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Abstract

Background/Objectives: Gastrointestinal nematode infections represent a major constraint
to sheep production globally, with widespread drug resistance requiring alternative control
strategies. Methods: This systematic review combined genome-wide association study
findings to understand the genetic basis underlying parasite resistance traits in sheep.
Following PRISMA guidelines, we identified 22 studies including 28,033 samples from
32 breeds across 11 countries, extracting 1580 candidate genes associated with resistance
traits, including fecal egg count, packed cell volume, and immunoglobulin levels. Gene
prioritization analysis using ToppGene identified 75 high-confidence candidate genes. Re-
sults: Functional enrichment analysis revealed significant involvement of the JAK-STAT
signaling pathway, inflammatory response processes, and immune-related biological func-
tions. Protein–protein interaction network analysis identified nine key hub genes: TNF,
STAT3, STAT5A, PDGFB, ADRB2, MAPT, ITGB3, SMO, and GH1. The JAK-STAT pathway
emerged as particularly important, with multiple core genes involved in cytokine signal-
ing and immune cell development. These findings demonstrate that parasite resistance
involves complex interactions between inflammatory responses, immune signaling net-
works, and metabolic processes. Conclusions: This comprehensive genetic framework
provides essential insights for developing genomic selection strategies and marker-assisted
breeding programs to enhance natural parasite resistance in sheep, offering a sustainable
approach to reducing drug dependence and improving animal welfare in global sheep
production systems.

Keywords: sheep; gastrointestinal nematodes; parasite resistance; genome-wide association
study; GWAS; livestock breeding; candidate gene; genetic markers
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1. Introduction
Sheep serve as important livestock animals in global agricultural economies, playing

a central role by providing meat, milk, wool and other products for human use. However,
gastrointestinal nematode (GIN) infections have become one of the most significant factors
limiting the sustainable development of the global sheep industry [1–3]. These parasites
primarily inhabit the small intestine and abomasum of sheep, causing symptoms including
reduced appetite, weight loss, diarrhea, hypoproteinemia, and anemia. In severe cases,
these infections can lead to death, resulting in substantial economic losses for the livestock
industry [4,5].

Traditional GIN control strategies have mainly relied on anthelmintic drug treatments.
However, prolonged, frequent, and improper use of anthelmintic drugs has led to rapid
development and widespread distribution of parasite drug resistance, a problem that has
become increasingly serious worldwide [6,7]. Research shows that many sheep farms in
several Southern Hemisphere countries now face multiple drug resistance issues, seriously
threatening the effectiveness of traditional pharmaceutical control methods [8]. The spread
of anthelmintic resistance not only reduces treatment effectiveness but also creates potential
risks to food safety and the environment, making strategies that rely solely on chemical
control unsustainable [9].

Given this situation, developing sustainable and environmentally friendly alternative
GIN control strategies has become increasingly urgent. Among these approaches, breeding
sheep with enhanced parasite resistance through genetic selection is considered one of the
most promising solutions [10,11]. This method can reduce dependence on anthelmintic
drugs, decrease the selection pressure for resistance development, and provide long-term,
sustainable benefits for livestock production [12,13].

Sheep show significant breed-to-breed and individual-to-individual genetic variation
in resistance and tolerance to GIN infections, providing a genetic foundation for improving
resistance through selective breeding [14,15]. For example, indigenous breeds such as
Djallonké sheep from Africa, Red Maasai sheep, and Barbados Black Belly sheep from the
Caribbean region demonstrate stronger natural parasite resistance compared to European
improved breeds [16]. Recent meta-analyses indicate that parasite resistance is a moderately
heritable complex quantitative trait, with heritability estimates for FEC ranging from 0.01
to 0.65 across different sheep breeds globally, suggesting good selection potential for this
trait [17].

Currently, assessment of parasite resistance traits in sheep relies mainly on phenotypic
indicators including fecal egg count (FEC), packed cell volume (PCV), FAMACHA© eyelid
scoring, and immunoglobulin A (IgA) levels [18,19]. However, these phenotypic measure-
ments are typically time-consuming, expensive, and labor-intensive, and are easily affected
by environmental factors, animal physiological status, measurement timing, and other
variables. These limitations significantly restrict the application of traditional breeding
methods in large-scale commercial production.

The rapid development of genomic technologies, particularly the emergence of
genome-wide association studies (GWASs), has provided new opportunities for reveal-
ing the genetic architecture of complex traits [20,21]. GWASs can systematically scan
entire genomes to identify single nucleotide polymorphisms (SNPs) and genomic regions
significantly associated with target traits, and can further annotate functional candidate
genes [22,23]. In recent years, multiple GWASs based on different sheep breeds have
identified numerous candidate genes related to parasite resistance traits, which are mainly
involved in biological processes such as immune response, inflammatory response, and
cytokine signal transduction [24,25]. Case–control GWASs based on estimated breeding
values show that genomic data can effectively distinguish animals with the highest and
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lowest genetic resistance to gastrointestinal nematode infections [26]. Recent research
indicates that incorporating genomic data into genetic prediction models can significantly
improve breeding value prediction accuracy, providing strong support for the application
of genomic selection in sheep parasite resistance breeding [27]. Additionally, studies have
found that traditionally managed indigenous sheep have evolved various strategies to
enhance GIN resistance through long-term natural selection processes [28].

Although individual GWASs have provided valuable information for understanding
the genetic basis of parasite resistance traits in sheep, differences between studies in breeds,
environmental conditions, sample sizes, and analytical methods have resulted in some
heterogeneity and inconsistency in results. Moreover, many candidate genes identified in
studies lack functional validation, and their specific roles in parasite resistance mechanisms
remain unclear. Therefore, there is an urgent need to integrate existing research results
through systematic reviews and meta-analyses to identify the most reliable candidate genes
and prioritize and functionally annotate them.

This study aims to conduct a systematic literature review and gene priority analysis to
comprehensively examine progress in GWAS-based sheep parasite resistance candidate
gene research, integrate genetic discoveries from different studies, identify high-confidence
functional candidate genes, and explore the related biological pathways and molecular
mechanisms in detail. The results will provide important insights for understanding the
genetic architecture of sheep parasite resistance traits, offer scientific evidence for genomic
selection breeding and molecular marker-assisted selection, and ultimately promote the
development of parasite-resistant sheep breeds and sustainable livestock production.

2. Materials and Methods
2.1. Systematic Review Search Strategy

This systematic review followed a pre-specified research protocol and the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [29], as
shown in Figure 1. Online databases and conference proceedings were searched to identify
the relevant literature. The online databases searched included NCBI-PubMed and Web of
Science from database inception to 20 August 2025, with papers written in English only.

The search terms used for the NCBI-PubMed database were “((sheep[MeSH Terms]
OR ovine[Title/Abstract] OR lamb[Title/Abstract] OR “Ovis aries”[Title/Abstract]) AND
(resistance[Title/Abstract] OR resistant[Title/Abstract] OR susceptibility[Title/Abstract]
OR susceptible[Title/Abstract] OR tolerance[Title/Abstract] OR tolerant[Title/Abstract])
OR (nematode*[Title/Abstract] OR parasite*[Title/Abstract] OR helminth*[Title/Abstract]
OR worm*[Title/Abstract] OR roundworm*[Title/Abstract] OR “gastrointestinal para-
site*”[Title/Abstract] OR “intestinal parasite*”[Title/Abstract] OR Haemonchus[Title/
Abstract] OR Teladorsagia[Title/Abstract] OR Trichostrongylus[Title/Abstract] OR Coope-
ria[Title/Abstract]) AND (“genome-wide association study”[MeSH Terms] OR “genome-
wide association stud*”[Title/Abstract] OR GWAS[Title/Abstract] OR “genetic associa-
tion*”[Title/Abstract] OR “association mapping”[Title/Abstract] OR “quantitative trait
loc*”[Title/Abstract] OR QTL[Title/Abstract] OR “single nucleotide polymorphism*”[Title/
Abstract] OR SNP[Title/Abstract] OR “genomic selection”[Title/Abstract])) AND (“01
January 1900”[Date-Publication]: “20 August 2025”[Date-Publication])”. This yielded
2386 initial records.
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Figure 1. Flowchart of the literature search strategy and study selection.

The search terms for Web of Science were “TS = ((sheep OR ovine OR lamb OR “Ovis
aries”) AND (resistance OR resistant OR susceptibility OR susceptible OR tolerance OR
tolerant) AND (nematode* OR parasite* OR helminth* OR worm* OR roundworm* OR
“gastrointestinal parasite*” OR “intestinal parasite*” OR Haemonchus OR Teladorsagia OR
Trichostrongylus OR Cooperia) AND (“genome-wide association stud*” OR GWAS OR
“genetic association*” OR “association mapping” OR “quantitative trait loc*” OR QTL OR
“single nucleotide polymorphism*” OR SNP OR “genomic selection”))”, with a publication
date between 1 January 1900 and 20 August 2025. This yielded 221 initial records.

2.2. Literature Inclusion and Selection Process

Each abstract was independently screened by Zhang Zhirou and Chao Tianle. Abstract
selection was based on the following criteria: (1) original research article; (2) focus species:
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sheep; and (3) mention of GWAS-identified mutation sites such as SNPs, indels, copy
number variations and haplotypes, or candidate genes. During full-text review, articles
were excluded if (1) GWAS technology was not used for analysis; or (2) defined phenotypes
did not include gastrointestinal nematode resistance-related traits. Any disagreements
between the two reviewers (Zhang Zhirou and Chao Tianle) regarding abstract or full-text
inclusion were resolved through discussion and consensus. Further screening of included
articles was conducted to search for relevant references, with citation checking performed.
For each included full-text study, Microsoft Excel was used to organize the following
data; data extraction from eligible full-text articles was performed independently by two
reviewers (Zhang Zhirou and Chao Tianle). The extraction form captured the author,
year, study design, breed(s), sample size, geographic location, phenotype, platform used,
SNP density, QC parameters, population structure control, multiple testing correction,
significant SNPs/windows, chromosomal locations, and p-values. Each included study
was independently extracted by both reviewers, with extractors blinded to each other’s
results during the initial phase. Extraction results were compared and disagreements
were discussed between the two extractors; persistent disagreements were resolved by
consultation with a third reviewer (Liu Gang).

The quality assessment for included GWAS research was performed as in Table 1.
Studies with a total score of 10 or higher were classified as high-quality criteria, 7–9 were
classified as middle-quality criteria, and 0–6 were classified as low-quality criteria.

Table 1. Incorporated quality assessment and bias risk evaluation scoring criteria for the literature.

Evaluation
Indicators 0 Points 1 Points 2 Points 3 Points

Population Structure
Control

No population
stratification

Either PCA or genomic
control applied

Principal component
analysis + genomic

control
-

Sample Size
Adequacy <200 animals 200–500 animals >500 animals -

Phenotype Definition
and Measurement

Poorly defined or
non-standardized

phenotypes

Standardized
phenotyping protocols - -

Genotyping Platform
and Coverage <20 K SNPs 20–50 K SNPs

50 K SNPs or
whole-genome

sequencing
-

Quality Control
Procedures

Minimal or unclear
QC procedures Basic QC applied

Comprehensive QC
with MAF, HWE, call
rate, sample filtering

-

Multiple Testing
Correction

No multiple testing
correction

Bonferroni or FDR
correction applied - -

Replication and
Validation In single breeds In multiple breeds - -

Reference Genome Version information
unclear

Cannot be used for lift
over conversion

Can be used for lift
over conversion -

Data Reproducibility Limited availability

Difficult to re-annotate
locus information or

only genomic regions
available

Partial locus and
candidate genes

extractable

Detailed and
extractable locus

and candidate
gene information

2.3. Reannotation of Mutation Sites and Extraction of Candidate Genes

For studies that provided specific information on mutation sites, we defined gene-
centered windows as gene coordinates ± 100 kb, and used the RGD (Ruminant Genome
Database) LiftOver tool to standardize all genomic coordinates to the sheep reference
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genome ARS-UI_Ramb_v2.0 [30]. The extraction of candidate genes used Ensembl biomart
with reference genome version v114 Ramb_v2.0. Among them, candidate genes derived
from high-quality criteria studies are classified as highly reliable, while candidate genes
from middle-quality criteria studies are classified as moderately reliable. For studies that
did not provide specific locus information but provided genomic window information,
we directly converted the genomic window regions using the RGD (Ruminant Genome
Database) LiftOver tool and extracted candidate genes, but all candidate genes obtained in
this way were identified as moderately reliable. For studies where information about loci
or gene windows cannot be extracted, the reported candidate genes are directly adopted as
low reliable.

2.4. Gene Prioritization Analysis

The Sheep QTLdb database [31] was searched using the following terms sequen-
tially: “Parasite resistance”, “Nematode egg count”, “Fecal egg count”, “Worm burden”,
“Haemonchus resistance”, “Worm count” and “fecal oocyst count”. The genes retrieved
from this search were compiled as “trained genes”. Candidate genes from the literature
included in this study were compiled and deduplicated to serve as “test genes”.

Gene prioritization analysis was performed using the online analysis tool Topp-
Gene [32] by inputting “trained genes” and “test genes” with default parameters. Before
analysis, genes in “test genes” that overlapped with “trained genes” were removed. Mul-
tivariate analyses were performed using functional information shared between test and
trained gene sets derived from various sources, including GO for molecular function (MF),
GO for biological process (BP), and GO for cellular component (CC); human and mouse
phenotypes; pathways; PubMed publications; and diseases. The FDR was calculated based
on the overall p-values obtained from the analysis [33], and candidate genes were filtered
using FDR ≤ 0.05 as the threshold.

2.5. Gene Functional Enrichment Analysis

g: Profiler (Version updated in 16 June 2025) [34] was used to perform GO terms and
KEGG pathway enrichment analyses, with an FDR < 0.05 as the threshold.

3. Results
3.1. Systematic Review

This review evaluated 2459 studies, with 2340 excluded through title screening and
an additional 83 excluded through abstract review. Among the remaining 36 studies, 2
were excluded as reviews, 5 were excluded because the parasite resistance studied targeted
coccidia, tapeworms, ticks, and other parasites, and 7 were excluded for not using GWAS
strategies. A total of 22 studies met the inclusion criteria (Table S1). The PRISMA flow
diagram details the step-by-step inclusion and exclusion process, as shown in Figure 1.
Study data originated from 11 countries, with Brazil contributing the most studies (6,
27.3%), followed by the United States (4, 18.2%). Experimental animal samples came from
33 breeds/populations, with a total of 28,033 samples included.

Among the 22 included studies (Table S1), 20 used SNP chip platforms exclusively
for genotyping, 1 study used a combined imputation strategy involving 50 K chips, 600 K
chips, and whole-genome sequencing, and 1 study used targeted sequencing. Twenty-
two studies performed association analysis between SNPs and gastrointestinal nematode
resistance phenotypes, with 20 of these specifying call rate thresholds and MAF thresholds,
13 specifying multiple correction methods, and 12 specifying Hardy–Weinberg thresholds.
Only one study used CNVs as association markers. During the annotation process of
marker loci, gene windows, and candidate genes, nine studies used Oar v3.1 as the reference
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genome, five studies used Oar v4.0, two studies used Ramb v2.0, one used Ramb v1.0, and
one study each used Oar v1.0, Oar v2.0 and HuRef assembly v1.0, respectively, while three
studies did not specify reference genome versions. We extracted candidate genes related to
gastrointestinal nematode resistance phenotypes, including the FEC, WEC, FAMACHA,
PCV, TPP, IgA, LW, Haemonchus contortus resistance ranking score, and FEC-EBV, based
on the significant markers and genomic window regions reported in the included studies,
and used them for subsequent analysis.

Quality assessment revealed substantial heterogeneity in methodological rigor
across included studies. A total of 11 studies met high-quality criteria, while other
11 studies met middle-quality criteria, which could have significant methodological
limitations (Tables S1 and 2).

Table 2. Source of data, sample size, country and breed for 23 studies used for this analysis.

Source Study Sample Size Country Breed

Arzik, Y. et al., 2022 [35] 475 Turkey Akkaraman
Niciura, S.C.M. et al., 2022 [36] 44 Brazil Morada Nova

Thorne, J.W. et al., 2023 [37] 329 United States Rambouillet, Dorper, White
Dorper

Becker, G.M. et al., 2022 [38] 583 United States Katahdin
Berton, M.P. et al., 2022 [39] 576 Brazil Santa Inês

Carracelas, B. et al., 2022 [40] 375 Uruguay Corriedale
Estrada-Reyes, Z.M. et al., 2022 [41] 261 United States Florida Native

Ahbara, A.M. et al., 2021 [28] 92 Tunisia Tunisian indigenous sheep
Vera, B. et al., 2024 [42] 1697 Uruguay Australian Merino

Al Kalaldeh, M. et al., 2019 [43] 7539 Australia
Merino, Poll Dorset, Suffolk,
White Suffolk, White Dorper,
Border Leicester, and crossed

Yaman, Y. et al., 2024 [44] 48 Brazil Morada Nova sheep

Pickering, N.K. et al., 2015 [45] 8705 New Zealand
Romney, Coopworth,

Perendale, Texel, CompRCP,
CompRCPT, CompCRP

Stafuzza, N.B. et al., 2023 [46] 589 Brazil Santa Ines
Atlija, M. et al., 2016 [47] 518 Spain Spanish Churra

Al Kalaldeh, M. et al., 2019 [48] 1881 Australia
Merino, Poll Dorset, Border
Leicester, White Suffolk, and

other
Persichilli, C. et al., 2025 [26] 120 Italy Comisana, Massese
Costa, K.A. et al., 2025 [49] 638 Brazil Santa Ines

Pacheco, A. et al., 2024 [50] 1766 United Kingdom
(Scotland) Scottish Blackface

Benavides, M.V. et al., 2015 [51] 371 Kenya Red Maasai × Dorper double
backcross group

Estrada-Reyes, Z.M. et al., 2019 [52] 100 United States Florida Native
Riggio, V. et al., 2013 [25] 752 United Kingdom Scottish Blackface

Berton, M.P. et al., 2017 [53] 574 Brazil Santa Inês

3.2. Variant Annotation and Candidate Gene Extraction

In the 11 high-quality criteria studies, a total of 10 provided detailed site information
available for extraction, and 3 studies provided genomic window information. A total of
144 SNP sites (Table S2) and 40 genomic windows (Table S3) were successfully extracted
and converted according to Ramb v2.0. In the 11 middle-quality criteria studies, 3 stud-
ies provided detailed site information available for extraction, 4 provided gene window
information, and 5 studies did not provide extractable site or gene window information.
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A total of 1580 non-redundant genes were successfully extracted, among which 486
were high-confidence candidate genes, 1118 were middle-confidence candidate genes, and
24 were overlapping between high-confidence and medium-confidence genes (Table S4).
Among all 486 high-confidence genes related to the three types of traits, only 1 gene (U6)
overlaps between the candidate genes for parasitological traits and immunological traits;
no other candidate genes intersect between different traits (Table S4).

Among the 85 high-confidence candidate genes and the 530 middle-confidence can-
didate genes for immunological traits, only the two genes TRPC4 and U6 are repeated.
Among the 385 high-confidence candidate genes and the 349 middle-confidence candi-
date genes for parasitological traits, only 6 genes (ADGRB3, NUP88, RABEP1, RPAIN,
U6, ENSOARG00020035905) are repeated. No overlapping genes were found between
physiological traits.

3.3. Gene Prioritization Analysis Results

After extraction and deduplication, a total of 1580 candidate genes related to sheep gas-
trointestinal nematode resistance were obtained from the included literature. We searched
and downloaded 41 annotated genes from QTL regions related to sheep gastrointestinal
nematode resistance from the Sheep QTLdb database (Table S5), which served as “trained
genes” for the reference training set in ToppGene gene prioritization analysis. After remov-
ing duplicates between the 1580 candidate genes obtained in this study and the trained
genes, 1562 genes remained as “test genes” for ToppGene gene prioritization analysis. FDR
values were calculated based on ToppGene’s overall p-values, and the top 75 genes with
highest priority were selected using FDR ≤ 0.05 for subsequent analysis (Table S6). Among
the 75 high-priority genes, 18 are derived from highly credible candidate genes, 57 are from
moderately credible candidate genes, 40 genes are from parasitological trait-related genes,
11 genes are from physiological trait-related genes, and 26 genes are from physiological
trait-related genes. Among all high-priority genes, only 9 genes have an FDR < 0.05 (TNF,
STAT3, STAT5A, PDGFB, ADRB2, MAPT, ITGB3, SMO, GH1) and therefore are identified
as core genes.

Based on our candidate genes’ confidence levels and trait types, we performed sensi-
tivity analyses between different gene clusters. The results of analysis of high-confidence
genes only show that the top 18 genes perfectly overlap with the high-priority genes. The
analysis results of middle-confidence genes only show that the top 47 genes perfectly over-
lap with the high-priority genes, and all 57 initially determined high-priority genes are still
within the top 73 rankings. The analysis results of parasitological genes only show that the
top 33 genes perfectly overlap with the high-priority genes, and all 40 initially determined
high-priority genes are still within the top 48 rankings. The analysis results of physiological
genes only show that the top 23 genes perfectly overlap with the high-priority genes, and
all 27 initially determined high-priority genes are still within the top 52 rankings. The
analysis results of immunological genes only show that the top 7 genes perfectly overlap
with the high-priority genes, and all 11 initially determined high-priority genes are still
within the top 16 rankings.

3.4. Functional Enrichment Analysis and Gene Network Analysis

The 75 high-priority candidate genes were significantly enriched in 13 GO BP terms, 1
GO CC term and 9 GO MF terms (Table S7). GO BP terms were mainly related to response
to stimulus, while signaling GO CC terms were mainly enriched in cytoskeleton. GO MF
terms were mainly enriched in protein kinase activity and acetyl-CoA carboxylase activity.
KEGG pathway analysis showed significant enrichment in 26 pathways (Table S7), with
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the top 5 most enriched pathways being the JAK-STAT signaling pathway, pathways in
cancer, inflammatory bowel disease, Th17 cell differentiation, and Hepatitis B.

4. Discussion
4.1. Main Findings and Significance of the Systematic Review

Through systematic review of 22 GWASs, this research successfully identified and
integrated 1580 candidate genes related to gastrointestinal nematode resistance from large-
scale data encompassing 28,033 samples across 32 sheep breeds/populations worldwide.
Gene prioritization analysis enabled us to screen 75 high-confidence candidate genes and
identify 9 key core genes (TNF, STAT3, STAT5A, PDGFB, ADRB2, MAPT, ITGB3, SMO,
GH1). These findings provide important scientific evidence for understanding the genetic
architecture of parasite resistance traits in sheep.

The included studies showed a broad geographic distribution, covering 11 coun-
tries, with more studies from Brazil (27.3%) and the United States (18.2%), reflecting the
widespread nature of sheep parasite infections across different geographic environments
and climate conditions. The high breed diversity involved, including adaptive indigenous
breeds (such as Red Maasai, Santa Inês, Morada Nova) and improved commercial breeds
(such as Merino, Romney), provides rich material for understanding genetic differences
between breeds [43,51].

Our systematic review covered 32 different sheep breeds/populations, providing
valuable opportunities to compare the genetic architecture of parasite resistance between
different breeds. Research shows significant genetic differences between breeds, particularly
between indigenous and improved breeds [51,54,55]. For example, traditionally managed
indigenous sheep have evolved various strategies to enhance GIN resistance through long-
term natural selection processes. Whole-genome studies of Tunisian indigenous sheep
revealed multiple genomic regions associated with parasite resistance that are often not
significant in improved breeds [28]. This suggests that breeding practices should make full
use of beneficial genetic resources from indigenous breeds.

From our included studies, we can see that GWAS technology application in sheep
gastrointestinal nematode resistance research continues to develop and improve. Cur-
rently, related research mainly still uses 50 K SNP chips, with recent studies beginning
to apply 600 K high-density chips and even imputation strategies using whole-genome
sequencing data [28,38,48,50]. Particularly noteworthy is that copy number variations
(CNVs), as an important class of structural variations, are beginning to receive attention
for their role in parasite resistance. Estrada-Reyes et al. (2022) first applied CNV analysis
in sheep parasite resistance GWAS research, discovering 14 CNV regions related to resis-
tance [41]. This provides a new perspective for understanding the genetic mechanisms of
parasite resistance.

4.2. Mechanistic Interpretation of Core Resistance Genes and Pathways

TNF represents a critical inflammatory mediator in sheep nematode resistance.
Estrada-Reyes et al. identified TNF pathway components among significantly associ-
ated loci in Florida Native sheep resistant to Haemonchus contortus, suggesting direct
involvement in resistance mechanisms [52]. In sheep, TNF coordinates early inflammatory
responses that facilitate immune cell recruitment to parasitized tissues and enhance antigen
presentation efficiency. This cytokine also regulates endothelial activation and vascular
permeability, enabling effective immune surveillance of gastrointestinal mucosa during
nematode infection.

Our functional enrichment analysis results show that the JAK-STAT signaling pathway
is one of the most important regulatory pathways in sheep anti-parasite immune responses.
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This pathway ranked in the top five in enrichment analysis, and several core genes identified
in network analysis are related to this pathway, including STAT3, STAT5, PDGFB and GH1.
The JAK-STAT pathway is a classic route for cytokine signal transduction, playing key roles
in both innate and adaptive immunity. STAT3, as the core transcription factor of the JAK-
STAT pathway, not only participates in inflammatory response regulation but also plays
important roles in immune cell differentiation and cytokine production [56]. Al Kalaldeh
et al. detected genomic regions containing STAT3 and related signaling components asso-
ciated with resistance to gastrointestinal nematodes in Australian sheep populations and
with STAT3 colocalization with immune-related CNV regions [43]. Polymorphisms within
the STAT3 gene are associated with FEC in Florida Native sheep [52]. STAT5A complements
STAT3 function in orchestrating protective immunity against gastrointestinal nematodes.
Carracelas et al. found that STAT5 pathway enrichment in genomic regions is associ-
ated with parasite resistance in Corriedale sheep [42]. STAT5A mediates IL-4 and IL-13
signaling, critical for eosinophil activation, mast cell degranulation, and tissue repair fol-
lowing parasite-induced damage. This protein also regulates memory T-cell development,
contributing to enhanced secondary responses upon reinfection. PDGFB is an important
member of the platelet-derived growth factor (PDGF) family. Currently, PDGFB is gener-
ally not considered a direct anti-parasitic molecule, but it plays an important supportive
role in maintaining host defense mechanisms and tissue integrity, and its expression and
function are indeed affected by parasitic infections. During malaria infection, extracellular
products of Plasmodium falciparum affect endothelial cell integrity, including abnormal
regulation of the PDGF-BB (PDGFB) signaling pathway [56]. Toxoplasma infection impairs
PDGF signaling in cardiomyocytes, with reduced detection signals for both PDGF-AA
and PDGF-AB/PDGF-BB in infected cells [57]. GH1 encodes growth hormones and is an
important gene regulating animal growth, development, and metabolism. Research shows
that there is a complex relationship between GH1 gene expression and parasite resistance
in sheep. In gene expression studies related to nematode resistance in ruminants, GH1 was
identified as one of the candidate genes [58]. Transgenic studies found that sheep carrying
growth hormone transgenes grow faster but have a heavier parasite burden [59]. Different
sheep breeds also show differences in polymorphisms of the GH1 gene [60].

Our GO enrichment analysis shows that response to stimulus is the most significantly
enriched biological process, which is highly consistent with host immune response mech-
anisms triggered by parasite infections, in which the core genes TNF, STAT3, STAT5A,
PDGFB, ADRB2 and SMO were included. The ADRB2 gene is an important member of
the G protein-coupled receptor superfamily. In genome-wide selection scans of sheep,
ADRB2 was identified as a gene associated with parasite resistance [61], and its involve-
ment in regulating β-adrenergic receptor signaling has been shown to suppress various
immune responses, including autoimmune diseases and infection models [62]. It was
also reported as a candidate gene in the anti-parasitic genome-wide association studies
included in this study [46]. SMO plays a key signal transduction role in the Hedgehog
signaling pathway [63], participating in the control of intestinal epithelial cell proliferation
and differentiation, as well as regulating barrier function and immune homeostasis [64,65].
This suggests that SMO-mediated hedgehog signaling may be an important mechanism for
maintaining intestinal resistance to parasite invasion. The SMO gene was identified as a
candidate gene associated with gastrointestinal nematode resistance traits in a single-step
genome-wide association study with weighted SNPs on Santa Ines sheep included in this
review [39].
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4.3. Research Prospects and Challenges

Based on our identified high-priority candidate genes, targeted molecular markers
can be developed for marker-assisted selection (MAS). SNP loci significantly associated
across multiple breeds and environments particularly have high application value [43,45].
Therefore, we recommend prioritizing development of functional markers related to core
genes discovered in this study (such as TNF, STAT3, STAT5A, etc.).

Our restriction to PubMed and Web of Science, while providing high-quality in-
dexed studies, may have missed relevant studies in agricultural databases (CAB Ab-
stracts, AGRICOLA) or regional publications. The English-only restriction likely under-
represented research from major sheep-producing regions where results might be pub-
lished in local languages. Future reviews should consider broader database coverage and
multilingual searches.

In actual breeding, it is necessary to balance relationships between parasite resistance
and other important economic traits (such as growth performance, reproductive perfor-
mance, wool production performance, etc.). Constructing multi-trait selection indices
including anti-parasite traits will help achieve comprehensive optimization of breeding
objectives [11]. Genomic selection provides better tools for simultaneous multi-trait im-
provement. By constructing multi-trait genomic-estimated breeding values (multi-trait
GEBVs), parasite resistance can be improved while minimizing negative impacts on other
important traits [66]. Personalized precision breeding strategies should be developed
for different breeds and environmental conditions. For indigenous breeds that already
have certain resistance foundations, the focus should be on utilizing their advantageous
genetic resources and further improving resistance levels through genomic selection [15,17].
For improved breeds with weaker resistance, resistance genes can be introduced through
crossbreeding and gene introgression.

It should be noted that most of our identified candidate genes still lack adequate
functional validation. Although bioinformatics-based functional predictions provide im-
portant clues, the specific roles of these genes in parasite resistance still require validation
through in vitro and in vivo experiments. Future research should focus on (1) validating the
functions of key candidate genes through gene knockout/knock-in experiments; (2) using
transcriptome sequencing technology to analyze dynamic changes in gene expression
during parasite infection; and (3) revealing the complete picture of molecular mechanisms
through proteomics and metabolomics studies.

Furthermore, parasite resistance, as a complex trait, is easily influenced by environmen-
tal factors, including climate conditions, nutrition levels, and management practices [67,68].
Genotype × environment interaction effects (G × E) may significantly affect the stability
and universality of GWAS results. Future research needs to validate candidate gene effects
under more diverse environmental conditions and explore how to use G × E interaction
information to improve breeding selection efficiency. Meanwhile, meta-analysis of multi-
environment trials will help identify core genes that are stably expressed under different
environmental conditions.

5. Conclusions
This study provides important insights for understanding the genetic architecture of

gastrointestinal nematode resistance in sheep through a large-scale systematic review and
gene prioritization analysis. The 75 high-priority candidate genes and 11 core genes we
identified, particularly genes related to the JAK-STAT signaling pathway, lay the foundation
for deeper understanding of the molecular mechanisms of parasite resistance. These find-
ings not only advance the understanding of the genetic basis of complex resistance traits but
also provide scientific evidence for developing efficient genomic selection strategies. Future
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research should focus on functional validation of candidate genes, multi-environment
validation, and translation to practical breeding applications, to achieve effective transfer
of scientific achievements to production practice. Through continuous genetic improve-
ment, the ultimate goal is to develop sheep breeds that possess both excellent production
performance and strong parasite resistance, contributing to the sustainable development of
the global sheep industry.
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