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Introduction: Gastrointestinal nematodes (GIN) represent a major health issue for livestock production systems
worldwide. Haemonchus contortus is one of the most pathogenic GIN in small ruminants and causes serious losses
to farmers, both in impaired production and in control with anthelmintics. It has long been recognized that
differences in host resistance and susceptibility to parasitic infection exist in various sheep breeds and that genetics
may play an important role in regulating host resistance, which has spurred efforts to control parasitic infection
through selective breeding for naturally resistant sheep. A detailed understanding of the genes and mechanisms
involved in expressing a resistant phenotype and the factors that regulate this response would facilitate the
identification of candidate genes for selection. Recent advances in high-throughput technology, such as
microarrays and RNA sequencing, have made a large number of transcriptome data accessible. As a result,
researchers are now able to obtain more reliable results by integrating information from multiple sources.
Accordingly, meta-analysis can be used as a useful and powerful tool to identify differential gene expression. It
can also find out genes that their products are key molecules in response to the infection and use in animal breeding
programs. The purpose of this study was to conduct a systematic review and meta-analysis on data collected from
infected sheep with H. contortus and general analysis of changes in abomasal gene transcripts in response to
infection using RNA-seq technology and bioinformatics tools.

Materials and methods: In this study, to identify infection-related genes, pathways, and molecular mechanisms
underlying host resistance to this parasite, a meta-analysis was performed by combining two different datasets,
including 70 samples of sheep H. contortus infection with Rankprod package of R software. After pre-processing,
to remove heterogenicity across studies, batch effect correction was performed on gene expression data. The result
of the principal component analysis showed that batch correction reduced the batch variation among the datasets.
Meta-analysis was carried out and DEGs selected by meta-analysis were further analyzed and characterized.
Enrichment analysis, as an efficient method for functional analysis of massive genetic data, was used to determine
the biological process, molecular function, and cellular component of DEGs. Moreover, we searched upstream
regions of DEGs for over-represented DNA motifs and functional analysis of discovered motifs. To explore the
potential interaction network of the DEGs, the protein-protein interaction network among the DEGs was analyzed
using the STRING database, which included direct and indirect associations of proteins. After analyzing the result
derived from STRING analysis and expression change information for each DEG, the network figure was drawn
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for the selected DEGs (connected with one or more DEGs) by using the Cytoscape software and hub genes
identified with the CytoHubba plugin of Cytoscape.

Results and discussion: Results derived from the meta-analysis showed a total of 1388 differentially expressed
genes between resistant and susceptible sheep. Among them, 1137 were significantly upregulated, whereas 251
were downregulated across the datasets. In the identified DEGs, DEGs corresponding to ribosomal protein S3A,
lysozyme C-1-like (LOC443320), and heterogeneous nuclear ribonucleoprotein K were the most strongly
upregulated ones, while tenascin C and fibromodulin were the most strongly downregulated. Results from
enrichment analysis showed these differentially expressed genes (DEGs) were involved in different biological
processes such as one-carbon metabolism, translation, cell surface receptor signaling pathway, immune response,
metabolic pathways, PPAR signaling pathway, etc. Moreover, searching in upstream regions of DEGs to find
DNA motifs, were able to identify eight conserved sequence motifs. The functional analysis of these motifs
revealed that they were involved in the positive regulation of gene expression, defense response, positive
regulation of immune response, cellular calcium ion homeostasis, etc. Using the protein-protein interaction
analysis also identified multiple hub genes such as albumin and CD4 which may show that improved immune
response, induced by up-regulation different genes affects the creation of resistance.

Conclusions: The mechanisms of sheep resistance to GIN infections involve complex immune responses. Our
results offered overall insight into changes in the transcriptomes of resistant and susceptible sheep and molecular
mechanisms of host resistance induced by H. contortus infection. We propose these DEGs as a useful resource of
molecular biomarkers and potential candidate genes for breeding programs which can provide a basis for further
research on this topic.
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Fig. 2. Scatter plot of enriched KEGG pathways. The vertical axis represents the enriched KEGG pathways and
horizontal axis represents the rich factor of each KEGG pathway. Rich factor refers to the ratio of the number of
DEGs enriched in certain KEGG pathway to the number of annotated genes. The greater the value is, the higher
the DEGs enrichment degree. The size of dots indicates the number of DEGs enriched in certain pathway, and
the color of the dots corresponds to the range of the P-value.
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Table 1. Conserved motif discovered in promoter region of DEGs with MEME analysis

Motif LOGO E-value  Width Significant GO term identified by
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regulation of transcription
Molecular function: transcription
factor activity

Molecular function: ATP binding
Molecular function: calmodulin

binding
Cellular component: cytosol
29 Biological process: regulation of

gene expression
Molecular function: olfactory
receptor activity
Cellular component: mitochondrion
50 Biological process: defense response
Biological process: positive
regulation of immune response
Cellular component: extracellular
space
21 Biological process: cellular calcium
ion homeostasis
Cellular component: integral to
plasma membrane

29 Biological process: wound healing,
spreading of epidermal cells
Molecular function: tyrosine kinase
signaling pathway

29 Biological process: positive
regulation of production of
molecular mediator of immune
response
Molecular function: cytokine activity

48 Biological process: response to
stimulus
Biological process: regulation of T
cell activation

50 Biological process: regulation of T-
helper 1 type immune response
Cellular component: external side of
plasma membrane
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Fig. 5. Schematic representation of the genomic position of DEGs on all chromosomes of sheep by the Circos
plot. The genome is displayed as a circle, chromosome 1 to X. Circles from outer to inner represent
chromosome number, differential expresses genes through heat map, scatter plot, histogram and line plot. Red
and green colors indicate up- and down regulate genes, respectively.
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