected alpaca population of Pacomarca can
be of interest to ascertain the genomic basis of alpaca fibre produc-
tion. The goals of the current research were a) to explore the
impact of a selection programme for fibre traits on the alpaca gen-
ome; and b) to contribute to the knowledge of the genomic basis of
alpaca fibre production. Most analyses were carried out at the
whole population level under the assumption that sweeps due to
selection may still be incomplete. However, to gain insights into
the effect of the selection programme on the genome, 176 individ-
uals, out of 630, were classified into two different subpopulations
(less selected and highly selected) to ascertain the existence of
nearly fixed sweeps.

Material and methods
Samples

This study focuses on DNA samples obtained from 630 alpaca
individuals, only including 85 males and 545 females. A complete
description of the samples used is given in Supplementary
Table S1. The genotyped sample included 135 parents-offspring
trios. All sampled individuals belonged to the Huacaya breed and
were mainly white-coated, except for two individuals that had
an LFX (i.e. light beige) coat colour. Individuals were born between
2002 (one individual) and 2021 (60 individuals). Of the 630 alpa-
cas, two subpopulations were defined: a less selected subpopula-
tion (LS; 49 individuals born between 2002 and 2008) and a
highly selected subpopulation (HS; 127 individuals born in 2020
and 2021). On average, fibre diameter was higher in the less
selected population than in the highly selected population (24.16
um + 2.28 and 19.35 pum * 1.62, respectively). The total pedigree
available, managed in the Pacomarca experimental farm, consisted
of 14 457 individuals with up to seven generations depth, born
from 1992 to 2022. Using the program ENDOG v4.8 (Gutiérrez
and Goyache, 2005), equivalent to discrete generations (t), was
computed for each individual in the pedigree as the sum of overall
known ancestors of the terms computed as the sum of (1/2)",
where n is the number of generations separating the individual
to each known ancestor (Maignel et al., 1996).

Genotyping, quality control and population structure analyses

All alpaca samples were genotyped using the Affymetrix Cus-
tom Alpaca genotyping array containing 76 508 single—nucleotide
polymorphisms (SNPs; Calderon et al., 2021). Although genotyping
was carried out in different periods, no batch effect could be ascer-
tained (Supplementary Figure S1). Furthermore, while Pacomarca
has been a closed farm under a breeding programme since 2007,
there is no defined family structure among its individuals. The soft-
ware Axiom™ Analysis Suite v4.0.3.3 (Thermo Fisher Scientific,
Waltham, MA) was used to create both standard genotypic.ped
and.map files. The physical positions of the SNPs were mapped to
the reference genome VicPac3.1 (Richardson et al., 2019). Although
the assembly VicPac3.1 covers 90% of the alpaca genome in just 103
scaffolds, with 76% of the genome mapped to the 36 pairs of the
alpaca autosomes and the X chromosome (Richardson et al,
2019), preliminary annotations of the assembly predicted 22 462
coding genes and 29 337 isoforms, therefore making the VicPac3.1
assembly useful to explore genomic features in alpacas
(Richardson et al., 2019).
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Autosomal SNPs with unassigned chromosomal positions were
removed, and only those with a minimum genotype call rate of
0.99 were retained. Furthermore, up to 3% of individual missing-
ness was allowed, and a sample call rate of 0.99 was considered.
Using 135 parent-offspring trios genotyped, SNP array data were
filtered on Mendelian errors, using the program Plink v1.9
(Chang et al., 2015), which are mainly due to systematic technical
issues causing Allele-Drop-in and Allele-Drop-out events. Com-
pared with classical editing strategies using minor allele frequency
and deviation from Hardy-Weinberg proportions, this strategy has
been proven to be useful in removing genotyping errors while
keeping putatively informative loci and dataset size (Arias et al.,
2022).

A total of 6 944 mismatches were identified and the 2 948 loci
on which these Mendelian errors were ascertained, were removed
from the dataset. A total of 297 monomorphic loci were removed
as well. Finally, a total of 42 990 SNPs located on the 36 alpaca
autosomes were analysed. Missing genotypes were phased and
imputed using Beagle v5.4 (Browning et al, 2018, 2021) with
default parameters. A relatedness matrix was computed using
Plink v1.9 (Chang et al., 2015) and further used to perform Princi-
pal Component Analysis (PCA) using the ‘stats’ package of R. Eigen-
vectors computed for each individual via PCA were used to
construct dispersion plots using the library ggplot2 v3.5.1 of R
(Wickham, 2016). Relatedness matrix was further used to ascertain
if the molecular kinship of all pairs formed by the 135 individuals
with genotyped parents included in the sample departed from the
general distribution of kinship in the whole genotyped population.

Identification and assessment of positive selective sweeps

Two approaches, using three statistics, the integrative Haplo-
type Score (iHS; Voight et al., 2006), the number of segregating
Sites by Length (nSL; Ferrer-Admetlla et al., 2014) and XP-EHH
(Sabeti et al., 2007), were used to identify candidate selective
signals:

The first approach used two within-population statistics, iHS
and nSL, to identify candidate selective signals. The iHS statistic
compares the Extended Haplotype Homozygosity (EHH) between
derived and ancestral alleles within a population, searching for loci
where the derived allele resides on a longer haplotype than the
ancestral allele (Voight et al., 2006). Therefore, the iHS values are
less affected by the demographic history. The nSL statistic mea-
sures haplotype lengths in terms of the number of segregating sites
in the sample, making it more robust to recombination rate varia-
tions. Both iHS and nSL aim to identify incomplete sweeps, where
the selected allele is not fixed in the sample. Selective signals iden-
tified within either iHS or nSL were further overlapped to identify
candidate selective signals within the whole population.

The second approach aimed to assess whether some of the can-
didate selective sweeps identified with both iHS and nSL were
fixed within a target subpopulation. Here, the less selected subpop-
ulation, previously defined, was used as the reference, while the
highly selected subpopulation was used as the target. The XP-
EHH approach was performed, which compares the integrated
EHH profiles at the same SNP between two genetically similar sub-
populations (reference and target). This statistic assumes that the
genome of the reference subpopulation has been less influenced
by directional selection compared to the target population. It also
incorporates information on the relationship between allele fre-
quencies and linkage disequilibrium measurements with neigh-
bouring alleles. Therefore, the XP-EHH test is useful to detect
both ongoing and nearly fixed selection signatures, making it
highly appropriate for scenarios involving complete selective
sweeps. Furthermore, this statistic offers increased power even
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with small sample sizes (Eydivandi et al., 2021; Alvarez et al.,
2020; Pickrell et al., 2009).

All analyses were carried out using the program selscan v1.0.4
(Szpiech and Hernandez, 2014), fitting default parameters: maxi-
mum Extended Haplotype Homozygosity (EHH) extension in bp
(“~-max-extend” option) 1000000, maximum gap allowed between
two SNPs in bp (“--max-gap” option) 200000, EHH decay cutoff (“--
cutoff” option) 0.05. The output results for each SNP were
frequency-normalised over all chromosomes using the program
norm, provided with selscan. As implemented by default in the pro-
gram norm, normalised iHS and nSL values higher than |2| were
used to identify SNPs under selection. Regarding the XP-EHH test,
normalised values > 2 were used to identify SNPs under selection
in the target population. This normalisation was carried out using
default parameters as well: number of frequency bins (“-bins”
option) 100.

Selective candidate genomic regions

Two sets of selective candidate genomic regions were con-
structed: one based on the candidate selective signals identified
by both iHS and nSL statistics, and a second set based on the XP-
EHH statistic only.

Selective candidate genomic regions were constructed as fol-
lows: The 13 797 bp (mean distance between SNPs in the analysed
array) up- and downstream flanking regions of the retained SNPs
within each approach used (either iHS — nSL or XP-EHH) were
identified as candidate selective signals. Then, using the merge
function of the BedTools software v2.31.0 (Quinlan and Hall,
2010), flanking regions of the SNPs were merged into a single
selective candidate genomic region.

To improve the robustness of the identification of selective
sweep, the intersect function of the BedTools software v2.31.0
(Quinlan and Hall, 2010) was used to overlap the set of candidate
selective signals, identified by both iHS and nSL, with the potential
selective signals found in their surrounding areas, identified within
either iHS or nSL only. This process enabled the merging of over-
lapping candidate selective signals and adjacent selective signals
into a single candidate genomic region, enhancing the robustness
of the selection signature analyses (Arias et al., 2023; Goyache
et al,, 2021; Alvarez et al., 2020). The distribution of the selective
candidate genomic regions identified was illustrated using the
RIdeogram package version 0.2.2 of R version 4.1.2 (Hao et al,
2020).

Enrichment and functional annotation analyses

Enrichment analyses were first performed within the bounds of
selective candidate genomic regions identified by each approach
(iHS — nSL or XP-EHH only) to obtain two sets of candidate genes.
Genes identified in both approaches were assigned as potential
candidate genes. These genes were retrieved based on the annota-
tion of the alpaca reference genome VicPac 3.1. (Richardson et al.,
2019). Protein sequence similarity was performed using an Ovis
aries background, as a complete Vicugna pacos background is not
available, to confirm their classification within the same group of
orthologous genes identified by Eukaryotic Genome Annotation
Pipeline (NCBI). Gene ontology annotations and Kyoto Encyclope-
dia of Genes and Genomes pathways were obtained from the
DAVID database (Huang et al., 2009).

Functional annotation clustering was then carried out using
DAVID with only the potential candidate genes, with an Ovis aries
background and fitting “highest” as the stringency criterion. An
enrichment score threshold of 1.3, which is equivalent to the Fish-
er’s exact test P-value of 0.05, was used to identify significantly
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enriched functional clusters compared with the whole ovine refer-
ence genome background. Using enrichment scores rather than
single annotation terms (clusters) enabled the identification of
broader biological functions. This approach, which moves the focus
of the biological function from individual genes to that of biological
processes (Tipney and Hunter, 2010; Huang et al., 2009), allowed
us to investigate relationships between gene ontology annotation
terms.

Results

Mean pedigree depth was t = 2.3 + 0.7, varying from t = 0 to
t = 3.8. The less selected subpopulation had a pedigree depth of
t = 1.3 £ 0.4 whereas that of the highly selected population was
t =3.0 £ 0.5. Fig. 1 shows the dispersion of the individuals geno-
typed according to the eigenvalues computed using a relatedness
matrix for the first two principal components computed via PCA.
Principal component 1, on the X-axis, explained 12% of the geno-
mic variance, whereas Principal component 2, on the Y-axis,
explained 7% of the variance. Fig. 1A illustrates the dispersion
according to the subpopulation to which each individual was
assigned. Fig. 1B illustrates the dispersion of the same first two
principal components according to the trio status of the individu-
als. Our results suggest that PCA using a relatedness matrix did
not allow to assess the existence of genetic structuring in the anal-
ysed population.

Since between-individuals relatedness may bias the results
obtained, the distribution of molecular kinship of the pairs formed
by the 135 individuals with their parents genotyped (e.g. those
including all parents-offspring pairs in the sample) was compared
with all other pairs in the population. The highest kinship value
among the offspring-related pairs was 0.257, whereas this value
for the other individuals was 0.273 (Fig. 2). The distribution of
the molecular kinship values among those subsamples overlapped,
even in the extreme values of the distribution, therefore suggesting
that, if existing, possible bias of the results presented due to relat-
edness would be low. It is worth noting that the number of pairs
with extreme values (> 0.25; i.e. fullsibs or parent-offspring kin-
ship) is low (37 pairs of individuals; 0.04% out of the total pairs
of the whole population).

Identification of selective signals within approach

Table 1 summarises the number of SNPs, as selective signals,
identified per autosomes. Detailed information is provided in Sup-
plementary Tables S2 and S3. After normalisation of the raw values
obtained, the iHS test identified a total 1 605 SNPs as selective sig-
nals distributed across 35 of the 36 autosomes (Supplementary
Table S2), with no selective signals found on VPA36. The nSL test
identified 1 024 SNPs as selective signals located on 33 autosomes
(Supplementary Table S3). A total of 544 selective signals over-
lapped using both the iHS and the nSL statistics and were further
considered as candidate selective signals. No candidate selective
signals were identified on VPA30, VPA31, VPA34 and VPA36. The
autosome carrying the highest number of candidate selective sig-
nals was VPA8 (52 SNPs; 9.6% of the total candidate selective sig-
nals), followed by VPA3, VPA4, and VPA17, each containing
between 45 and 48 candidate selective signals (from 8.3 to 8.8%
of the total).

A total of 965 SNPs had normalised values higher than 2 for the
XP-EHH test, meaning that these candidate selective signals were
about to be fixed in the highly selected alpaca subpopulation anal-
ysed when compared with the less selected reference population
(Table 1; Supplementary Table S4). Of them, a total of 106 SNPs
and 33 SNPs were identified as selective signals by either the iHS
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or the nSL test, respectively. Notably, only 20 SNPs overlapped
between the XP-EHH results and the set of candidate selective sig-
nals identified by both iHS and nSL (Table 1).

Selective candidate genomic regions

The overlap of the flanking regions of the 544 candidate selec-
tive signals, with the areas surrounding them identified using
either iHS or nSL, allowed the identification of 27 SNPs adjacent
to the candidate selective signals. These 571 SNPs allowed to con-
struct a total of 509 selective candidate genomic regions (Table 2;
Supplementary Table S5) covering 14.6 Mb of the alpaca genome
(Table 2; Supplementary Table S5). The location of these selective
candidate genomic regions across autosomes is illustrated in Fig. 3.
A total of 453 selective candidate genomic regions (89%) included
one SNP only, while the remaining 56 regions (11%) clustered from
two to four SNPs.

These clustered genomic regions were distributed across four
autosomes (VPA1, VPA3, VPA22, and VPA32), each carrying one
selective candidate region, including three SNPs, covering from
27.6 to 70.7 kb of the autosomes. One candidate region gathering
four SNPs (58.7 kb) was identified on VPA11. Eleven autosomes
(VPA7, VPA11, VPA12, VPA18, VPA22, VPA25, VPA26, VPA2S,
VPA29, VPA33, and VPA35) gathered less than 10 candidate regions
including a total of 60 SNPs as candidate selective signals (10.5%).
Four autosomes (VPA3, VPA4, VPAS8, and VPA17) gathered 180 can-
didate regions (35.4%) and 200 SNPs (35.0%), covering 5.2 Mb of
these four chromosomes.

The 965 SNPs identified by XP-EHH allowed to construct a total
of 119 selective candidate genomic regions fixed in the highly
selected subpopulation (Supplementary Table S6). These regions
were distributed across 23 autosomes only, covering 3.28 Mb of
the alpaca genome. Notably, three autosomes (VPA2, VPA10, and
VPA20) gathered 49 selective candidate genomic regions (41% of
the total), covering 1.35 Mb of these three chromosomes.

Functionality of candidate genes linked to selective sweeps

Gene-annotation enrichment analysis, performed within the
509 selective candidate genomic regions identified using both
iHS and nSL, allowed to identify a total of 293 candidate genes
(Supplementary Table S7). These candidate genes were located in
46 different scaffolds mapped on 32 different autosomes. A full
description of these 293 genes, including their identification, auto-
some location, and gene ontology terms to which they are associ-
ated, is given in Supplementary Table S7. Seven different
autosomes (VPA3, VPA4, VPAS5, VPAS, VPA16, VPA17, and VPA27)
carried 15 or more candidate genes, together comprising a total
of 141 genes, corresponding to 48.1% of the candidate genes.

A total of 11 candidate genes, such as the PTPRN (tyrosine phos-
phatase receptor type N) gene on VPAS5, the PTPN21 (protein tyrosine
phosphatase non-receptor type 21) gene on VPAG6, the FRK (fyn
related Src family tyrosine kinase) and the PTPRK (protein tyrosine
phosphatase receptor type K) genes on VPAS, the PTPN23 (protein
tyrosine phosphatase non-receptor type 23) gene on VPA17, and
the PTPRT (protein tyrosine phosphatase receptor type T) gene on
VPA19 were associated with gene ontology terms related with
phosphorylation and  dephosphorylation  (Supplementary
Table S7). Furthermore, a total of 28 candidate genes, such as the
FOXP1 (forkhead box P1) and the MITF (melanocyte inducing tran-
scription factor) genes on VPA17, or the RNF10 (ring finger protein
10) and the ZNF664 (zinc finger protein 664) genes on VPA32, were
associated with gene ontology terms related to RNA polymerase
activity (Supplementary Table S7).

Selective candidate genomic regions identified using the XP-
EHH test were annotated as well. Within the bounds, a total of


move_f0005
move_f0010
move_t0005
move_t0010
move_f0015

K.D. Arias, M. More, F. Goyache et al. Animal 19 (2025) 101674

°
°
20 ..
®
° °
€]
° °
o °
°
101 P L S
o °
4 ® o|_o
[} °. ®
L °
e .‘ [ o] e ®
—~ e o se ®0
X ® - y(‘ o8 ®
~ v _ e 0% p”
-, P
N o %o ¢ e % *
(6] 0 r £ o <
& » ] (% o0
,.. .7‘:. - .
[ : 40 [
p R N oy
.
. Qo2 e ° °
o & (oe °
) XS
S % P .
-101
= o
e
L XY °
®
.
_20-
-25 0 25
PC1 (12%)
°
20
e °
10 g
°
°
°
. °
= %o o .“' o ¥ gue
B a2 8
80_ ..'o 0....)...)
a
t 3 ® J
»
o
°
-10-
°
°
20
25 0 25
PC1 (12%)

Fig. 1. Dispersion plot of individual alpaca genomes constructed according to the first two principal components identified via principal component analyses using a
relatedness matrix. Principal component 1, on the X-axis, and Principal component 2, on the Y-axis, explained 12% and 7% of the total variance, respectively. Fig. 1A illustrates
the dispersion of the parents-offspring trios (father, mother and offspring in blue, pink and green, respectively) and individuals with parents non-genotyped (in colour grey).
Fig. 1B illustrates the individuals of the highly (target) and less (reference) selected subpopulations used for Cross-population Extended Haplotype Homozygosity (XP-EHH)

analyses in pink and green, respectively, while non-selected individuals are in light grey.
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of the overlap.

54 different potential candidate genes were identified (Supple-
mentary Table S6). Of these, ten candidate genes overlapped with
those candidate genes identified when using both iHS and nSL
statistics (Supplementary Table S7). These ten candidate genes,
such as the WDHD1 (WD repeat and HMG-box DNA binding protein
1) gene on VPAG, the EYA4 (EYA transcriptional coactivator and phos-
phatase 4) and the SYNE1 (spectrin repeat containing nuclear envel-
ope protein 1) genes on VPAS8, the FOXP1 (forkhead box P1) gene
on VPA17, or NOTCH3 (notch receptor 3) gene on VPA22, were
mainly involved in DNA replication and DNA and RNA
transcription.

Functional annotation conducted within each approach,
allowed to identify 22 different functional term clusters (Supple-
mentary Table S8) when iHS - nSL approach was performed while
no functional clusters were identified when XP-EHH statistic was
used. Of them, only five functional term clusters were significantly
enriched (enrichment score higher than 1.3; Table 3). Annotation
Cluster 1 (enrichment score = 2.50) included six genes located on
six different autosomes (PTPRT, PTPRN, PTPN21, PTPRK, PTPN23,
and PTPN13) coding tyrosine-protein phosphatases. Annotation
Cluster 2 (enrichment score = 2.19) included nine different genes
(SH3GL3, CACNB3, DOCK3, RUSC2, CASKIN2, SH3PXD2B, SRGAP3,
MPP7, FRK, and SH3D19), located on eight different chromosomes,
belonging to the SH3 (Src homology 3) protein domain
(IPR0O36028:SH3 and IPR0O01452:SH3). Annotation Clusters 3 and

4 (enrichment scores of 1.50 and 1.48, respectively) included four
(EGFLAM, LAMA2, SLIT2, and CELSR3) and nine (WDHD1, WDR70,
ERCC8, WDR31, SCAP, WDFY2, AAMP, CDC40, and DCAF7) genes,
mainly located on VPA3, VPAS8, and VPA17, encoding laminins.
Finally, Annotation Cluster 5 (enrichment score = 1.33) included
four genes (PAPPA, SVEP1, CSMD2, and CSMD1), located on VPA4,
VPA13, and VPA26, encoding proteins involved in the complement
activation. Two of the genes validated using XP-EHH statistics, the
WDHD1 (WD repeat and HMG-box DNA binding protein 1) gene and
the CSMD1 (CUB and Sushi multiple domains 1) gene, were included
in Annotation Clusters 4 and 5, respectively.

Discussion

The current analyses have been carried out using a selected
population formed by related individuals. Therefore, genomic data
are far from being independent and could be biased due to related-
ness and family structuring. Although our dataset included a non-
negligible number of related individuals, PCA based on a related-
ness matrix computed would support that family structure, if exis-
tent, is not evident (Fig. 1). Furthermore, the distribution of the
molecular kinship values of the offspring-related pairs clearly
overlaps with that of the individuals with no parents in sample.
We consider that, in this scenario, the results obtained are not
biased due to relatedness. In any case, if bias existed, it would con-
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Number of SNPs (with percentage in brackets), per alpaca autosome, identified as in putative selection, based on normalised values higher than |2| using the integrative Haplotype
Score (iHS) and the number of segregating Sites by Length (nSL) statistics. The number of SNPs identified by both tests and, therefore, considered candidate SNPs is given as well.
The table also reports the number of SNPs (with percentage in brackets) identified as in putative selection (normalised values higher than 2) in the highly selected alpaca
subpopulation using the Cross-population Extended Haplotype Homozygosity (XP-EHH). The number of SNPs identified by XP-EHH coinciding with those identified via iHS, nSL

(or both tests) is also given.

XP-EHH coincidences with

Autosome iHS nSL Candidate XP-EHH iHS nSL Both tests

1 94 (5.9) 39(3.8) 20 (3.7)
2 157 (9.8) 58 (5.7) 31 (5.7) 81(8.4) 9 2 1
3 89 (5.5) 70 (6.8) 48 (8.8) 24 (2.5) 3 2 2
4 85 (5.3) 66 (6.4) 48 (8.8) 20 (2.1) 1
5 103 (6.4) 48 (4.7) 23 (4.2) 64 (6.6) 6 1 1
6 68 (4.2) 37 (3.6) 20 (3.7) 89(9.2) 9 2 2
7 33(2.1) 11 (1.1) 4(0.7) 12 (1.2) 2
8 110 (6.9) 101 (9.9) 52 (9.6) 42 (4.4) 4 2 1
9 47 (2.9) 25 (2.4) 11 (2.0) 9 (0.9) 1
10 57 (3.6) 32 (3.1) 19 (3.5) 71(7.4) 11 3 2
11 62 (3.9) 22 (2.1) 10 (1.8) 32(3.3) 1
12 95 (5.9) 14 (1.4) 6(1.1) 20 (2.1) 9
13 40 (2.5) 27 (2.6) 12 (2.2) 41 (4.2)
14 33(2.1) 25 (2.4) 16 (2.9) 67 (6.9) 5 1 1
15 41 (2.6) 39 (3.8) 25 (4.6) 2(0.2)
16 34 (2.1) 35(3.4) 15 (2.8) 17 (1.8)
17 71 (4.4) 90 (8.8) 45 (8.3) 40 (4.1) 3 5 2
18 16 (1.0) 9 (0.9) 6(1.1) 8(0.8)
19 29 (1.8) 16 (1.6) 11 (2.0) 5(0.5)
20 54 (3.4) 16 (1.6) 10 (1.8) 65 (6.7) 27 3 3
21 30(1.9) 24 (2.3) 14 (2.6) 55 (5.7) 4 5 1
22 32 (2.0) 17 (1.7) 4(0.7) 8(0.8) 1 2
23 18 (1.1) 29 (2.8) 12 (2.2) 3(0.3)
24 13 (0.8) 28 (2.7) 11 (2.0) 13 (1.3)
25 30(1.9) 20 (2.0) 8 (1.5) 8 (08)
26 20(1.2) 13 (1.3) 7 (1.3) 18 (19) 1 1 1
27 37 (2.3) 39(3.8) 21 (3.9) 30 (31) 2 1 1
28 10 (0.6) 11 (1.1) 3(0.6) 6 (0.6) 1 1 1
29 11 (0.7) 5(0.5) 2(04) 7 (0.7) 1
30 14 (0.9) 10 (1.0) 1
31 2(0.1) 3(0.3) 18 (1.9)
32 41 (2.6) 42 (4.1) 25 (4.6) 31 (3.2) 4 1 1
33 13 (0.8) 6 (0.6) 2 (0.4) 18 (1.9)
34 9 (0.6) 21(2.2) 1
35 7 (0.4) 7 (0.7) 3(0.6) 10 (1.0)

Total 1 605 1024 544 965 106 33 20

SNP = single—nucleotide polymorphisms.

tribute to accomplish to the general aim of the paper: to test if the
selection programme of the Pacomarca population shaped the
alpaca genome. Therefore, the population analysed can be consid-
ered informative on how directional selection can have shaped the
genome of the alpacas managed in the Pacomarca’s Experimental
Station.

In the Pacomarca scenario analysed, favourable selection for
an ancestral allele cannot be discarded. Therefore, our strategy
for the identification of candidate selective signals and further
construction of selective candidate genomic regions, consider-
ing both large positive and negative iHS and nSL scores, was
potentially informative. Although negative iHS scores would
mean that a derived allele would have swept up in frequency
and, therefore, could be considered of more interest, large pos-
itive values can indicate that ancestral alleles hitchhike with
the selected site (Alvarez et al., 2020; Schlamp et al., 2016). A
similar rationale can be applied to the recombination-free
counterpart of iHS, the nSL test. However, for the assessment
of selective sweeps identified with both iHS and nSL statistics,
large positive XP-EHH scores were considered because our
interest was to ascertain if some of the selective sweeps identi-
fied with both iHS or nSL could have led to the fixation in the
more recent (and ‘highly’ selected) alpaca subpopulation anal-
ysed. Furthermore, although the number of candidate selective

signals identified by XP-EHH was low, these results suggest that
directional selection is acting and, in some cases, the alpaca
genome is shaped due to its effects.

The definition of the subpopulations (less selected and highly
selected) used to contrast the effect of the selection programme
was carried out using birth years, assuming that pedigree tends
to accumulate with time in real closed populations. However, the
separation of both subpopulations in generation terms is low
(t < 2) and, as expected, the number of potential selective signals
identified by XP-EHH as fixed in the target subpopulation was
low as well. These results also mirror the average differences in
performance between the subpopulations fitted: the diameter of
fibre for the less selected population was higher than the highly
selected population (24.16 pm = 2.28 and 19.35 pm * 1.62,
respectively).

Biological importance of the potentially candidate genes and
functional clusters identified

The candidate genes identified are enriched for biological func-
tions, namely phosphorylation and RNA transcription and replica-
tion, that are known to be related to fibre production in other
species (Kalds et al., 2022; Zhao et al., 2017, 2020; Yue et al,,
2015; Geng et al., 2013).
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Table 2

Summary, per alpaca autosome, of the selective candidate genomic regions consid-
ered under selection using both the integrative Haplotype Score (iHS) and the number
of segregating Sites by Length (nSL) tests. The number of candidate areas, the number
of SNPs and the total length (in kb) of the sweeps identified are given.

Autosome Candidate areas SNPs Length
1 16 20 480.0
2 29 32 840.3
3 45 49 1316.6
4 42 48 1235.6
5 23 25 634.7
6 20 22 551.9
7 4 4 1104
8 52 54 14349
9 10 12 302.1
10 19 19 5243
11 8 12 251.9
12 6 6 165.6
13 12 13 331.1
14 14 17 4272
15 22 26 646.0
16 15 15 413.9
17 41 49 1207.5
18 6 6 165.6
19 11 11 303.5
20 10 10 275.9
21 13 15 362.0
22 4 6 1104
23 12 13 331.1
24 10 13 300.1
25 7 8 219.1
26 7 7 193.2
27 20 22 569.0
28 3 3 82.8
29 2 2 55.2
32 21 26 653.5
33 2 2 55.2
35 3 4 82.8

Total 509 571 14 633.0

SNP = single—nucleotide polymorphisms.

The phosphorylation of proteins is a reversible form of post-
translational modification that regulates such biological processes
as cell signalling, gene expression, molecular recognition, and
metabolism (Zhai et al., 2008). Phosphorylation affects the devel-
opment of animal hair follicles, hair growth, and hair quality
(Chen et al., 2021; Foitzik et al., 2000) due to its major role in
the assembly of keratin filaments (Herbert et al., 1997; Ku et al.,
1996). The family of genes encoding keratin-associated proteins
(KAP) is widely involved in most wool production traits in sheep
(Kalds et al., 2022).

Differences in gene expression, linked to RNA activity, have been
reported to influence major traits in sheep such as wool growth (Liu
et al., 2014), fleece resistance to rot (Smith et al., 2010), wool diameter
(Zhao et al, 2017, 2020; Yue et al, 2015), or wool pigmentation
(Pefiagaricano et al., 2012) in sheep, fibre production in cashmere goat
(Dong et al., 2013; Geng et al., 2013), and wool fibre diameter in
Angora rabbits (Huang et al., 2024).

This general interpretation of the biological importance of the
set of candidate genes identified for fibre-related traits was con-
firmed by cluster analyses.

The tyrosine-protein phosphatase-related Annotation Clusters 1
and 2 are likely to be acting on fibre production as well. Some genes
belonging to the tyrosine phosphatase-encoding family, particularly
PTPN3, have been associated with wool production traits in Iranian
sheep and Chinese Merino (Mohamadipoor Saadatabadi et al., 2021;
Wang et al., 2014) because of their role in the maintenance of tight
junction integrity between the cell membrane and the cytoskeleton.
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Fig. 3. Ideogram illustrating, per alpaca autosome, the distribution of the 509
selective candidate genomic regions identified using the integrative Haplotype
Score (iHS) and the number of segregating Sites by Length (nSL) statistics in the
Pacomarca alpaca population.
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Significantly enriched functional term clusters (enrichment score higher than 1.3) for genes identified within selective candidate genomic regions in the alpaca population from
the Pacomarca experimental farm, following DAVID analysis. A full description of the genes included in functional Annotation Clusters can be found in Supplementary Table S7.

Functional Cluster Term Description P-Value Fold Gene name (alpaca autosome no.)

(Enrichment score) change

Cluster 1 (2.50) INTERPRO IPR000242:PTP_cat 2.66 x 107 104 PTPRT (19), PTPRN (5), PTPN21 (6), PTPRK (8), PTPN23 (17),
SMART SM00194:PTPc 621x10™ 86 PTPN13 (2)
INTERPRO IPRO03595:Tyr_Pase_cat 137x1073 73
SMART SM00404:PTPc_motif 456x1073 55

Cluster 2 (2.19)

Cluster 3 (1.50)

Cluster 4 (1.48)

Cluster5 (1.33)

UP_SEQ_FEATURE

INTERPRO
UP_SEQ_FEATURE

INTERPRO
INTERPRO

INTERPRO
UP_SEQ_FEATURE
UP_SEQ_FEATURE
INTERPRO

SMART
UP_SEQ_FEATURE
INTERPRO

SMART
UP_KW_DOMAIN
INTERPRO

INTERPRO

UP_SEQ_FEATURE
SMART

DOMAIN:Tyrosine-protein
phosphatase
IPRO00387:Tyr_Pase_dom
DOMAIN:Tyrosine—specific
protein phosphatases
IPR029021:Prot-
tyrosine_phosphatase-like
IPR036028:SH3-
like_dom_sf
IPRO01452:SH3_domain
DOMAIN:SH3
DOMAIN:Laminin G
IPRO01791:Laminin_G
SM00282:LamG
DOMAIN:Laminin G
IPRO01791:Laminin_G
SM00282:LamG
KW-0768~Sushi
IPR035976:Sushi/SCR/
CCP_sf

IPRO00436:
Sushi_SCR_CCP_dom
DOMAIN:Sushi
SM00032:CCP

7.14x 107 5.0

7.73x 107 49
1.01x 102 46

161 x 1072 4.1

554 x 1073 34

CACNB3 (12), DOCK3 (17), RUSC2 (4), CASKIN2 (16), SH3PXD2B
(22), SRGAP3 (17), MPP7 (35), FRK (8), SH3D19 (2)

6.30x 10 3.3
745 x 107 3.2

247 x1072 64

EGFLAM (3), LAMA2 (8), SLIT2 (2), CELSR3 (17)

257%x1072 6.3
496 x 1072 4.8

247 x 1072 64
257x 1072 63

WDHD1 (6), WDR70 (3), ERCCS (3), WDR31 (4), SCAP (17), WDFY2,
AAMP (5), CDC40 (8), DCAF7 (16)

496 x 1072 4.8

321x1072 57

PAPPA (4), SVEP1 (4), CSMD2 (13), CSMD1 (26)

420%x 1072 52

420x 1072 52

493 x 1072 48
7.64 x 1072 4.0

Furthermore, the SH3 domains (Annotation Cluster 2) are eukaryotic
protein domains that participate in a plethora of cellular processes
including signal transduction, proliferation, and cellular movement
(Tatarova et al.,, 2012). Several studies indicate that tyrosine phospho-
rylation could play a significant role in the regulation of SH3 domains
and, therefore, genes belonging to Annotation Cluster 1 may interact
with the series of candidate genes involved in phosphorylation in
the modulation of fibre growth and quality (Chen et al, 2021;
Foitzik et al., 2000).

The potentially candidate genes included Annotation Clusters 3
and 4 encode laminines. Laminines are well known to be involved
in skin and hair follicle development, due to their roles in basal
keratinocytes proliferation and blood vessel function that can
affect oxygen supply and, therefore, hair morphogenesis (Wegner
et al,, 2016; Li et al., 2002). Laminine-coding genes have been
reported as candidates for wool-related traits in Chinese Merino
sheep (Wang et al., 2014).

Although genes coding proteins belonging to the Sushi domain
are known to have functions in the central nervous system (Kraus
et al, 2006), the functionality of Annotation Cluster 5 can be
explained in consistency with the selection for fibre production
of the alpaca population analysed as well: the PAPPA2 gene is
involved in the proliferation of dermal papilla cells (Wu et al,,
2021) and the regulation of wool fibre diameter in sheep (Yue
et al., 2023); the SVEP1 gene is involved in blood flow regulation
by modulating the vascular tone (Morris et al., 2022); the highly
similar CUB and sushi multiple domains 1 (CSMD1) and 2 (CSMD2)
have been proved to be overexpressed in epithelial tissues and can
be involved in their development via regulating the complement
activation and inflammation (Kraus et al., 2006).

Overall, although the current analysis focuses on the ascertain-
ment of how the alpaca genome was shaped due to the application
of a directional selection programme for fibre traits, it cannot be
discarded that some of the selective candidate genomic regions
identified harbour genes that are beneficial to other traits different
than fibre traits. For instance, one of the candidate genes identified,

the melanocyte—inducing transcription factor (MITF) gene (Supple-
mentary Table S7), involved in coat colour, could suggest that a
more or less hidden selection for the more commercial white fibre
(Cruz et al., 2021) may be acting to some extent in the Pacomarca
alpaca population analysed. A decreased MITF gene expression sup-
presses skin pigmentation (Yokoyama et al., 2008). Other geneti-
cally correlated traits, such as type or size traits (Cervantes et al.,
2010), may also be favoured by the application of Pacomarca’s
selection programme. It is worth noting that none of the genes sug-
gested as possible candidates for fibre traits in alpacas in previous
reports (see Ghildiyal et al., 2023, for a review) were identified in
our population. The current results can constitute a template for
further studies aiming at the characterisation of the genetic basis
of alpaca fibre production.

In summary, the current research adds to the understanding of
the genomics of fibre production in a species that has not been
studied enough yet. Our results suggest that the genome of the
alpaca population analysed was shaped by directional selection,
involving multiple genomic areas across most autosomes, which
fits well with traits that are expected to be mainly controlled by
genes of additive effect. The genomic areas under selection identi-
fied suggest that physiological patterns involving phosphorylation
and gene expression (RNA-polymerases) can be of major impor-
tance in fibre production in this species. However, the results
obtained are far from being conclusive: the SNP array available is
of medium density only and the current reference alpaca genome
is just a draft where the assembly VicPac3.1 covers 90% of the
alpaca genome in just 103 scaffolds (Richardson et al., 2019). A fur-
ther developed version of that reference genome will allow a more
accurate identification of chromosomal areas under selection than
that provided by scaffolds. Further development and refinement of
the broad genomic map of the alpaca will make it possible to con-
firm the results of the current study. This research provides a new
set of genomic areas and potential candidate genes allowing
researchers to focus on them to obtain new insights on the genetic
basis of alpaca fibre production.
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page, in the Appendix section.
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