
Academic Editors:

Manuel García-Herreros and Pedro

Manuel Aponte

Received: 27 February 2026

Revised: 16 April 2026

Accepted: 20 April 2026

Published: 1 June 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Genomics and Reproductive Biotechnologies in Goat Production
Systems in Peru
Yolanda Romero 1,* , Emmanuel Alexander Sessarego 2, René Pinazo-Herencia 2 and Juancarlos Cruz-Luis 2

1 Estación Experimental Agraria El Chira, Instituto Nacional de Innovación Agraria (INIA), Piura 20120, Peru
2 Dirección de Servicios Estratégicos Agrarios, Instituto Nacional de Innovación Agraria (INIA),

Lima 15024, Peru; investigacion_procap@inia.gob.pe (E.A.S.); renepherencia@gmail.com (R.P.-H.);
jcruz@inia.gob.pe (J.C.-L.)

* Correspondence: yolanda888@hotmail.com

Simple Summary

Goat farming is an important activity in Peru, especially in arid coastal areas and high
mountain regions where few other livestock species can adapt. Most production is based
on traditional extensive systems with limited technical support, scarce production records,
and persistent health problems (especially gastrointestinal parasitic infections), which re-
strict productivity and profitability. Despite these challenges, local Creole goats are highly
adapted to harsh environmental conditions and represent a valuable genetic resource.
This review analyzes the current situation of goat production in Peru and discusses how
modern genetic research and reproductive techniques could help improve productivity,
disease resistance, and climate resilience. However, structural limitations such as weak
infrastructure, limited data collection, and unequal access to technology remain impor-
tant barriers. Strengthening national data systems and adapting breeding strategies to
smallholder conditions will be essential to develop more efficient and sustainable goat
production systems in Peru and in other regions with similar environments.

Abstract

Goat production in Peru is primarily carried out under extensive systems shaped by cli-
matic variability, forage seasonality, infrastructure limitations, and persistent sanitary
pressure. In this context, Creole goats represent a strategic animal genetic resource due
to their capacity to adapt to arid and high-Andean environments. This review integrates
the available evidence on production typologies in the main goat-producing regions of the
country, the major sanitary and structural bottlenecks, and the state of the art of genomic,
multi-omics, and reproductive biotechnology tools applicable to goats. It discusses how
the transition from traditional markers to SNP genotyping, together with functional ap-
proaches such as microbiome analysis, transcriptomics, and proteomics, can contribute to
understanding the biological basis of complex traits related to resilience, feed efficiency,
and reproductive performance. Likewise, the potential of precision livestock farming
to generate longitudinal phenotypes and strengthen genetic improvement programs in
low-input systems is highlighted. Finally, priorities and considerations are outlined to
advance the integration of phenotyping, genomics, and reproductive biotechnologies in
extensive contexts, with emphasis on the generation of systematic data, interinstitutional
coordination, and technology transfer aimed at the sustainability and conservation of
goat resources. These insights may also inform genetic improvement strategies in other
developing countries facing similar environmental and structural constraints in low-input
goat production systems, particularly in arid and semi-arid regions.
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1. Introduction
Goat populations worldwide have grown steadily in recent decades, surpassing one bil-

lion animals, driven by increasing demand for animal protein in developing countries [1,2].
Goat production plays a key role in food security, rural livelihoods, and the resilience of live-
stock systems in marginal environments [3,4], yet its development remains constrained by
limited technological adoption, scarce production records, and restricted access to technical
assistance [5,6].

In Latin America and the Caribbean, Creole goats constitute a strategic animal genetic
resource due to their adaptation to adverse environmental conditions and capacity to
produce meat and milk under low-input systems [7,8]. Descended from animals introduced
during the colonial period, these populations have been shaped by several centuries of
natural selection under diverse and often harsh conditions, resulting in locally adapted
populations with predominantly Iberian and African genetic backgrounds [9,10]. The
regional population is estimated at nearly 36 million animals distributed mainly across arid,
semi-arid, and mountainous areas [7,11]; however, the indiscriminate use of absorptive
crossbreeding increases the risk of genetic erosion, highlighting the need for conservation
and sustainable utilization strategies [12–14].

Recent advances in genomics and multi-omics approaches have begun to elucidate
the genetic and molecular mechanisms underlying goat adaptation to extreme environ-
ments [15,16]. The development of molecular markers, SNP panels, and genome-wide
association studies (GWAS) has transformed animal selection by enabling more accurate
estimates of genetic merit [17], even for complex traits with low heritability or those difficult
to measure directly [18]. In parallel, the availability of reference genomes, transcriptomic
resources, and functional databases has accelerated the identification of variants associ-
ated with growth, reproduction, milk production, and environmental adaptation, creating
new opportunities for precision genetic improvement in resilient and sustainable goat
systems [19,20].

Within this framework, Peruvian goat systems—with an estimated annual milk pro-
duction of 23,750 tonnes [21] and approximately 90,000 producers depending on the ac-
tivity [22]—represent a characteristic model of extensive production in tropical arid and
semi-arid regions, where smallholder producers predominate, production records are
limited, and technological adoption remains low [5,12]. National initiatives led by INIA
through research programs and collaboration with producers have recently strengthened
the sector [23], yet the structural constraints that characterize Peruvian goat farming are
shared by much of goat production in Africa, Asia, and Latin America [5,11]. Under-
standing the opportunities and limitations for integrating genomic tools and reproductive
biotechnologies in Peru is therefore not only nationally relevant but also provides a ref-
erence framework for the development of breeding programs adapted to low-input goat
systems in similar environments.

2. Materials and Methods
A comprehensive literature search was conducted covering goat production systems,

genomic characterization, reproductive biotechnologies, and precision livestock farming
in Peru and comparable low-input extensive systems. The search was carried out in
the PubMed, Web of Science, and Scopus databases, encompassing publications up to
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December 2025, with no lower date restriction given the emerging nature of the national
literature available.

Google Scholar was additionally consulted for grey literature and regional publica-
tions not indexed in major databases. The following combination of search terms was
used: (“goat” OR “Capra hircus” OR “caprine” OR “Creole goat” OR “cabra criolla”)
AND (“Peru” OR “Latin America” OR “developing countries” OR “extensive systems” OR
“smallholder”) AND (“genomics” OR “SNP” OR “GWAS” OR “microbiome” OR “repro-
ductive biotechnology” OR “artificial insemination” OR “embryo transfer” OR “precision
livestock farming” OR “genetic diversity” OR “molecular markers”).

Only articles written in English or Spanish were considered for inclusion. Studies were
selected based on their relevance to goat production systems, genomic and reproductive
approaches, and their applicability to extensive or low-input conditions. Studies focusing
exclusively on intensive systems without relevance to smallholder or extensive production
were excluded. A total of 88 references were incorporated into the final manuscript.

3. Goat Production Systems in Peru
Goat production in Peru is mainly concentrated in the seasonally dry forest of the

northern coast and in high-Andean areas, both characterized by restrictive environmental
conditions and limited availability of agricultural resources (Figure 1) [24,25]. The Peruvian
seasonally dry forest covers more than four million hectares, of which approximately 65%
is located in the Piura region, which hosts about 17% of the national goat population.
In this ecosystem, goat farming is predominantly carried out under extensive low-input
systems that depend on native vegetation and traditional management practices, where
goat production primarily functions as a subsistence strategy linked to food security and
small-scale rural economies [26].

Ecological conditions in the dry forest—prolonged dry seasons, irregular rainfall,
and marked interannual variability—directly shape forage availability and limit animal
productivity [27–29]. Under these conditions, goats are preferred over other livestock
species due to their selective browsing behavior, tolerance to water scarcity, and efficient
thermoregulation capacity. Creole populations stand out for their hardiness and ability to
maintain productive functions under severe nutritional and climatic constraints, suggesting
the presence of highly valuable adaptive genetic variation that remains poorly characterized
and insufficiently integrated into formal breeding programs [26]. Overall, these elements
confirm that the productive base of the Peruvian goat production system is strongly shaped
by its ecological environment.

However, goat production systems in the northern region of the country are not ho-
mogeneous. Multivariate analyses in Tumbes, Piura, and Lambayeque have identified the
coexistence of intensive systems with a stronger commercial orientation, semi-intensive
systems with access to irrigation and diversified production, and extensive systems con-
strained by water scarcity and limited infrastructure [25]. These differences reflect inequali-
ties in access to water resources, health management practices, production infrastructure,
and market integration, highlighting marked structural heterogeneity within the same
ecological environment.

At the local scale, in districts such as Marcavelica, Lancones (Sullana), and La Brea (Ta-
lara), goat production occurs under conditions of high climatic variability, where changes
in temperature and precipitation directly influence pasture availability and productive
performance. The dependence on agrosilvopastoral systems and the recurrent perception
of impacts on meat and milk production associated with seasonality and pasture degra-
dation underscore the close relationship between ecological dynamics and productive
performance [30].
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Figure 1. Representative goat production systems in different regions of Peru: (A) Amazonas—
extensive browsing system in dry inter-Andean shrubland; (B) Lima—semi-intensive system with
crop residue supplementation in coastal valleys; (C) La Libertad—extensive system in seasonally
dry coastal forest with native tree cover; (D) Ayacucho—traditional communal pen management in
Andean highlands; (E) Ica—semi-extensive grazing on improved irrigated pastures in coastal valleys;
(F) Tumbes—large herds in rustic enclosures under tropical dry forest conditions; (G) Lambayeque—
low-density extensive grazing on agrosilvopastoral land; (H) Piura—extensive herd management in
the northern dry forest, the principal goat-producing region of Peru.
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Within this framework, the Piura region represents the main hub of goat production in
the country, concentrating more than 300,000 head and around 18% of national production.
Nationwide, approximately 90,000 producers are estimated to depend on this activity,
which is primarily oriented toward kid meat production linked to local markets and
regional gastronomy. Nevertheless, the sector faces limitations associated with pasture
degradation, environmental pressure, and sanitary risks, factors that continue to constrain
the profitability and sustainability of goat production in the region [22].

In the tropical dry forest of Peru, extensive management predominates (98.3%), char-
acterized by limited technical assistance, scarce water infrastructure, and reliance on visual
selection as the main replacement criterion. Within this setting, two production typologies
can be distinguished: the improved extensive system (IES), associated with producers with
greater experience, larger herds, better infrastructure, and more frequent sanitary manage-
ment, and the traditional extensive system (TES), linked to lower educational levels, smaller
herds, lower forage diversity, and reduced implementation of sanitary measures [31]. This
differentiation reveals internal gaps in technical capacity, infrastructure, and management
that shape productive efficiency even within predominantly extensive systems.

A comparable scenario is observed in the southeastern highlands of Peru, where
goat production takes place in hard-to-access areas with strong dependence on natural
resources. Feeding is mainly based on natural pastures, shrubs, and crop residues, with
limited supplementation during the dry season, while continuous mating, the absence
of formal genetic improvement programs, and a subsistence-oriented production system
predominate. The marked heterogeneity among producers reflects different levels of
market integration and investment capacity, factors that shape the adoption of technical
innovations and system modernization [24]. The heterogeneity of Peruvian goat systems
across the main production regions is summarized in Table 1.

In the coastal valleys of Lima, dairy goat systems maintain an extensive base, although
with a greater commercial orientation in certain groups. Three producer typologies have
been identified based on management practices and level of commercialization, with
some prioritizing milk sales and improved production practices, while others allocate
production to cheesemaking or self-consumption with lower technical levels. Average
production of 1–2 L per goat reflects moderate productivity under extensive conditions [32].
Similarly, in the highlands of Chincha (Ica), four system types have been recognized based
on feeding and deworming practices, with grazing predominating and low milk production
levels, reflecting the persistence of traditional practices and structural constraints that limit
productive efficiency [33].

Sanitary pressure represents a structural component of these systems. A gastrointesti-
nal helminth prevalence exceeding 59% has been reported, associated with anemia and
low body condition, highlighting health limitations with a direct impact on productive
performance [34]. On the Peruvian coast, the high occurrence of Eimeria and gastrointesti-
nal nematodes confirms the influence of ecological and management factors on parasite
dynamics [35], a pattern consistent with studies from the southern coast documenting
mixed infections associated with environmental conditions and traditional practices [36].

Creole goats from northern Peru exhibit morphostructural traits compatible with meat
or dual-purpose aptitude and high phenotypic variability, reflecting populations shaped
primarily by natural selection and traditional management [37]. Health status also varies
among diseases: in Amazonas, Brucella melitensis was not detected in herds with limited
animal movement [38], whereas at the national level, a Toxoplasma gondii seroprevalence of
28.15% has been reported, associated with environmental and management factors [39].
Likewise, fascioliasis and echinococcosis generate significant economic losses in extensive
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systems [40], and live weight prediction using biometrics and data mining has revealed
regional variations associated with the production environment [41].

Table 1. Regional overview of goat production systems in Peru.

Region Production System
Characteristics

Productivity and
Management Traits

Main Structural
Constraints References

Northern coastal dry
forest (Piura,

Tumbes,
Lambayeque,

Sullana, Talara)

Predominantly
extensive low-input

systems based on
native vegetation.

Coexistence of
intensive,

semi-intensive, and
extensive systems.
Presence of SEM

(Extensive Improved
System) and SET

(Extensive Traditional
System) typologies.
Agrosilvopastoral

systems under high
climatic variability in
district-level systems.

Strong dependence on
seasonal forage availability;
production influenced by

rainfall variability and
pasture seasonality. Goats

valued for browsing ability,
thermoregulation, and
drought tolerance. Two

typologies identified: SEM
(larger herds, better
infrastructure, more

frequent sanitary
management) and SET

(smaller herds, lower forage
diversity, limited sanitary
practices). Quantitative
productivity data not
uniformly reported.

Water scarcity,
pasture degradation,
seasonal fluctuations

in meat and milk
production, limited

infrastructure,
reduced technical

assistance, and
restricted market

access.

[25,26,30,32]

Southern highlands
(Andean systems)

Small-scale extensive
systems in remote
areas with strong

dependence on natural
resources and

continuous mating.

Feeding based on natural
pastures and crop residues;
production mainly oriented

to self-consumption.
Small-scale herds with
subsistence-oriented

production; transhumance
practiced seasonally in

some areas. Quantitative
herd size and productivity

data not systematically
reported [21].

Limited market
integration, low

investment capacity,
and restricted
adoption of
innovations.

[24]

Coastal valleys
(Lima region)

Dairy goat systems
with partial
commercial

orientation and
differentiated

producer typologies.

Milk production typically
1–2 L/goat/day under

extensive conditions
(reported by 62.9% of
surveyed producers).

Mixed farming with sheep
is common (46.8% of

producers).

Limited technical
management and

moderate
productivity levels.

[32]

Southern coast (Ica)

Grazing-based
systems with

traditional feeding and
deworming practices.

Low milk productivity and
heterogeneous

management. Systematic
quantitative productivity
metrics not reported in

available primary sources.

Structural limitations
and low

intensification.
[33]

Health control faces persistent challenges, including potential anthelmintic resis-
tance [42], exposure to pestiviruses in transhumant systems [43], Toxoplasma gondii sero-
prevalence in Piura [44], high Eimeria prevalence in semi-extensive systems [45], and
circulation of bluetongue virus in extensive systems in northern Peru [46]. Overall, the
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available evidence indicates that Peruvian goat systems are shaped by environmental
constraints, structural heterogeneity, and persistent sanitary pressure.

4. Genomic Tools Applied to Goats
4.1. Traditional Molecular Markers

Microsatellite-based studies have generated a substantial body of evidence on the
genetic structure of Creole goat populations across the Americas, yet their findings reveal
an apparent inconsistency that has not been fully resolved. At the continental scale, most
genetic variation (85–93%) resides within rather than between populations [10], suggesting
limited breed differentiation, a pattern consistent with extensive gene flow and shared
Iberian and African ancestry resulting from colonial introductions [9,10]. However, finer-
scale analyses using 21 microsatellites across 24 breeds from ten countries demonstrate
clear population differentiation and high individual assignment rates [9], indicating that
meaningful genetic structure emerges when analytical resolution is sufficient. This dis-
crepancy is not contradictory but scale-dependent: broad continental comparisons may
obscure the breed-level structuring that becomes evident when populations are analyzed
with adequate sampling and marker density.

At the regional level, contrasting patterns complicate a unified interpretation. The
Chusca Lojana goat from the Ecuadorian dry forest shows high intrapopulation variability
but no genetic substructure among phenotypic biotypes [47], suggesting a single panmictic
unit shaped by continuous gene flow. In contrast, native Brazilian ecotypes display clear
regional differentiation despite similar extensive management conditions [48]. These
divergent outcomes likely reflect differences in herd connectivity, geographic barriers, and
local management history rather than inherent biological differences. This distinction has
direct implications for conservation strategies, as populations that appear phenotypically
distinct may not be genetically isolated.

Despite their historical utility, microsatellite markers present well-recognized limi-
tations, including low genome coverage, inability to detect adaptive loci, and reduced
resolution compared to SNP-based approaches [49–51]. Currently, microsatellite-based
characterization of Peruvian Creole goat populations remains limited or has not been clearly
reported, leaving their position within the broader American Creole goat genetic landscape
unresolved. This gap is not merely descriptive; it implies that conservation decisions and
breeding strategies for Peruvian goats currently lack the population genetic foundation
that has guided programs in Ecuador, Brazil, and other Latin American countries.

4.2. Modern Genomics

Genomic characterization of Peruvian Creole goats has advanced in recent years, yet
the available evidence reveals a persistent gap between documenting genetic diversity
and understanding its functional significance. SNP-based analyses of northern Peruvian
populations report relatively high heterozygosity and low inbreeding coefficients, with
population structure analyses indicating clear differentiation from specialized exotic breeds
but limited differentiation among Creole populations within the region [52]. Subsequent
analyses confirmed moderate genetic structure with regional differentiation, rapid linkage
disequilibrium decay, and patterns of homozygosity consistent with historically large
populations under extensive management [53]. Together, these findings portray Peruvian
Creole goats as a genetically diverse and largely outbred resource, a profile that is favorable
for conservation and provides a solid foundation for future selection programs.

However, this characterization raises important unresolved questions. While shared
genomic regions potentially associated with adaptation and productive traits have been
identified [53], genome-wide association studies (GWAS) and selection sweep analyses re-
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main limited or have not been clearly reported in Peruvian goat populations. This contrasts
with findings from comparable semi-arid systems elsewhere. In Brazil, a comparison of
the locally adapted Marota population with the Anglo-Nubian breed using the Illumina
Caprine 50K chip identified 14 genomic regions under selection, including genes linked to
water balance (SLC5A2, UTSB2) and skeletal development (FGF12, AMPD2, OSTN), with a
global FST of 0.16 confirming meaningful adaptive divergence [54]. Given that Peruvian
dry forest systems share key environmental pressures with the Brazilian semi-arid, the
absence of equivalent analyses in Peru highlights an opportunity to identify adaptive
variants of potential breeding value.

A further unresolved issue arises when genomic and phenotypic evidence are consid-
ered together. Morphometric evaluation of 617 Creole goats in Piura revealed significant
differentiation among districts, with the Catacaos population displaying distinctively larger
body dimensions [26], while wide morphostructural variability and divergent production
biotypes have been described in Ayacucho [55]. Yet genomic studies consistently report low
differentiation among Creole populations within Peru [52,53]. This phenotype–genotype
mismatch has not been explicitly addressed in the literature and warrants further investiga-
tion. One possible explanation is that phenotypic differentiation reflects plastic responses to
local environmental and nutritional conditions rather than fixed genetic divergence; how-
ever, this hypothesis remains untested. Resolving this question would require integrating
genomic data with longitudinal phenotypic records and environmental covariates, a data
infrastructure that does not yet exist at a national scale in Peru.

Looking forward, the transition toward whole-genome sequencing (WGS) and struc-
tural variant (SV) analyses provides greater resolution for detecting adaptive loci, copy
number variations, and genomic regions under selection in goats adapted to extreme
environments [15,16]. While these approaches remain largely inaccessible for resource-
limited programs, their progressive adoption at the international level is expanding the
reference frameworks available for comparative genomic analyses. Integration into these
frameworks will be essential for Peruvian research programs to fully characterize and
strategically utilize the adaptive potential of Creole goats.

4.3. Functional Omics

Functional omics approaches have expanded the analytical framework for investi-
gating adaptation, digestive efficiency, and productive traits in goats, yet the available
evidence remains fragmented across platforms and largely disconnected from the specific
biological context of Peruvian extensive systems [20,56]. A critical assessment of the ex-
isting literature highlights both promising entry points and significant gaps that limit the
translation of these tools into actionable breeding or management strategies.

The most direct evidence from Peru comes from intestinal microbiome characterization
of Creole goats fed alternative forage resources such as cactus and Salicornia under arid
coastal conditions. Using 16S rRNA gene sequencing, Firmicutes and Bacteroidetes pre-
dominated, with diet-associated shifts in microbial composition. Goats fed cactus showed
higher Firmicutes abundance, consistent with enhanced fiber degradation capacity, while
Akkermansia, a genus associated with intestinal mucosal integrity, was more prevalent in
kids receiving alternative diets [57]. These results indicate that the gut microbiome of
Peruvian Creole goats responds dynamically to non-conventional forages, suggesting a
degree of microbial plasticity that may contribute to their adaptation to resource-limited
environments. However, this study focused exclusively on the intestinal microbiome. In
contrast, the ruminal microbiome of Peruvian Creole goats remains largely unexplored, rep-
resenting a key knowledge gap in understanding microbial contributions to feed utilization
and animal performance under extensive conditions.
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Ruminal microbiome data from comparable extensive systems in Latin America par-
tially address this gap, although important limitations remain. Analysis of Moxotó goats
under free grazing in Brazil identified Firmicutes and Bacteroidetes as the predominant
phyla, with methanogenic archaea (Methanobrevibacter, Methanosphaera) responsible for
ruminal methane production [58]. Notably, uncultured methanogenic archaea related
to marine environments were detected and associated with water salinity, highlighting
how local environmental conditions shape microbial community composition in ways that
may not be predictable from studies conducted under controlled conditions. Functional
metagenomic screening of goats from the Caatinga biome further revealed a novel GH3
β-xylosidase enzyme (BGL11) with hemicellulose degradation capacity [59], confirming
that the caprine rumen harbors functionally relevant microorganisms that remain largely
uncharacterized. Whether analogous enzymatic diversity exists in the rumen microbiome
of Peruvian Creole goats fed native dry forest vegetation remains unknown. This ques-
tion has direct implications for understanding their digestive efficiency under natural
grazing conditions.

Transcriptomic and proteomic approaches provide complementary insights into fetal
programming and reproductive physiology, although these studies were conducted under
controlled nutritional restriction protocols in non-Creole breeds, limiting their direct appli-
cability to extensive Peruvian systems. RNA-seq analysis demonstrated that the timing
of maternal nutritional restriction differentially programs gene expression in neonatal
skeletal muscle: early restriction affected myogenic differentiation and lipid metabolism
pathways, whereas late restriction altered mitochondrial metabolism and oxidative stress
response [60]. Proteomic analysis in Saanen bucks identified sperm proteins associated with
fertility, capacitation, and heat-stress response as potential reproductive biomarkers [61],
while maternal restriction also modified the abundance of proteins involved in glycolysis
and amino acid metabolism in neonatal muscle [62]. Overall, these findings reveal biologi-
cally plausible mechanisms linking the nutritional environment to productive outcomes,
particularly in extensive systems where seasonal feed scarcity is common. However, none
of these studies were conducted in Creole goats under field conditions, and the extent
to which these molecular findings translate to genetically distinct, extensively managed
populations remains unclear.

The broader limitation of the functional omics evidence reviewed here stems from its
disciplinary fragmentation. Microbiome, transcriptomic, and proteomic studies have been
conducted independently across different breeds, countries, and experimental conditions,
thereby limiting cross-platform integration. Although integrative multi-omics approaches
have been applied in other ruminant contexts [15,16,20], their implementation in Peruvian
extensive systems has not yet been widely implemented. Advancing toward such frame-
works will require coordinated sampling designs and the development of bioinformatic
infrastructure at a national scale, suggesting that current constraints are primarily related
to data generation capacity rather than biological complexity (Table 2).

Table 2. Multi-omics and phenotyping approaches applied to goat research.

Technology Methodological Applications in Goat Research References

Molecular markers and
population genetics

Microsatellite markers (SSR) and
population genetic analyses

Assessment of genetic diversity,
population structure, phylogeography,
and conservation of local goat genetic

resources

[9,10,47,48]

Genome-wide genomic
analyses

High-density SNP genotyping and
detection of genomic regions under

selection

Evaluation of genomic diversity,
inbreeding, population structure, and
identification of loci associated with

environmental adaptation

[52–54]
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Table 2. Cont.

Technology Methodological Applications in Goat Research References

Microbiome and
metagenomic approaches

16S rRNA gene sequencing, shotgun
metagenomics, and functional

metagenomic screening

Investigation of diet–microbiome
interactions, digestive efficiency, fiber

degradation, methane production, and
adaptation to low-quality diets

[57–59]

Functional omics Transcriptomics and proteomics

Identification of gene and protein
signatures associated with growth,

reproduction, and metabolic regulation,
including fetal programming effects

[60–62]

Phenotypic and
morphometric analyses

Morphometric measurements and
morphostructural characterization

Detection of phenotypic variability,
district-level differentiation, and putative
local biotypes relevant for breeding and

conservation

[24,26]

In summary, these limitations reinforce the need for integrative approaches linking
omics data with phenotypic and environmental information, particularly under the hetero-
geneous conditions that characterize extensive goat systems in Peru.

5. Reproductive Biotechnologies in Goats
5.1. Basic Reproductive Biotechnologies

Basic reproductive biotechnologies, including estrus synchronization and artificial
insemination, are widely used as key tools for improving reproductive efficiency and accel-
erating genetic dissemination in goat production systems globally [63,64]. However, their
translation from controlled research settings to extensive low-input systems involves prac-
tical constraints that are rarely addressed in the primary literature and remain particularly
relevant in the Peruvian context.

Hormonal synchronization protocols have been extensively evaluated in specialized
dairy breeds under controlled conditions. In Saanen goats, intravaginal sponges im-
pregnated with medroxyprogesterone acetate (MAP), combined with equine chorionic
gonadotropin (eCG) and cloprostenol, achieved estrus response rates of 86.7% and 96.7%
during anestrus and cyclic periods, with conception rates of 88.5% in January–February,
declining to 62.1% in March–April [65]. While these results confirm protocol efficacy, they
were obtained in a specialized breed under controlled management, a context substantially
different from the extensive Creole goat systems of northern Peru. Furthermore, fine ad-
justments in protocol duration carry significant reproductive consequences. Extending
intravaginal device treatment from 6 to 6.5 days increased synchrony but reduced con-
ception rates due to advanced follicular dominance [66]. This indicates that even minor
deviations from optimized protocols can compromise outcomes, a constraint particularly
relevant in field settings where precise timing is difficult to guarantee.

In Peru, field applications of these technologies have yielded results reflecting the
structural constraints of extensive management. Laparoscopic artificial insemination with
frozen semen from Murciano–Granadina and Malagueña breeds in improved Creole goats
achieved fertility rates of 32.4–48.1%, with a prolificacy of up to 2.4 kids per kidding [67].
Similarly, fixed-time artificial insemination (FTAI) in 217 crossbred females from the north-
ern dry forest achieved an overall pregnancy rate of 47.5% over a five-year period [68].
These rates are consistent with those reported for goats under extensive management
conditions in other low-input systems, where nutritional limitations and management
constraints often reduce reproductive outcomes compared to controlled settings [64].

The only significant determinant of pregnancy outcome in the Peruvian FTAI program
was the male factor [68], indicating that buck quality represents a key limiting factor that
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synchronization protocols alone cannot fully compensate for. This finding suggests that
scaling FTAI programs in extensive Peruvian systems will require parallel improvements in
buck evaluation, semen quality control, and cold chain infrastructure for semen distribution,
components that remain underdeveloped in current production systems [25,31].

These results highlight key adoption barriers in low-input systems that extend beyond
biological efficacy. In the Peruvian context, the implementation of synchronization and
artificial insemination is constrained by limited infrastructure, including restricted access
to cold chain systems, specialized equipment, and trained personnel, particularly in remote
dry forest regions. In addition, practical constraints under field conditions—such as
variability in nutritional status, difficulties in precise protocol timing, and inconsistent
animal handling—are likely to reduce reproductive performance compared to controlled
environments. Together, these factors help explain the gap between experimentally reported
success rates and field-level outcomes and represent critical limitations for the widespread
adoption of these technologies in smallholder systems.

Overall, these findings indicate that while basic reproductive biotechnologies are
technically effective, their performance in extensive systems is strongly conditioned by
management, nutritional status, and infrastructure limitations. This context-dependent
performance indicates that their role in genetic improvement programs will depend not
only on protocol optimization but also on the integration of reproductive technologies with
broader system-level interventions.

5.2. Advanced Reproductive Biotechnologies

Advanced reproductive biotechnologies, such as in vitro embryo production (IVP),
non-surgical embryo recovery, and cryopreservation, represent a logical next step for
accelerating genetic progress and conserving locally adapted genetic resources in goat
systems. However, these techniques have not yet been widely reported in Peru, reflecting
not only limited institutional capacity but also constraints in the availability of prerequisite
infrastructure, including specialized laboratory equipment, trained personnel, reliable
cold chains, and systematic donor animal programs. Evidence from comparable Latin
American contexts is therefore valuable, not as a direct model for replication, but as a
reference framework for identifying the technical and institutional conditions required
for implementation.

In Brazil, IVP has been applied as a conservation strategy for endangered local breeds.
In the Canindé goat, laparoscopic oocyte recovery achieved a 74.3% recovery rate, with 51%
viable embryos and blastocysts averaging 170 cells on day 7, enabling the establishment of
the first embryo bank for this breed [69]. Although these results are technically encouraging,
they were obtained under controlled laboratory conditions in a breed selected specifically
due to its endangered status, a context that mobilized institutional resources unlikely
to be readily available for routine application in extensive Peruvian systems. The most
transferable insight from this work is methodological: IVP can be adapted to locally adapted
breeds in semi-arid environments, provided that appropriate oocyte recovery protocols
and culture conditions are established.

Non-surgical embryo recovery represents a more accessible alternative to laparoscopic
techniques, with relevant implications for field application. In lactating Saanen goats,
transcervical collection recovered more than 95% of the uterine flushing medium, yielding
averages of 13.4 and 8.2 viable embryos under different hormonal protocols, with no
significant differences between treatments [70]. The procedure, performed in a standing
position with minimal sedation, indicates a level of operational simplicity that may facilitate
implementation beyond specialized laboratory settings. However, its applicability to Creole
goats in extensive Peruvian systems remains largely untested, as cervical anatomy varies
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considerably among goat breeds and populations, and transcervical access is more difficult
in breeds not previously selected under intensive management [71].

Cryopreservation outcomes depend strongly on the choice of cryoprotectant, with
direct practical implications for programs operating under resource constraints. Compar-
isons between conventional freezing and vitrification in caprine embryos indicate that
vitrification with dimethyl sulfoxide (DMSO) achieves re-expansion rates, cellular viabil-
ity, and in vivo development comparable to conventional freezing, whereas vitrification
with dimethylformamide reduces viability, pregnancy rates, and birth rates [72]. This
sensitivity to cryoprotectant type highlights the need for protocol standardization before
cryopreservation can be reliably implemented under field conditions, where product avail-
ability and quality control may be inconsistent. Additionally, reproductive pathologies
may further affect outcomes. For example, superovulation in goats treated for hydrometra
has been associated with alterations in embryo development dynamics, although without
changes in the expression of quality-associated genes (BAX, Bcl-2, CDX2, and NANOG) [73].
These findings emphasize the importance of donor animal health screening, particularly in
extensive Peruvian systems where reproductive disorders are likely underdiagnosed.

Overall, the available evidence indicates that advanced reproductive biotechnologies
are technically feasible in locally adapted goat breeds under semi-arid conditions. However,
their implementation in extensive systems is constrained by significant adoption barriers,
including limited infrastructure, restricted access to specialized equipment and trained
personnel, and challenges in maintaining standardized protocols under field conditions.
These factors help explain the gap between results obtained in controlled environments
and the practical feasibility of these technologies in Peruvian smallholder systems. Rather
than representing a definitive barrier, this situation highlights the need for a sequenced
implementation pathway, involving the consolidation of basic reproductive programs,
the strengthening of laboratory capacity through interinstitutional collaboration, and the
progressive incorporation of advanced techniques.

6. Where Genomics Meets Reproduction
The integration of genomic tools and reproductive biotechnologies represents a strate-

gic pathway for accelerating genetic improvement in Peruvian Creole goats. However, this
integration remains largely theoretical in the national context, as no program combining
genomic selection with assisted reproduction has been clearly reported in Peruvian goat
systems [74]. Translating this potential into practice requires not only technological capacity
but also the prioritization of functional traits that directly reflect the production constraints
described in previous sections. Two trait complexes emerge as particularly strategic: re-
sistance to gastrointestinal parasites, due to their documented impact on productivity
across Peruvian ecosystems [34], and adaptation to heat stress and drought, reflecting the
climatic conditions that define the northern dry forest where the majority of the national
goat population is concentrated [26,30].

Gastrointestinal helminth resistance is one of the most urgent functional targets for
genomic selection in Peruvian extensive systems. Helminth prevalence exceeding 59%
has been associated with anemia and poor body condition [34], and evidence of potential
anthelmintic resistance [42] suggests that pharmacological control alone may not provide
a fully sustainable long-term solution. Traits related to parasite resistance and tolerance
exhibit low-to-moderate heritability, meaning that phenotype-based selection under natural
mating, currently the dominant practice in Peruvian systems, results in slow and often
inconsistent genetic progress [42]. Genomic selection addresses this limitation by increasing
the accuracy of estimated breeding values even for low-heritability traits, enabling the
identification of genetically superior animals before the trait is fully expressed phenotyp-
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ically. Combined with FTAI programs already being implemented in the northern dry
forest [68], this strategy can accelerate the dissemination of favorable genotypes across the
population. Evidence from tropical goat systems indicates that genomic selection combined
with artificial insemination increases annual genetic gain compared to conventional natural
mating schemes, primarily through higher selection intensity and accuracy [75]. While
this evidence focuses on productive traits, the underlying principle may be transferable
to health resilience traits, provided that adequate phenotypic recording systems, such as
FAMACHA scoring, fecal egg counts, and body condition monitoring, are established as
the phenotypic foundation for genomic evaluation.

Heat tolerance and drought resilience represent a second strategic trait complex that
has received limited attention in the Peruvian genomic literature despite being ecologically
central to the production environment. Peruvian dry forest systems are characterized by
prolonged dry seasons, irregular rainfall, and temperatures that routinely stress animal
physiology [27,28,30]. However, genomic variants associated with thermotolerance or
water-use efficiency in Peruvian Creole goats remain unreported in the literature. Interna-
tional evidence points to specific candidate regions. In Brazilian semi-arid goats, natural
selection has favored variants in genes linked to water balance regulation (SLC5A2, UTSB2)
and osmotic control, with adaptive divergence detectable at a global FST of 0.16 [54]. Given
the environmental parallels between Peruvian dry forest systems and the Brazilian semi-
arid, these genomic regions represent plausible candidate loci for investigation in Peruvian
populations. This hypothesis can be tested using the SNP data already generated by Corre-
dor et al. [52,53] through targeted selection signature analyses. If confirmed, reproductive
biotechnologies could be used to preferentially disseminate genotypes carrying adaptive
variants, combining conservation of local adaptation with directed genetic improvement.

However, realizing this integrated vision depends on addressing a critical prerequisite:
the limited availability of systematic phenotypic data at a national scale. Genomic selection
requires not only genotypic information but also large reference populations supported by
consistent phenotypic records, a data infrastructure that is currently underdeveloped in Pe-
ruvian goat systems [76]. The lack of phenotypic recording systems and data management
capacity is a major constraint for the application of genomic tools in livestock breeding
programs in developing countries [77]. Addressing this limitation will require coordinated
phenotyping initiatives across production regions, standardized recording protocols, and
sustained collaboration between INIA, universities, and producer organizations.

A sequenced approach is required: establishing phenotypic recording systems first,
building genomic reference populations second, and implementing integrated selection and
dissemination programs third, recognizing that the value of reproductive biotechnologies
in this context depends on the quality of the genomic and phenotypic data that guide them.

7. Challenges for Implementation in Developing Countries
The barriers to implementing genomic and reproductive improvement programs in

goat systems in developing countries are predominantly structural rather than biologi-
cal [78]. However, their specific configuration in Peru reflects a combination of factors
that distinguish it from other regional contexts and must be understood before effective
implementation strategies can be designed.

The most fundamental barrier is the limited availability of systematic phenotypic
recording at a national scale. Without longitudinal data on productivity, health, and repro-
ductive performance linked to individual animals, the application of both conventional
and genomic selection becomes severely constrained [68,76]. This limitation is not unique
to Peru; similar constraints have been documented across goat systems in Africa, Asia, and
Latin America [78]. However, the Peruvian context is particularly challenging because het-
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erogeneity among production systems is substantial. Extensive traditional systems in Piura
operate under entirely different technical and economic conditions than semi-intensive
systems in the coastal valleys of Lima [25,32], making the design of a single standardized
recording protocol difficult. Strategies that have shown promise in comparable contexts
include community-based recording schemes, mobile data collection platforms, and the
concentration of phenotyping efforts in genetic nucleus herds before scaling to the broader
population [68].

A second structural barrier is the economic inaccessibility of genomic and advanced
reproductive technologies for smallholder producers. SNP genotyping with commercial
arrays remains economically inaccessible for individual producers managing small herds
under subsistence conditions [68,78]. Similarly, laparoscopic artificial insemination requires
specialized equipment, trained personnel, and cold chain infrastructure that are not avail-
able at scale in remote regions of Piura or Ayacucho [67,68]. However, these constraints
do not preclude adoption but define the scale and structure at which implementation is
economically feasible. Rather than individual adoption, a more realistic model involves
centralized genomic evaluation and reproductive services implemented through insti-
tutional genetic nucleus herds, with costs distributed across producers via cooperative
schemes, public subsidies, or producer associations. Under this framework, smallholders
benefit indirectly through access to improved genetics (e.g., semen distribution or selected
breeding males) without bearing the full cost of genotyping or advanced technologies.

The INIA PROCAP project illustrates this approach as a national case study. It has es-
tablished sanitary authorization for goat semen production, initiated artificial insemination
programs, and applied embryo transfer in specialized dairy breeds [79–81]. These results
demonstrate that institutional-scale implementation is feasible, while also revealing the
persistent gap between institutional capacity and smallholder-level adoption [23]. However,
these reproductive advances have not yet been linked to genomic selection frameworks,
as the phenotypic and genotypic reference infrastructure required to direct dissemination
toward genetically superior animals remains underdeveloped [68,76].

Infrastructure gaps compound these economic barriers in ways specific to the Peru-
vian context. Reliable electricity, cold chain logistics, and veterinary services, which are
prerequisites for reproductive biotechnologies, are intermittently available or absent in dry
forest regions where the majority of the national goat population is concentrated. These
limitations extend beyond resource constraints and reflect the limited alignment between
the institutional research system and the production realities of smallholder goat farmers.
Technology transfer initiatives, such as the International Goat Convention held in Ayacucho
in 2025 [23], have begun to address this gap, although important challenges remain.

Finally, the human capital gap, due to the limited availability of personnel trained in
genomics, bioinformatics, reproductive biotechnology, and animal breeding, represents
a critical medium-term constraint that investment in equipment alone cannot solve. Ad-
dressing this limitation requires sustained interinstitutional collaboration between INIA,
universities, and international research centers, combined with training programs ori-
ented toward the technical profiles needed to support genomic selection in low-input
systems. Without such efforts, capacity development is likely to remain limited in scope
and continuity over time.

8. Future Perspectives
Harnessing the adaptive potential of Peruvian Creole goats will require the progressive

and sequenced integration of phenotyping, genomics, and reproductive biotechnologies.
Their simultaneous adoption is not feasible under current structural conditions [15,76]. A
realistic roadmap should distinguish between what is immediately actionable, what re-
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quires medium-term capacity building, and what remains a long-term horizon, depending
on infrastructure and institutional development.

In the near term, the most critical and feasible investment is the establishment of sys-
tematic phenotyping programs at a national scale. Standardized recording of productive,
reproductive, and health traits, including body weight, fecal egg counts, FAMACHA scores,
and reproductive outcomes, in genotyped nucleus herds would generate the reference
population data required for effective genomic selection [68,76]. Low-cost digital recording
tools and community-based schemes represent a viable entry point, as demonstrated in
other developing country livestock systems [68]. Consolidating the basic reproductive pro-
grams already initiated by INIA PROCAP, particularly FTAI and semen cryopreservation,
in an expanding network of producer herds would create the dissemination infrastructure
needed to translate future genetic gains into production impact [23,79–81].

In the medium term, precision livestock farming (PLF) technologies offer substantial
potential for generating the continuous longitudinal phenotypes required for modern
genetic evaluations targeting traits such as climate resilience, parasite resistance, and
forage-use efficiency [82,83]. Electronic identification, automated weighing platforms, and
behavioral monitoring systems represent the most accessible options, given their relatively
lower cost and simpler implementation compared to wearable sensors, GPS systems, or
drone-based monitoring. However, their deployment in extensive systems in Peru faces
real constraints. Intermittent connectivity, lack of maintenance infrastructure, and the
economic capacity of smallholder producers must be considered in technology selection.
While entry-level tools such as electronic identification remain relatively accessible, wear-
able sensors and drone-based monitoring involve substantially higher implementation and
maintenance costs, limiting their practical adoption in smallholder systems, as acknowl-
edged in the PLF literature [82,83]. A pragmatic approach would prioritize PLF tools in
institutional research stations and genetic nucleus herds, generating validated protocols
before attempting broader field implementation. The progressive reduction in sensor costs
and the expansion of mobile connectivity in rural Peru indicate that wider adoption may
become feasible, although it remains limited for most smallholder producers.

In the longer term, the consolidation of phenotypic and genomic databases will
depend on strengthening international cooperation networks to facilitate technology trans-
fer, methodological standardization, and access to genotyping and bioinformatics plat-
forms [76,84,85]. Participation in regional genomic reference populations, pooling SNP
data across Creole goat populations in Peru, Ecuador, Brazil, and other Latin American
countries, could substantially increase the accuracy of genomic predictions beyond what
national datasets alone can achieve [76,77]. Similarly, the progressive adoption of advanced
reproductive biotechnologies, including in vitro embryo production, laparoscopic follicular
aspiration, and modern embryo transfer protocols, can reduce the generation interval, mul-
tiply superior animals, and conserve local genetic resources [86,87]. Their integration with
genomic selection represents a strategic long-term pathway, provided that the foundational
steps of phenotyping and basic reproductive program consolidation are achieved first.

Finally, several knowledge gaps should be prioritized to advance this agenda. To date,
genome-wide association studies (GWAS) and selection sweep analyses remain limited or
have not been clearly reported in Peruvian Creole goats. Similarly, the ruminal microbiome
of Peruvian Creole goats remains largely unexplored, representing a key gap in understand-
ing microbial contributions to adaptation and feed utilization. Genomic variants associated
with heat tolerance or drought resilience remain uncharacterized in Peruvian populations,
despite the ecological relevance of these traits. Advanced reproductive biotechnologies,
including in vitro embryo production (IVP), embryo transfer, and cryopreservation, remain
scarcely documented in the Peruvian context. Likewise, integrative multi-omics approaches
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linking genomic variation with phenotypic adaptation under extensive conditions remain
limited. Addressing these gaps through coordinated research efforts that integrate biolog-
ical data generation with institutional capacity building will be essential for advancing
goat research in Peru over the next decade. A conceptual framework summarizing these
relationships and the proposed implementation pathway is presented in Figure 2.

Figure 2. Conceptual framework linking production challenges, genomic tools, reproductive biotech-
nologies, and expected outcomes in Peruvian Creole goat systems. The framework illustrates how
environmental and structural constraints can be addressed through the progressive integration of
genomic and reproductive approaches, supporting productivity, resilience, and conservation in
low-input extensive systems. Reference [80] corresponds to the INIA sanitary authorization for
goat semen production (2025). Abbreviations: AI, artificial insemination; FTAI, fixed-time artificial
insemination; IVP, in vitro embryo production; ET, embryo transfer.

9. Conclusions
Goat production in Peru is sustained by Creole populations with a notable capacity to

thrive under environmental, nutritional, and technological constraints, yet their potential
as a strategic genetic resource remains largely untapped. The central challenge is not
biological but institutional: genomic diversity has been characterized but not functionally
interpreted; phenotypic variability has been described but not connected to its genetic basis;
and reproductive biotechnologies have been demonstrated at an institutional scale but not
translated to smallholder systems. Resolving this requires a sequenced approach, with
phenotypic recording first, functional genomic characterization second, and the integration
of reproductive biotechnologies with selection programs third. For national agricultural
agencies, investment in data generation infrastructure will deliver more durable returns
than premature adoption of advanced technologies in a data-poor context. The adaptive
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potential of Peruvian Creole goats is real and well-documented; making it actionable will
define the next decade of research and development.
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