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A B S T R A C T

Haemonchus contortus infections are an important source of animal production loss to livestock industry. Genetics
of helminth resistance involves a complex set of factors related to the host immune response. The increasing use
of genetic markers such as single nucleotide polymorphisms (SNPs) in genome wide association studies (GWAS)
offers the potential to identify loci or regions associated with nematode resistance in small ruminants. The aims
of this study were: (1) to use a targeted sequencing approach to identify SNPs in 100 genes related to immune
response during Haemonchus contortus exposure in growing males of St. Croix, Katahdin and Dorper sheep, and in
Kiko, Boer and Spanish goats, and (2) to perform an association analysis for fecal egg count (FEC), packed cell
volume (PCV), immunoglobulin levels (IgA, IgG and IgM) and average daily gain (ADG) in the populations under
study. After quality control (call rate < 95%, MAF < 0.05), 1356 SNPs (sheep) and 1,029 SNPs (goats) were
used for the association analysis. A mixed model was used to analyze the phenotypic information. To control for
population structure, the genomic relationship matrix (G) calculated from marker information was included in
the model. Fixed effects included year and breed. Bonferroni correction was used to control for multiple testing.
For sheep, SNPs located on OAR1 (42487870, 42489606) and OAR2 (192231080, 26321541) were significantly
associated with IgM, ADG, and FEC. For goats, SNPs on CHR3 (42898132) and CHR22 (23066762) were as-
sociated with ADG and IgM. In both species, no significant associations were found for IgA, IgG and PCV. The
results from this study revealed genes involved in the immune response to H. contortus exposure and provide
additional SNP marker information that has potential to aid selection of resistance to gastrointestinal parasites in
sheep and goats from different breeds. Significant SNPs within IL12RB2, NFIL3 and STAT4 genes could be po-
tential markers for IgM, FEC and ADG in sheep populations. For goats, potential markers for IgM and ADG were
identified within IL5RA and IL12RB2 genes. These results could be directly implemented in the populations used
in this study, however, they should be validated before using these markers in other sheep and goat populations.

1. Introduction

Gastrointestinal nematode infections (GNI) are one of the major
health concerns for the small ruminant industry worldwide. Among
gastrointestinal nematodes, the blood feeding behavior of Haemonchus
contortus reduces weight gain, decreases packed cell volume (PCV) with
anemic conditions and can result in mortality (Burke et al., 2007),
leading to negative economic impacts on animal production
(Mavrot et al., 2015). Deworming with commercially available an-
thelmintics has been used as a control strategy, but there have been
numerous reports of increasing anthelmintic resistance in sheep and
goat populations throughout the US (Kaplan, 2004; Goolsby et al.,

2017).
Breeding for resistance to GNI has been implemented based on in-

dicator traits such as fecal egg count (FEC) (Bishop and Stear, 1997;
Pernthaner et al., 2005). However, FEC phenotyping presents several
limitations. Heritability for FEC is highly variable between and within
species. Goat breeds have lower heritability estimates (0.1–0.33) than
sheep breeds (0.01–0.65). Among sheep breeds, Merino, German
Merino, Red Maasai, Dorset–Rambouillet–Finn had higher heritability
estimates (0.35–0.39) when compared to Dorper, Soay and Scottish
Blackface sheep (0.10–0.18) (Baker et al., 1998; Gauly et al., 2002;
Pollot et al., 2004; Vanimisetti et al., 2004; Beraldi et al., 2007; Stear
et al., 2009). For goats, higher heritability estimates (0.2–0.3) have
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been observed in crossbred cashmere goats when compared to Creole
(0.10–0.14) and Galla goats (0.13) (Baker et al., 1994; Mandonnet
et al., 2001, 2006; Vagenas et al., 2002). Estimation of FEC heritability
requires accurate measurements, and under natural infections and
grazing systems, animals are exposed to different levels of infection
which can be a limitation for FEC assessment. Consequently, FEC
phenotyping should be accompanied by other phenotypic measures
such as PCV, immune response (eosinophil and CD4+ lymphocyte
counts, and immunoglobulin concentrations) and production traits
(average daily gain: ADG, residual feed intake) to evaluate resistance to
GNI in small ruminants (Sweeney et al., 2016).

Once phenotypes have been collected, genetic markers represent a
potential sustainable resource that can be applicable in breeding pro-
grams to enhance resistance to GNI in sheep and goats. Immune related
mechanisms have been the basis for the identification of genomic
markers associated with GNI in small ruminants (Miller and
Horohov, 2006). Recent advances in genomic technologies have pro-
vided new opportunities to detect genetic variants in sheep and goat
genomes. SNP-chip based genome scans have identified significant
genomic regions on almost all the ovine chromosomes (Sweeney et al.,
2016) but goat information is scarce and little overall consensus has
emerged. Inclusion of targeted sequencing approach could facilitate
identification of SNPs that are missed in the traditional genotyping
methods (SNP-chips) within a set of genes located on chromosomal
regions previously associated with resistance. Thus, the objectives of
this study were: (1) to use a targeted sequencing approach to identify
SNPs in 100 genes related to the immune response during H. contortus
exposure in sheep and goats from three different breeds and (2) to
perform a SNP-based association analysis for FEC, PCV, im-
munoglobulin levels (IgA, IgG and IgM) and average daily gain (ADG)
in the populations under controlled environment.

2. Materials and methods

2.1. Sheep and goat population

This study was carried out in accordance with the principles and
recommendations of the Institutional Review Board from Langston
University. The research protocol for the present study was approved by
the Langston University Animal Care and Use Committee. One hundred
and forty four male animals for each species were tested in a central
performance test at Langston University. Breeds included Dorper
(n = 47), Katahdin (n = 57), and St. Croix (n = 40) sheep and Boer
(n = 51), Kiko (n = 46) and Spanish (n = 47) goats. Sire candidates
were randomly selected in the first year from four commercial farms
and Langston University. In the second and third years, young males
tested were from offspring of resistant or moderate resistant breeding
groups to GNI. Animals were born between 2013 and 2015 and

naturally exposed to parasites since birth, except Katahdin lambs in
2014. At the beginning of the study, animals were approximately 4
months old on average and grouped per breed and species in adjacent
pens at Langston University.

Deworming and H. contortus artificial infection procedures are de-
tailed on a previous publication (Estrada- Reyes et al., 2018). Briefly,
two weeks prior to infection, animals were drenched with albendazole
(Valbazen® 10 and 20mg per kg of body weight for sheep and goats,
respectively) and levamisole (Prohibit® 12 and 18mg per kg of body
weight for sheep and goats, respectively), (Tsukahara et al., 2019).
After the confirmation of low FEC (<100 eggs per gram), individuals
received a dose of 10,000 L3 larvae of H. contortus orally and were
monitored until 42 days post-infection.

2.2. Phenotypic data

Phenotypic records for FEC, PCV and IgA, IgG and IgM levels were
described in detail in Estrada-Reyes et al. (2018). Briefly, data for FEC
was squared root transformed and data for immunoglobulin levels was
log10 transformed. The average of FEC at 28, 35 and 42 days post-in-
fection and PCV at 14, 21, 28 and 35 days post-infection measurements
were used in the analysis because significant strong correlated re-
sponses were observed between measurements for these traits. For IgA,
IgG and IgM, the level from 21 days post-infection was used. Average
daily gain (ADG) measurements were log10 transformed and spearman
phenotypic correlations among ADG and the other parameters eval-
uated were obtained using SAS software (SAS Institute Inc., Cary, NC).

2.3. Genotyping using targeted sequencing approach

Blood samples were collected by puncture of the jugular vein using
vacutainer tubes with anticoagulant EDTA. Subsequently, genomic
DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen, Valencia,
CA) according the manufacturer's instructions and stored at −20 °C.
The DNA yield was calculated from a spectrophotometric measurement
at 260 nm (NanoDrop‐1000, Thermo Scientific), and the purity was
assessed using a ratio 260/280 nm.

One hundred genes were selected for targeted sequencing based on
results from previous studies in sheep (Araujo et al., 2009; Mackinnon
et al., 2009; Venturina et al., 2013; McRae et al., 2014; Benavides et al.,
2015, 2016; Sweeney et al., 2016; Berton et al., 2017) and goats
(Bhuiyan et al., 2017). In addition, genes related to the immune re-
sponse against H. contortus and other GNI were considered as candi-
dates for targeted sequencing. SNP information is presented in sup-
plementary Table 1.

Genomic DNA samples (250 ng/μL per sample) were sent to RAPiD
Genomics (Gainesville, Florida) for DNA Capture-Sequencing using
Illumina sequencing by synthesis (SBS) chemistry to process a subset of

Table 1
Descriptive statistics for fecal egg counts (FEC, eggs/gram of feces), packed cell volume (PCV, %), IgA (μg/mL), IgM (μg/mL), IgG (mg/mL) and average daily gain
(ADG, grams) in 144 sheep and 144 goats.

Species Trait n Mean SD Minimum Maximum Correlation with ADG

Sheep FEC (eggs/gram) 144 1167.31 258.43 0 5539.82 -0.054
PCV (%) 144 28.60 3.27 17.60 36.20 0.096
IgA (μg/mL) 144 4.14 1.72 1.79 12.42 −0.170
IgM (μg/mL) 144 23.33 4.17 2.67 3.36 −0.025
IgG (mg/mL) 144 2.15 0.40 0.22 1.24 −0.230
ADG (grams) 144 11.78 1.09 7.67 14.02 1.000

Goat FEC (eggs/gram) 144 1131.85 386.22 0 5840.00 0.069
PCV (%) 144 25.95 3.50 18.96 37.60 −0.059
IgA (μg/mL) 144 4.54 1.09 2.16 6.37 −0.122
IgM (μg/mL) 144 20.55 3.94 11.24 28.022 −0.038
IgG (mg/mL) 144 2.04 1.28 1.03 3.046 0.132
ADG (grams) 144 9.32 1.58 5.31 12.87 1.000

Values in bold are statistically significant at P < 0.05.
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one hundred genes of the sheep/goat genome within all chromosomes.
Submitted DNA samples were processed and biotinylated 120-mer
probes were developed and synthesized. The probe set contained 5000
probes representing 100 genes. Target enriched libraries were se-
quenced using the Illumina HiSeq 3000 PE100 platform to generate
2 × 101 bp paired-end reads. Briefly, Nextera tagmentation protocol
from Illumina was utilized for library preparation. Denatured libraries
hybridized biotinylated probes and streptavidin coated beads captured
probe-library complex. Then, beads were magnetically pulled down and
DNA fragments were eluted and sequenced.

Data was demultiplexed using bcl2fastq conversion software from
Illumina, cleaned, and trimmed. The 3′ ends were trimmed and low
quality bases with <20 Phred quality score reads were removed. Clean
reads were mapped to the sheep (Oar_v4.0) and goat (ASM170441v1)
reference genomes with MOSAIK software (Lee et al., 2014). Freebayes
was used for identification of SNPs and VCFtools (Danecek et al., 2011)
was used to generate VCF files. Samples were filtered based on max-
imum missing count (3), minimum number of alleles (2), mean read
depth (750), call rate (<95%) and MAF (≤0.05). SNPs with a call
rate < 95% and MAF ≤ 0.05 were removed. The genotype data from
this study is available at the European Variation Archive website
(https://www.ebi.ac.uk/eva/), accession number PRJEB32310 (sheep)
and PRJEB32312 (goat).

2.4. Association SNP-based analysis

JMP Genomics 9 software from SAS (SAS Institute Inc., Cary, NC)
was used for genomic data management, quality control, statistical
analyses and graphics. A total of 5346 SNPs from sheep and goat data
were available for analysis. Markers were removed based on genotype
call rates per marker (<95%) and minor allele frequency
(MAF < 0.05). The final marker dataset consisted of 1347 and 1029
SNPs for sheep and goats, respectively.

For the association analysis, the Genetics Q-K analysis workflow
from JMP Genomics 9 software applying the mixed model K method
was used to evaluate the FEC, PCV, IgA, IgG and IgM (Stich et al.,
2008). The mixed model equation for Q–K analysis was based on
Yu et al (2006) model. Year and breed were included as fixed effects.
The additive genomic relationship matrix (G) was calculated from
marker information and was fitted as a random effect. Markers were
tested one at a time. A Bonferroni correction was used to control for
multiple testing as follows:

= =α
number of genes

0.05
( )

0.0005

2.5. Bioinformatics analysis of significant SNPs

Information regarding the identity and function of the genes un-
derlying the significant SNP markers was obtained from the sheep
genome assembly (Oar_v4.0) available at the National Center for
Biotechnology Information (NCBI) genome browser. Then, significant
associated SNPs from GWAS results were screened for putative function

to evaluate the possible effect on mRNA or translated proteins using the
RNAfold web server (Lorenz et at., 2011). To evaluate SNPs with pu-
tative function, the ovine mRNA sequences from Oar_v4.0 available at
the NCBI genome browser were downloaded for the genes with sig-
nificant SNPs. For each mRNA sequence, a segment of 500 base pairs
harboring the SNP in the middle of the sequence was used for predic-
tion of mRNA secondary structures and molecular stability.

3. Results

3.1. Phenotypic data

The mean value across phenotypic measurements and the correlated
responses between ADG and the other traits evaluated are described in
Table 1. Sheep had higher FEC, PCV, IgM, IgG and ADG than goats.
Correlated responses in sheep showed a significant weak negative
correlation between ADG and IgA (−0.170), ADG and IgG (−0.230).
For goats, a significant small positive correlation was observed between
ADG and FEC (0.069), and between ADG and IgG (0.132). Also, ADG
and IgA (−0.122) had a significant weak negative correlation in goats.

3.2. Significant regions detected in sheep breeds and bioinformatics

A summary of the significant SNPs detected for ADG, IgM, and FEC
in sheep is presented on Table 2 and Manhattan plots for these traits are
shown in Fig. 2. A total of 4 significant SNPs covering 3 genes on OAR 1
and OAR2 were associated with H. contortus exposure in Dorper, Ka-
tahdin and St. Croix sheep. For IgA, IgG, FEC and PCV no significant
variants were detected above the threshold (−log10 p-value = 3.30).
Distributions of ADG, IgM and FEC per genotype for sheep are pre-
sented in Fig. 2.

One SNP (OAR2: 192231080) located on intron 23 of STAT4 gene
was associated with ADG (–log10 p-value = 3.94), where the GG
genotype (12.55 ± 0.93 grams) had higher ADG compared with the
GA (11.85 ± 0.86 grams) and AA (11.47 ± 1.44 grams) genotypes
(Table 2).

Two SNPs (OAR1: 42487870 and OAR1: 42489606) within the
5′UTR region of IL12RB2 gene were significantly associated with IgM.
The OAR1: 42487870 represented a C to T substitution and OAR1:
42489606, conferred a base pair change from T to C. Both poly-
morphisms are putative functional SNPs because they could modify the
mRNA stability and secondary structure (Fig. 3). For OAR1: 42487870,
the substitution of the C to T results in a minor change in mRNA sta-
bility of 0.68 kcal/mol but has a great impact on the mRNA secondary
structure. For this locus, the CT genotype (25.02 ± 3.64 μg/mL) had
higher IgM levels compared to CC (24.53 ± 3.97 μg/mL) and TT
(18.54 ± 3.79 μg/mL) genotypes. For OAR1: 42489606, the T/ C
substitution generates a minor change in mRNA stability of −1.2 kcal/
mol with moderate effects on the mRNA secondary structure. At this
locus, the TT genotype (26.57 ± 3.97 μg/mL) had higher IgM levels
compared to TC (25.27 ± 3.65 μg/mL) and CC (21.97 ± 3.84 μg/mL)
genotypes.

For FEC, one significant SNP (OAR2: 26321541) was observed on

Table 2
Summary of the top significant markers associated with average daily gain (ADG, grams), IgM (μg/mL) and FEC (eggs/gram) in sheep and goats: chromosome (Chr),
chromosomal position (bp), gene name and region, base pair substitution (SNP), estimate of SNP effect, standard deviation SNP effect, range of minor allele frequency
of SNP across sheep and goat breeds, and SNP potential effect on effect on mRNA and on protein.

Species Trait Chr Position Gene name SNP - log10 p-values Estimate SD MAF across breeds Effect on mRNA Effect on protein

Sheep ADG (lbs) 2 192231080 Intron 23 STAT4 G/A 4.06 −0.04 0.01 0.47–0.48 Unknown Unknown
IgM (μg/mL) 1 42487870 5′UTR IL12RB2 C/T 3.58 −0.08 0.02 0.07–0.17 Yes No

1 42489606 5′UTR IL12RB2 T/C 3.4 −0.09 0.02 0.30–0.60 Yes No
FEC (eggs/gram) 2 26321541 Exon 4 NFIL3 G/A 3.30 −22.59 6.39 0.08–0.16 Yes No

Goat ADG (grams) 3 42898132 5′UTR IL12RB2 G/A 3.47 −0.23 0.06 0.05–0.06 Yes No
IgM (μg/mL) 22 23066762 Exon 10 IL5RA T/C 3.6 −0.22 0.06 0.05–0.06 Yes No
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Fig. 1. Manhattan plots for ADG (log10 transformed), IgM (log10 transformed) and FEC (square root transformed) in sheep. The threshold is indicated by the red dot
line at –log10 p-value of 3.3.
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exon 4 of NFIL3 gene. This synonymous mutation conferred a G/A
substitution, which results in a great change in mRNA stability of
−62.68 kcal/mol and great impact on the mRNA secondary structure.
Based on the FEC distribution (Fig. 1d), the GG genotype (1089 ± 960
eggs/gram) had higher eggs in the feces than GA genotype
(220 ± 109.326 eggs/gram).

3.3. Significant regions detected in goat breeds and bioinformatics

Manhattan plots for evaluated traits in goats exposed to H. contortus
are presented in Fig. 4 and a summary of the significant SNPs detected
for ADG and IgM are shown in Table 2. Different results were observed
when sheep and goats were compared. In goats, only two significant
SNPs within CHR3 and CHR22 were associated with ADG and IgM
traits. IgA, IgG, FEC and PCV traits did not show significant results.
Distributions of ADG and IgM per genotype for goats are presented in
Fig. 5.

For ADG, one G/A substitution in the IL12RB gene

(CHR3:42898132) was observed. The CHR3:42898132 is a putative
functional polymorphism which affects the 5′UTR region of IL12RB
gene and modifies the molecular stability of the mRNA structure. A
change of −1.76 kcal/mol was observed in the free energy of the
mRNA secondary structures. Higher ADG was observed for goats with
GG genotype (9.48 ± 2.29 grams) when compared to GA genotype
(8.85 ± 2.31 grams, Fig. 5a).

One locus (CHR22:23066762) located on exon 10 of IL5RA was
associated with IgM. Goats with TT genotype (28.50 ± 5.41 μg/mL)
had higher IgM levels than animals with TC genotype
(15.33 ± 4.86 μg/mL, Fig. 5b) and the main effects from
CHR22:23066762 were observed at mRNA level (Fig. 6). The T/C
substitution results in a great change in mRNA stability of 24.16 kcal/
mol but a minor impact on the mRNA secondary structure.

4. Discussion

Genome wide association studies (GWAS) have rapidly evolved as

Fig. 2. Box plots for ADG (a), IgM (b) and FEC (c) across the observed genotypes for the top significant SNPs associated with these traits in sheep.
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Fig. 3. Change in the free energy of the thermodynamic ensemble for the different mRNA variants observed per gene in sheep. Predicted secondary structures of
500 bp mRNA segment in the 5′UTR region of IL12RB2 gene containing OAR1: 42487870 (a: C allele and b: T allele) and OAR1: 42489606 (c: T allele and d: C allele),
and for exon 4 of NFIL3 gene (e: G allele and f: A allele).

Z.M. Estrada-Reyes, et al. Livestock Science 228 (2019) 109–119

114



Fig. 4. Manhattan plots for ADG (log10 transformed) and IgM (log10 transformed) in goats. The threshold was indicated with the red dot line at –log10 p-value of 3.3.

Fig. 5. Box plots for ADG (a) and IgM (b) across the observed genotypes for the top significant SNPs associated with these traits in goats.
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Fig. 6. Change in the free energy of the thermodynamic ensemble for the different mRNA variants observed per gene in goats. Predicted secondary structure of mRNA
of 500 bp segment of the 5′UTR region of IL12RB2 gene (a: G allele and b: A allele) and for exon 10 of IL5RA gene (c: T allele and d: C allele).
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powerful tools to identify genomic regions associated with complex
traits and biological pathways responsible for genetic variation.
Different factors such as identification of DNA sequence variants, fea-
sibility of the phenotypic measurements and power of detection have
been key elements in the discovery of these regions (Kemper et al.,
2011). In some cases, these studies have been successful in the identi-
fication of variants with moderate to large effects (Karim et al., 2000;
Grisart et al., 2002) but in majority of the cases, evidence have sug-
gested a scattering of effects across the whole genome for most of the
traits evaluated in livestock.

Several studies have attempted to identify the genetic variation
controlling gastrointestinal parasite resistance in sheep by using SNP
markers. They have concluded that many of the phenotypic traits as-
sociated to GNI are complex and polygenic (Kemper et al., 2011;
Benavides et al., 2015). In goats, similar experiments have been con-
ducted and the results suggested a similar polygenic control (Silva
et al., 2018). Associated genomic regions from these studies have been
related to the host immune response against GNI. Thus, based on pre-
vious evidence and the findings presented in this study, it is possible
that many genes with small effects are contributing to parasite re-
sistance/susceptibility in sheep and goats.

Overall, significant SNP loci associated with ADG, IgM and FEC in
sheep exposed to H. contortus were putative functional SNPs and the
main effects from these loci remained at mRNA level. The genes har-
boring the significant SNPs for ADG, IgM and FEC in this study have
been previously highlighted as potential candidate markers for gastro-
intestinal parasite resistance in Santa Ines sheep and Angus cattle
during H. contortus infection and GNI, respectively (Berton et al., 2017;
Araujo et al., 2009). For goats, this is the first study that identified SNPs
as potential genomic markers for the immune response against H.
contortus exposure in Kiko, Boer and Spanish breeds.

For sheep, significant SNP markers within STAT4, IL12RB2 and
NFIL3 genes were identified for ADG, IgM and FEC. Results related to
the IL12RB2 gene confirm previous findings on Santa Ines sheep from
Brazil, where a SNP within this gene was associated with hematocrit
level (Berton et al., 2017). The STAT4 and IL12RB2 genes are part of the
CD4+T cell activation and Th1 immune response pathways. The STAT4
gene belongs to the STAT protein family known as signal transducer
and activator of transcription. STAT4 protein can be activated by
phosphorylation in response to IL-12 cytokine. Signaling by IL-12 in-
volves binding and activation of the IL-12 receptor complex (conformed
by IL12RB1 and IL12RB2) on NK cells and T cells leading to the
phosphorylation and activation of STAT4. Then, phosphorylated STAT4
drives IFN-γ production and Th1 polarization (Venturina et al., 2013).
Persistence of parasite infection (susceptibility) and disease have been
associated with IFN-γ upregulation through Th1 response (Maizels and
Yazdanbakhsh, 2003). In mice infected with Nippostrongylus brasiliensis,
Trichuris muris and Heligmosomoides polygyrus, it has been observed that
Th2 response plays an important role for parasite rejection (Maizels and
Yazdanbakhsh, 2003) but in sheep, evidence from previous studies
suggests an interplay between Th1 and Th2 responses during H. con-
tortus (Perthaner et al., 2005) and Teladorsagia circumcincta
(Hassan et al., 2011) infections. Thus, it is possible that a balance be-
tween Th1/Th2 mechanisms is critical for parasite rejection.

Very few studies have investigated the IgM response in sheep (Gill
et al., 1993; Schallig et al., 1995). In Castellana sheep, an increase of
IgM production has been observed during H. contortus challenge
(Gómez-Muñoz et al., 1999). The role of IgM during H. contortus in-
fections is still unknown but it is possible that it is related with the
initial exposure to helminth antigens. IgM is abundant in the lymph
fluid and blood, and it is responsible for agglutination. Its low affinity
and high valency allow a more efficient binding to a range of unrelated
antigens. Polyreactivity of IgM enhances recognition of conserved
structures such as proteins or carbohydrates on the surface of the cuticle
of parasites (Ligas et al., 2003) such as the N-glycans from H. contortus.
In mice infected with Strongyloides stercoralis, parasite specific IgM has

been found as the only antibody isotype capable of driving parasite
elimination dependent on cell contact, presence of granulocytes and
complement activation (Brigandi et al., 1996; Ligas et al., 2003).

For FEC, results from this study suggest that NFIL3 gene could play
an important role for sheep parasite resistance. While no previous as-
sociations have been observed between NFIL3 and FEC, studies on
Angus yearlings have shown upregulation of this gene in the small in-
testine mucosa of resistant animals infected with Ostertagia,
Nematodirus and Cooperia spp (Araujo et al., 2009). The nuclear factor
interleukin 3 (NFIL3) or E4BP4 is a basic leucine zipper transcription
factor that has been pointed out as a key regulator of cytokine pro-
duction and effector function of Th2 CD4+ T cells in mice
(Kashiwada et al., 2011). In B and T cells, NFIL3 expression increases
after stimulation by IL4. Studies have suggested a possible role of NFIL3
in IgE class switching mediated by IL4 (Kashiwada et al., 2010). Also, in
murine models, it can function as negative regulator of IL13 and IL5
and a positive regulator of IL4 during Th2 response (Kashiwada et al.,
2011). In human infections with Schistosoma mansoni and Brugia malayi,
a balanced Th1/Th2 response in resistant individuals is characterized
by high production of IgE and moderate production of Ig4, and killing
of invading helminths. Thus, it is possible that a balance between Th1
and Th2 responses is responsible for developing resistance to H. con-
tortus in sheep populations. We previously reported (Estrada-
Reyes et al., 2018) Ovar-DRA and Ovar-DRB1 genes having a significant
effect on FEC in this population. While the Ovar-DRB1 gene was not
included in the targeted sequencing due to poor annotation of this gene,
there was an effect present for the Ovar-DRA on FEC, however this ef-
fect was not statistically significant, most likely due to the higher sta-
tistical stringency used in the current study.

For goats, two loci within IL12RB2 and IL5RA genes were associated
with ADG and IgM, respectively. The p-values for IgA, IgG, FEC and
PCV did not reached significance and further studies with greater
number of animals are needed to confirm the presented findings in this
article. As described above, IL12RB2 play an important role during Th1
response induction, and similar mechanisms of protection against H.
contortus could be expected between sheep and goats. IL5RA is acti-
vated by the IL5 (ligand) and it is expressed on eosinophils, mast cells,
basophils, some subpopulations of B cells and CD4+ CD25+ FOXP3+

Treg cells (Luckheeram et al., 2012). Also, it is possible that this re-
ceptor mediates the immunobiology of these cell types. Activation of
eosinophils by IL5 ligand is part of the Th2 mechanism and favors de-
granulation of toxic eosinophils granules (Meeusen et al., 2005) while
the nematode is opsonized by specific IgA, IgE or IgG (Alba-
Hurtado et al., 2013). Neutrophil and eosinophil chemotactic factors
have been found in the excretory/secretory (ES) products from H.
contortus and Teladorsagia circumcincta in sheep (Reinhardt et al., 2011)
and it is expected that these products could have similar mechanisms of
action in goats.

SNPs associated with ADG could suggest a possible link between
ADG and immune response in both species. It is possible that resistant
sheep present some advantages in performance and immune response
over susceptible animals during H. contortus infection. Also, IL12RB2
gene seems to be a potential SNP marker for IgM and ADG in sheep and
goats, respectively. Previous studies have also observed a relationship
between parasite resistance and production traits. For example, a SNP
on OAR7 has been significantly associated with both PCV and average
live weight, while a QTL within OAR26 was significant for FEC, PCV
and live weight (Marshall et al., 2013; Benavides et al., 2015).

While we expected similar findings in sheep and goats due to same
parasitic infection, different genetic markers were identified for sheep
and goats. In both species, bioinformatics analysis suggests a possible
effect of all the identified SNP markers for ADG, IgM and FEC the SNP
variants on the mRNA structure, with particular impact on the folding
of the mRNA. SNPs within exonic and 5′ UTR regions have been re-
ported as modifiers of mRNA structure, cellular half-life and ribosome
processivity/elongation (Mignone et al., 2002). Also, differences in
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protein expression could result from differences in folding of the cor-
responding mRNAs (Nackley et al., 2006).

The 5′UTR region of IL12RB2 gene could play an important role
during H. contortus infections and it is linked to immune response (in
sheep) and production traits (in goats). The 5′ UTR region is known to
influence mRNA translation efficiency and secondary structures within
this region inhibit translational mechanisms (Leppek et al., 2017). Also,
polymorphisms within the UTR regions confer more deleterious effects
than polymorphisms in coding regions (Johnson et al., 2011). However,
in small ruminants, few studies have focused their attention to the
5′UTR regions. In Sarda sheep, a SNP within 5′UTR region of DGAT1
gene was negatively associated with milk fat content (Scatà et al.,
2009). Thus, variation within the 5′UTR of genes linked to production
traits such as DGAT1 can have negative effects but more efforts should
be focused on the importance of the 5′UTR regions.

5. Conclusion

Significant SNP loci associated with ADG, IgM and FEC in sheep
exposed to H. contortus were putative functional SNPs and the main
effects from these loci remained at mRNA level. Results from this study
indicate that SNP loci within STAT4, IL12RB2 and NFIL3 genes in sheep
and polymorphisms within IL12RB2 and IL5RA genes in goats could be
potential markers for production and immune response traits. However,
validation of the results in other populations and further evaluations
are required before these markers can be used in selection in other
populations.
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