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Abstract: This study evaluated the genetic diversity and population structure of Vicugna
pacos (Huacaya alpacas) from two contrasting breeding contexts in Junin, Peru: the ge-
netically managed herd of INIA’s Santa Ana Experimental Station (Suitucancha) and the
community-based herd of Huayre, where natural, unregulated mating practices are com-
mon. An external reference population from Quimsachata was also included. Genetic
diversity parameters revealed high allelic richness and heterozygosity within all popula-
tions. Analyses of molecular variance (AMOVA), principal coordinate analysis (PCoA),
Bayesian clustering, and phylogenetic reconstruction indicated moderate genetic differen-
tiation between Suitucancha and Huayre, likely influenced by the use of selected males
under controlled mating in Suitucancha versus natural, unregulated group mating in
Huayre, which facilitates broader gene flow. The Quimsachata group displayed distinct
genetic characteristics, likely reflecting limited gene flow due to its role as a germplasm
conservation nucleus under closed reproductive management. These results reflect how
differences in reproductive management may influence population structure in alpacas.
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1. Introduction

Peru has more than 3,700,000 alpaca specimens within its territory, representing 87% of
the world’s population, and it is the leading global producer of fiber from this high-Andean
camelid [1]. Alpacas (Vicugna pacos) are fully domesticated livestock species, managed
mainly for their high-quality fiber under traditional and semi-intensive systems in the
Andean highlands [2]. They play a fundamental role in Andean agropastoral systems
and are well adapted to the harsh puna ecosystems. In these regions, alpacas are not
only a key source of income through fiber commercialization, but also hold deep cultural
significance for rural communities, reinforcing traditional livelihoods and contributing to
their economic resilience [2].

Maintaining high levels of genetic variability is the primary objective in conservation
plans. This genetic variation is a prerequisite for populations to be able to cope with
environmental changes that may occur in the future and to ensure, in the long term, the
response to natural or artificial selection for traits of economic or cultural interest [3-5].
One of the main challenges in the genetic improvement of alpacas is to assess productive
traits, develop innovative strategies for managing reproductive males, and preserve the
genetic variability available in these species [6].
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Understanding genetic diversity in domestic populations allows assessing their cur-
rent status; the loss of genetic diversity reduces the ability to recover threatened species
and maintain and improve the performance of those included in the production system [7].
Genetic diversity within a population can provide general insights into evolutionary pro-
cesses such as gene flow, drift, and selection, as it reflects the distribution and frequency of
genetic variants over time [8].

The need to conduct research using molecular genetics tools aimed at studying the
genetic variability of domestic South American camelids is crucial to design management
plans that conserve the genetic reservoir of these camelids and improve their productive
characteristics. Based on previous genetic characterization studies [9-11], which include
analyses using microsatellite and mitochondrial DNA markers, significant differences have
been identified in genetic diversity and population structure between wild and domestic
South American camelids. These studies also revealed substantial genetic variability within
alpaca populations, providing a reference for selective breeding programs focused on
productive traits, while underscoring the importance of managing this diversity to avoid
unintended genetic erosion.

Microsatellites have become highly informative molecular markers in South Ameri-
can camelids to assess genetic variability and population structure. These hypervariable
markers detect polymorphisms with high resolution, revealing a high level of intra- and
inter-population genetic diversity in alpacas and llamas [12]. Additionally, microsatellites
remain essential for parentage verification in alpacas and llamas, providing accurate pedi-
gree information that supports breeding value prediction and genetic management. The
high variability revealed through microsatellites allows for the delineation of subtle genetic
structures and even the identification of undesired [13] hybridizations between species
(alpaca x llama), which can affect fiber quality. However, the effectiveness of these analyses
depends not only on the inherent variability of the markers, but also on the number and
genomic distribution of the microsatellite loci used, as inadequate coverage can limit the
detection of genetic patterns. The information that these markers provide is key to the
conservation of alpacas and llamas, as they detect populations with sufficient variability
to serve as genetic reservoirs [14]. Furthermore, they are valuable in genetic improve-
ment, guiding breeding programs that aim to enhance desirable traits while implementing
strategies to monitor and preserve genetic diversity [15].

Therefore, this study aims to evaluate the genetic diversity and population structure
of alpacas from INIA’s Santa Ana Experimental Station (located in the Suitucancha area)
and from the rural community of Huayre, by using microsatellite molecular markers.
This research seeks to provide relevant information on genetic variability, inbreeding, and
population differentiation, contributing to genetic management and the preservation of
genetic resources in these alpaca populations.

2. Materials and Methods
2.1. Study Area

This study was conducted in two distinct locations in the department of Junin, Peru:
the Suitucancha estate, where the Santa Ana Experimental Station (EEA Santa Ana) of INIA
is located, and the rural community of Huayre (Figure 1). The Suitucancha population,
managed by INIA’s experimental program, constitutes a semi-closed nucleus under a
controlled genetic improvement scheme that employs group-sire mating and selection for
fiber quality and reproductive traits. In contrast, the Huayre population is a community-
managed, open population, with natural multiple-sire mating systems and no structured
selection or conservation strategy in place.
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Figure 1. Map of the provinces of Huayre and Suitucancha.

2.2. Sampling

A total of 38 Huacaya alpacas were randomly selected and evenly distributed between the
two study locations, with 19 alpacas from the EEA Santa Ana, located in the Suitucancha estate
of the rural community of Paccha, and 19 from different family-managed herds within the rural
community of Huayre, ensuring an adequate representation of both populations (Table S1).

Blood samples were collected from these alpacas through direct puncture of the caudal
artery of the thigh, using sterile vacutainers with anticoagulant and 22 x 1% gauge needles.
The samples were transported under cold chain conditions to the Molecular Biology and
Genomics Laboratory of INJA—Lima.

2.3. DNA Extraction and Microsatellite Genotyping

Upon arrival at the laboratory, the blood samples were centrifuged, and the leukocyte layer
(buffy coat) was recovered and stored under cold conditions for subsequent DNA extraction.
DNA extraction was performed using the PureLink® Genomic DNA Kit (Invitrogen, Waltham,
MA, USA), following the manufacturer’s instructions with minor modifications adapted to
the sample type. The extraction was carried out in duplicate, selecting the intermediate phase
(leukocytes) of the blood samples to maximize DNA yield. The quality and concentration of
the extracted DNA were assessed by 1% agarose gel electrophoresis and nucleic acid spec-
trophotometry using a Nanodrop 8000TM (NanoDrop, Wilmington, Delaware, USA), ensuring
absorption ratios (A260/A280 between 1.8 and 2.0 and A260/A230 between 2.0 and 2.2) within
acceptable ranges for genetic analyses.
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For microsatellite allele determination, eleven microsatellite loci described for alpacas
and llamas were used, specifically LCA08, LCA19, LCA24, LCA37, LCA56, LCA65, LCA66,
LCA94, LGU49, YWLL29, and YWLLAO (Table S2). Locus amplification was performed
using multiplex PCR with a Qiagen Multiplex PCR Kit (Qiagen, Hilden, Germany) in a
9700 GeneAmp® thermal cycler (Applied Biosystems, Foster City, CA, USA). The amplified
products were separated by capillary electrophoresis using an ABI3137 XL genetic analyzer
(Applied Biosystems). The 400HD ROX size standard was used for sample analysis, and allele
sizing in base pairs (bp) was conducted using a set of alpaca DNA samples to create a bin set.
Allele designation was carried out using GeneMapper v4.0 (Applied Biosystems) software.

2.4. Genetic Diversity Analysis

External data from 116 alpacas was included [16], considering only the microsatellite
loci that overlapped with those used in the present study (LCA08, LCA19, LCA24, LCA37,
LCA56, LCA65, LCA66, LCA94, LGU49, YWLL29, and YWLL40). For the genetic diversity
analysis, parameters such as the number of alleles (k), observed heterozygosity (Ho), ex-
pected heterozygosity (He), and polymorphic information content (PIC) were calculated
for each of the eleven microsatellite loci using the software Cervus v3.0.7 [17]. The Hardy-
Weinberg equilibrium (HWE) test was performed for each locus using the same software.
The fixation index (Fis), which measures the degree of inbreeding or outbreeding within
populations, was estimated using Arlequin v3.5.2 [18]. To assess the genetic structure
of the alpaca populations, an analysis of molecular variance (AMOVA) was performed
using Arlequin v3.5. This analysis estimated F-statistic coefficients, including overall Fis
for population differentiation and Fis for intra-population inbreeding. The significance of
the variance components was tested under the assumption of Hardy—Weinberg equilib-
rium. Population structure was analyzed using STRUCTURE v2.3.4 [19], considering an
admixture model with correlated allele frequencies. A burn-in period of 50,000 iterations
and 500,000 Monte Carlo Markov Chain (MCMC) simulations were run in 10 independent
replicates for each number of genetic clusters (K), ranging from 1 to 10. The optimal number
of genetic groups (K) was determined using STRUCTURE HARVESTER v0.7 [20], and the
results were visualized using Pophelper [21]. A principal coordinate analysis (PCoA) was
performed using GenAlEx v6.5 [22] to evaluate genetic differentiation between populations.
A phylogenetic tree was constructed using the Neighbor-Joining (NJ) method based on
Nei’s genetic distance matrix. A total of 1000 bootstrap replicates were conducted, and the
tree was rooted at the midpoint. The tree was generated using iTOL v6 [23].

3. Results
3.1. Genetic Diversity

A total of 79 different alleles were identified across eleven microsatellite loci in the
Suitucancha alpaca population (Table 1). All loci were polymorphic, exhibiting more than one
allele per locus. The number of alleles per locus (k) ranged from 3 (YWLL40) to 10 (LCA65 and
LCA®66). Observed heterozygosity (Ho) values ranged from 0.526 (LCA37) to 0.947 (LCA94),
with a mean Ho of 0.782. Expected heterozygosity (He) fluctuated between 0.615 (YWLL40)
and 0.870 (LCAS), with a global mean He of 0.749. The polymorphic information content (PIC)
varied from 0.467 (YWLL40) to 0.853 (LCAS8), with an average PIC of 0.686.

In the Huayre alpaca population, a total of 113 alleles were identified across the same
eleven microsatellite loci (Table 2). All markers were polymorphic. The number of alleles
per locus ranged from 6 (LCA24) to 15 (LCA65). Observed heterozygosity (Ho) ranged
from 0.421 (YWLL40) to 0.947 (LCA66), with a mean Ho of 0.768. Expected heterozygosity
(He) varied from 0.704 (LCA24) to 0.895 (LCA65), with a mean He of 0.837. The PIC values
ranged from 0.616 (LCA24) to 0.884 (LCA65), with an overall average of 0.796.
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Table 1. Genetic diversity across eleven microsatellite loci in the Suitucancha alpaca population.

. . Suitucancha
Microsatellite
k Ho He PIC
LCAS8 9 0.89474 0.86981 0.85286
LCA19 8 0.63158 0.69391 0.60021
LCA24 7 0.73684 0.70222 0.61354
LCA37 6 0.52632 0.67867 0.57542
LCAb56 5 0.84211 0.71330 0.63110
LCA65 10 0.89474 0.84072 0.81535
LCA66 10 0.89474 0.79224 0.74908
LCA9%4 6 0.94737 0.77424 0.72327
LGU49 8 0.89474 0.75485 0.69475
YWLL29 7 0.73684 0.70914 0.62454
YWLLA40 3 0.63158 0.61496 0.46670
Total 79

Table 2. Genetic diversity across eleven microsatellite loci in the Huayre alpaca population.

Microsatellite Huayre
k Ho He PIC

LCA8 8 0.73684 0.85873 0.83877
LCA19 9 0.73684 0.78393 0.73725
LCA24 6 0.73684 0.70360 0.61575
LCA37 10 0.84211 0.82133 0.78941
LCA56 13 0.73684 0.84903 0.82624
LCA65 15 0.78947 0.89474 0.88366
LCA66 12 0.94737 0.86704 0.84936
LCA94 14 0.63158 0.87396 0.85808
LGU49 7 0.84211 0.82687 0.79690

YWLL29 10 0.78947 0.86150 0.84231

YWLL40 9 0.42105 0.80471 0.76657
TOTAL 113

In the Suitucancha alpaca population, eight microsatellite loci exhibited negative Fis
values (LCAS8, LCA24, LCA56, LCA65, LCA66, LCA94, LGU49, and YWLL40), suggesting
a potential excess of heterozygotes at these loci (Table 3). The average Fis across all loci
was approximately —0.063, indicating a general trend toward heterozygote excess in this
population. The highest positive Fis was observed at locus LCA37 (Fis = 0.224), suggestive
of a moderate heterozygote deficiency at this specific locus. Regarding Hardy—Weinberg
equilibrium (HWE), no significant deviations were detected in any of the loci analyzed,
indicating that the observed genotypic frequencies were consistent with equilibrium expec-
tations. In contrast, the Huayre population displayed predominantly positive Fis values,
indicative of a general trend toward heterozygote deficiency. Notable positive Fis values
were observed at loci YWLL40 (Fis = 0.477) and LCA94 (Fis = 0.277), both of which exhibited
statistically significant deviations from Hardy—Weinberg equilibrium (**), possibly indi-
cating non-random mating patterns or underlying population substructure affecting the
genotypic distribution at these loci. The overall average Fis for the Huayre population was
approximately 0.064, reflecting a mild tendency toward heterozygote deficiency, although
negative values were also detected at loci LCA24, LCA37, and LCA66.
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Table 3. Fis values and Hardy—Weinberg equilibrium in microsatellite loci of the Suitucancha and
Huayre populations.

Suitucancha Huayre
Microsatellite Fis HWD Fis HWD

LCAS8 —0.029 NS 0.142 NS
LCA19 0.09 NS 0.06 NS
LCA24 —0.049 NS —0.047 NS
LCA37 0.224 NS —0.025 NS
LCA56 —0.181 NS 0.132 NS
LCA65 —0.064 NS 0.118 NS
LCA66 —0.129 NS —0.093 NS

LCA9%4 —0.224 NS 0.277 **
LGU49 —0.185 NS —0.018 NS
YWLL29 —0.039 NS 0.084 NS

YWLL40 —0.027 NS 0.477 =

NS = Not significant (p-value > 0.05); ** = p-value < 0.01.

3.2. Genetic Structure

The analysis of molecular variance (AMOVA) revealed significant genetic differentia-
tion between the Suitucancha and Huayre populations (Table 4), with a variance component
of 3.7071 attributed to differences among populations and 19.72 to variation within pop-
ulations. Similarly, the AMOVA including the Suitucancha, Huayre, and Quimsachata
populations (Table 5) showed a variance component of 4.1259 among populations and
10.4463 within populations, indicating moderate population structure.

Table 4. Analysis of molecular variance (AMOVA) between the alpaca populations of Suitucancha

and Huayre.
SSD MSD df Sigm2 p.Value
Population 90.16 90.15 1 3.7071 0
Error 710 19.72 36 19.72
Total 800.16 21.63 37

Table 5. Analysis of molecular variance (AMOVA) among the alpaca populations of Suitucancha,
Huayre, and Quimsachata.

SSD MSD df Sigm?2 p.Value
Population 276.43 138.22 2 4.1259 0
Error 1577.38 10.45 151 10.4463
Total 1853.82 12.12 153

The principal coordinate analysis (PCoA) based on microsatellite data revealed a
clear genetic separation between the Suitucancha (P1) and Huayre (P2) alpaca populations
(Figure 2A). The first principal coordinate axis (PCoA1l) explained 12.87% of the genetic
variation, while the second axis (PCoA2) explained 7.63%, accounting for a total of 20.5% of
the variation. Individuals from Suitucancha (P1) clustered compactly in the left quadrant,
indicating greater genetic homogeneity within this population. In contrast, individuals from
Huayre (P2) exhibited greater genetic dispersion, suggesting higher genetic diversity within
this population. The genetic distance observed between the two groups supports the genetic
differentiation identified in the AMOVA, suggesting the presence of a population-level
genetic structure between Suitucancha and Huayre. The PCoA analysis also demonstrated
a genetic differentiation between the Suitucancha (P1), Huayre (P2), and Quimsachata (P3)
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alpaca populations (Figure 2B). The first principal component (PCoA1l) explained 15.98%
of the genetic variation, while the second principal component (PCoA2) explained 5.21%.
The Suitucancha (P1) and Huayre (P2) populations grouped closely in the left quadrant
indicating genetic proximity between them. In contrast, the Quimsachata population
(P3) was separated in the right quadrant, exhibiting high genetic dispersion and a strong
differentiation from the Huancayo populations (P1 and P2).

w

(A)

PCoA2 (7.89%)

o
PCoA1 (14.1%)
(B)

AN

———

s

S

T T T T T 1
-2.0 -1.5 -1.0 -05 0.0 05 1.0

PCoA1 (15.85%)

Figure 2. Principal coordinate analysis (PCoA) of the genetic structure of alpaca populations.
(A) Suitucancha (P1) and Huayre (P2). (B) Suitucancha (P1), Huayre (P2), and Quimsachata (P3)

The population structure analysis using the STRUCTURE program indicated that the
optimal K value for the Suitucancha (P1) and Huayre (P2) populations was K = 2 (Figure 3A).
When the external Quimsachata population (P3) was included, the optimal K value remained
K = 2 (Figure 3B). The STRUCTURE analysis with K = 2 revealed genetic differentiation
between the Suitucancha (P1, in blue) and Huayre (P2, in pink) populations (Figure 4A). The
Suitucancha individuals exhibited high genetic homogeneity, with a predominance of the
blue genetic component. In contrast, the Huayre individuals showed a higher proportion of
genetic admixture, with the appearance of a second genetic component, indicating a higher
level of admixture in this population. The clear separation of genetic components between the
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two populations supports the population structure observed in the PCoA analysis, confirming
the genetic differentiation between Suitucancha and Huayre.

(A) Delta K B) Delta K
1000 =
4000
750
X X 3000
< <
500
2000
250
1000
0 0
r 2 31 4 5 6 717 8 9 O 1 12 3 4 5 6 1 8§ 9 N
K K

Figure 3. Delta K analysis for the determination of the optimal number of genetic groups (K) in
alpaca populations. (A) Suitucancha and Huayre, (B) Suitucancha, Huayre, and Quimsachata.

(A)

pl p2 p3

Figure 4. (A) Genetic structure of the Suitucancha (P1) and Huayre (P2) alpaca populations according
to the STRUCTURE analysis with K = 2. (B) Genetic structure of the Suitucancha (P1), Huayre (P2),
and external Quimsachata (P3) alpaca populations according to the STRUCTURE analysis with K = 2.
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Tree scale: 1

The population structure analysis using the STRUCTURE program with K = 2 revealed
a clear genetic differentiation among the Suitucancha (P1), Huayre (P2), and external Quim-
sachata (P3) populations (Figure 4B). The Suitucancha (P1) and Huayre (P2) populations
exhibited greater levels of genetic admixture, as evidenced by the presence of multiple
genetic clusters (blue, lilac, green, and red) inferred by the STRUCTURE analysis. In
Suitucancha (P1), the blue cluster predominated, whereas Huayre (P2) displayed a higher
proportion of the lilac, green, and red components, suggesting increased admixture in this
population. The external Quimsachata population (P3) exhibited high genetic homogeneity,
with an almost exclusive predominance of the blue cluster, clearly differentiating it from
the Huancayo populations (P1 and P2).

3.3. Population Genetic Relationship

The phylogenetic analysis using the Neighbor-Joining (NJ) method revealed a clear
genetic separation between the Suitucancha (blue) and Huayre (pink) populations (Figure 5).
The Suitucancha individuals clustered into well-defined clades in the upper part of the
dendrogram, indicating greater genetic homogeneity within this population. In contrast,
the Huayre individuals were distributed across multiple clades in the lower part of the tree,
demonstrating higher intra-population genetic diversity.

H6
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62 M1
H8
HI5
92 H13
HIl
M2
81 H17
H12
H16
H14
H9
74 H4
63 H7

77 H10
HS

H1

H2

2223B

2134
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2002

20149

2210

2058

—
—
2223
2204
54
2142
2032
2117
82 1025
13

Figure 5. Neighbor-Joining cladogram showing the genetic relationship among individuals from

Suitucancha (blue) and Huayre (pink).
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The phylogenetic analysis using the Neighbor-Joining (NJ) method revealed the ge-
netic relationships among the Suitucancha (blue), Huayre (pink), and external Quimsachata
(brown) populations (Figure 6). The Suitucancha and Huayre individuals clustered into
distinct clades in the upper part of the tree, reflecting genetic proximity between these
two populations. However, the Quimsachata individuals (brown) formed scattered clades
around the circular dendrogram, indicating high genetic diversity and a clear differentiation

from the local Huancayo populations (Suitucancha and Huayre).

NLELRIOTS
Alpl12515137
Alp59

Alpl73
Alp129

Alp 1?31’323
Alp13 ps;
Alp7e

Figure 6. Circular Neighbor-Joining cladogram showing the genetic relationship among the Suitucan-
cha (blue), Huayre (pink), and external Quimsachata (brown) populations.

4. Discussion

This study examined the genetic diversity and relationships among the alpaca popula-
tions of Suitucancha and Huayre in Junin, along with an external group from Quimsachata.
Suitucancha is managed by INIA’s Santa Ana Experimental Station as a genetic improve-
ment nucleus, using a group-sire mating system and selecting animals based on fiber
quality and reproductive performance. This population exhibits low levels of genetic
variation and a high frequency of shared genotypes, likely due to the long-term applica-
tion of controlled breeding practices. In contrast, Huayre is a community-managed herd
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where natural multiple-sire mating occurs, and no structured selection or conservation
program is implemented, likely resulting in greater genetic heterogeneity. Meanwhile,
the Quimsachata population is part of INIA’s Germplasm Bank and is managed under
a conservation-oriented program with controlled single-sire mating and limited external
gene flow. The analysis using microsatellite markers provides insights into the evolution-
ary processes and management strategies that have shaped the genetic structure of these
populations, guiding future breeding and conservation efforts.

The results suggest differences in genetic diversity between the alpaca populations
of Suitucancha and Huayre, aligning with previous studies on Andean alpacas. The
Huayre population exhibits higher allelic richness and expected heterozygosity, which can
be scientifically interpreted as the result of continuous gene flow and a larger effective
population size. In populations with a high effective size, genetic drift has a lesser impact,
allowing for the retention of greater genetic variability, a phenomenon documented in
studies conducted in Peru and Bolivia [24,25]. Additionally, research by La Manna et al.
(2011) [26] and Figueroa et al. (2023) [16] suggests that the reproductive exchange of
breeding alpacas from different herds could lead to the introduction of novel alleles can
contribute to increased heterozygosity, which may help explain the relatively high expected
heterozygosity values observed in Huayre.

On the other hand, the Suitucancha population showed a trend toward an excess of
heterozygotes, as evidenced by negative Fis indices, which may reflect reduced inbreeding
resulting from controlled breeding practices that promote genetic mixing. In contrast,
the Huayre population exhibited positive fixation indices and significant deviations from
Hardy-Weinberg equilibrium in some loci. These patterns may indicate the presence
of an internal substructure or localized inbreeding within family groups, rather than
generalized breeding restrictions. Although Huayre displays high overall genetic diversity,
reproductive events may occur in semi-isolated herds, which can lead to deviations from
equilibrium expectations. Similar patterns have been reported in comparable studies [13,27],
emphasizing the importance of implementing management strategies that enhance genetic
exchange to maintain diversity and reduce inbreeding in alpaca populations.

Although this study found higher genetic dispersion in the Huayre population, it is im-
portant to note that conservation-managed herds like Quimsachata are generally expected
to harbor high genetic variability due to structured breeding practices aimed at preserving
diversity. Indeed, Figueroa et al. (2023) [16] reported that the Quimsachata alpaca pop-
ulation maintained high allelic richness and expected heterozygosity, comparable to or
exceeding that of community herds, confirming the effectiveness of conservation-oriented
management in sustaining broad genetic pools.

The differences in genetic structure observed among the Suitucancha, Huayre, and
external Quimsachata alpaca populations reflect the effects of reproductive management
and gene flow in the Andes of Peru. Controlled reproductive management, as implemented
in Suitucancha and Quimsachata, can lead to reduced variability due to selection and
limited mating among selected individuals. In contrast, gene flow—more common in open
or community-managed systems like Huayre—introduces new alleles and increases intra-
population variability, while reducing genetic differentiation between populations. Recent
studies have shown that in populations with continuous reproductive exchange, most
genetic variation is concentrated within populations, minimizing intergroup differentia-
tion [16,27,28]. This phenomenon suggests that in community-based mating plans—where
each herd is managed independently by local farmers, often without coordinated mating
plans—the exchange of animals between herds helps preserve a broad genetic pool, enhanc-
ing adaptability and resilience in the species. In this study, the Suitucancha and Huayre
populations exhibited moderate differentiation, consistent with the existing literature, indi-
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cating that genetic connectivity remains relatively high in the absence of strict reproductive
isolation or centralized selection.

The more homogeneous clustering of Suitucancha and the greater dispersion in Huayre
suggest differences in internal genetic connectivity, likely influenced by variations in
reproductive management and breeding frequency, as observed in Andean studies [13,29].
Simultaneously, the inclusion of the external Quimsachata population revealed an increase
in genetic variation explained between groups [30], suggesting that this population has
differentiated due to relative isolation or specific management practices. The clear genetic
separation of Quimsachata in the dendrogram supports this interpretation, indicating that
factors such as geographic isolation or controlled reproductive strategies have generated
a distinct gene pool [16,31]. This situation has been documented in recent studies, which
indicate that even subtle restrictions on gene flow or reproductive exchange can lead
to the formation of genetic substructures [28,29,32]. This differentiation, corroborated
by comparative analyses in both Peruvian and global contexts [33,34], emphasizes the
importance of targeted genetic management strategies—such as the rotational exchange of
breeding males, the maintenance of pedigree records, and the avoidance of close-relative
mating—to mitigate inbreeding accumulation and preserve the genetic diversity essential
for alpaca improvement and long-term sustainability.

Despite the valuable insights provided, this study has certain limitations. The use of a
limited number of molecular markers and a modest sampling effort may constrain the resolu-
tion of genetic patterns and lead to an underestimation of allelic diversity. Previous research
in South American camelids has highlighted how small marker sets or restricted sample
sizes can reduce the accuracy and representativeness of diversity estimates [12,16,35]. Future
studies incorporating larger datasets and higher-density genomic tools are recommended to
enhance genetic assessments and inform long-term conservation strategies.

5. Conclusions

The genetic differentiation observed between the Suitucancha and Huayre populations
reflects the influence of distinct reproductive management practices on their population
structure. The inclusion of the Quimsachata population as an external reference revealed a
more divergent genetic profile, likely shaped by its conservation-oriented management and
relative reproductive isolation. These results highlight the importance of breeding context
in shaping genetic variability and suggest that coordinated practices—such as promoting
reproductive exchange and minimizing substructuring—can support the preservation of
genetic diversity in alpaca herds. Future research should incorporate higher-resolution ge-
nomic tools and broader geographic sampling to enhance population structure assessments
and inform conservation and breeding strategies.
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//www.mdpi.com/article/10.3390/d17050353/s1. Table S1: Biological Samples of Alpacas. Table S2:
List of primers used in the study [36—41].
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