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Retinoic acid inducible gene I (RIG-I) is associated to the DExD/H box RNA helicases. It is
a pattern recognition receptor (PRR), playing a crucial role in the system and is a germ line
encoded host sensor to perceive pathogen-associated molecular patterns (PAMPs). So
far, reports are available for the role of RIG-I in antiviral immunity. This is the first report in
which we have documented the role of RIG-I in parasitic immunity. Haemonchus
contortus is a deadly parasite affecting the sheep industry, which has a tremendous
economic importance, and the parasite is reported to be prevalent in the hot and humid
agroclimatic region. We characterize the RIG-I gene in sheep (Ovis aries) and identify the
important domains or binding sites with Haemonchus contortus through in silico studies.
Differential mRNA expression analysis reveals upregulation of the RIG-I gene in the
abomasum of infected sheep compared with that of healthy sheep, further confirming
the findings. Thus, it is evident that, in infected sheep, expression of RIG-I is triggered for
binding to more pathogens (Haemonchus contortus). Genetically similar studies with
humans and other livestock species were conducted to reveal that sheep may be
efficiently using a model organism for studying the role of RIG-I in antiparasitic immunity
in humans.

Keywords: RIG-I, innate immunity, parasite, Haemonchus contortus, sheep
INTRODUCTION

The innate immune system, acting as the primary step in defense against infectious agents,
recognizes the pattern recognition receptors (PRRs). They play a crucial role in the system and
are germ line decoding host sensors to decipher pathogen-associated molecular patterns (PAMPs)
and are expressed by innate immune cells, such as dendritic cells, macrophages, monocytes,
neutrophils, and other cells. Retinoic acid inducible gene-I (RIG-I)-like receptors that are in the PRR
org January 2021 | Volume 11 | Article 5347051
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superfamily detect viral nucleic acid in the cytosol (1). RIG-I is
associated with the DExD/H box RNA helicases and is one of the
members of RIG-I–like helicases; the other two are MDA5 and
LGP2. RIG-I is intimately associated with the Dicer family of
helicases of the RNAi pathway.

RIG-I preferably recognizes short RNA sequences marked
with the 5’-triphosphate group (5’ppp) and the blunt end of short
double- (ds RNA) or single-stranded RNA (ss RNA) or ss RNA
hairpins (2). It binds mostly with negative strand viruses, e.g.,
influenza A viruses and in some positive and ds RNA viruses also
(3). RIG-I is crucial for signaling influenza A, influenza B, human
respiratory syncytial virus, paramyxovirus, Japanese encephalitis
virus, and West Nile virus.

The molecular kinetics of RIG-I contain two N-terminal
CARD domains and one RNA helicase domain, which helps in
relaying the signal to the downstream signal adaptor
mitochondrial antiviral signaling protein (MAVS), which tends
to drive type I IFN responses. It also induces caspase-8–
dependent apoptosis, preferably in tumor cells (4). Tumor cells
are highly vulnerable to RIG-I–induced apoptosis although
normal healthy cells are resistant to RIG-I–induced apoptosis.
The RIG-I gene participates in TLR-stimulated phagocytosis (5).
When RIG-I is stimulated with TLR4, it induces its expression in
macrophages, and gradual depletion of RIG-I causes inhibition
of TLR4-induced bacterial phagocytosis. Investigations report
that RIG-I acts as a potential therapeutic target for cancer,
precisely melanoma. In the context of viral infections, RIG-I
induces MAVS-dependent inflammasome activation (6). Studies
show that RIG-I plays a vital role in immune responses in
association with different infectious and noninfectious diseases,
such as astherosclerosis or skin psoriasis in which the levels of
interferon gamma and RIG-I are significantly raised in the
epidermis of the skin (7). RIG-I expression can be highly
observed in differentiated skin and colon mucosal tissue.

Recent preliminary studies indicate the possible role of
immune response genes on parasitic infections (8–10). Certain
immune response genes were detected through transcriptomics
analysis in the case of infection with the Contracaecum
osculatum third-stage larvae in fish (8). Similar reports are
available for the influence of the MDA5 pathway on malaria
infection (9) and IRF3 on Toxoplasma gondi infection (10).

Indigenous sheep (Ovis aries) form the backbone of
socioeconomically backward farmers and landless laborers and
have become their way of life. Nematode infection—infection
with Haemonchus contortus—poses a major threat to the sheep
industry in both commercial farms and farmers’ herds. Earlier,
we studied the genetic resistance of indigenous sheep with
respect to mitochondrial genes (11). So far, information is
available for the role of RIG-I on viral infection as well as a
few reports on antibacterial immunity. To date, reports are not
available for the antiparasitic effect of RIG-I.

Hence, the present study reflects on the information
regarding the structure, function, and expression profile of the
RIG-I gene in indigenous sheep through molecular methods and
the role of the RIG-I gene in parasitic infection in healthy and
diseased sheep for the first time.
Frontiers in Immunology | www.frontiersin.org 2
MATERIALS REQUIRED AND METHODS

Animals, Collection of Samples, and
mRNA Isolation
Animals, Fecal Sample Collection, and
Determination of Fecal Egg Count
We randomly collected 60 Garole sheep (Ovis aries) samples
from the Instructional Livestock Farm Complex Farm, West
Bengal University of Animal and Fishery Sciences, Mohanpur
campus. The samples were collected prior to a routine
deworming procedure and were presumed to have preexisting
gastrointestinal parasites because they were not dewormed in the
preceding 3 months during the monsoon season for the purpose
of the present study. The animals were presumed to have been
exposed to natural infection during grazing.

Fecal samples from the sheep were examined thoroughly by
the salt floatation method (12), and the fecal egg counts (FECs)
were screened for each sample. One gram of fecal samples were
triturated mortar and pestle, and then 15 ml of a saturated NaCL
solution was gently mixed with each fecal sample. When the
mixture settled, and the upper phase of solution was collected
with the help of a dropper and slowly filled a McMaster slide. The
solution moved through the capillary action into the chambers
and was observed under a microscope. FEC is estimated as
follows: FEC = X+Y/2 x 100, where X and Y = no. of eggs in
both chambers of the McMaster slide.

Based on statistical analysis, samples were collected from two
groups, designated as healthy (x-bar + SD) and diseased (x-bar –
SD), where x-bar stands for mean and SD means standard
deviation. Sheep were regularly sold and slaughtered for the
purpose of mutton production. Altogether, 12 tissue samples
were screened, 6 each with low FEC (grouped as healthy) and six
infected samples for further case study. Confirmation of the
infected animals was also done through direct visualization of
adult parasites in the abomasum. Tissue samples were collected
from the abomasum, rumen, small intestine, cecum, liver, and
lymph nodes.

mRNA Isolation
Tissues from different organs from healthy and diseased sheep
were collected and subjected to total RNA isolation by the TRIzol
method. These are primarily the organs of the digestive system—
abomasum, rumen, small intestine, cecum, and liver—to assess
gut-associated lymphoid tissue (GALT). Other tissues studied
were lymph nodes, testis, urinary bladder, kidney, inguinal
lymph node, and heart. Abomasum tissue was collected
individually from healthy and diseased sheep (Haemonchus
contortus affected). mRNA isolation was carried out aseptically
by the TRIzol method. Each healthy and diseased abomasum
tissue collected was marked and separated into the tip and the
middle of the abomasum. mRNA was withdrawn from
abomasum tissue by the TRIzol method and subjected to
cDNA preparation (13–15). Each mixture of 2 g of tissue and
5 ml TRIzol was triturated, followed by chloroform treatment.
Centrifugation resulted in three-phase differentiation from
which the aqueous phase containing the mRNA was separated.
January 2021 | Volume 11 | Article 534705
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It was treated by isopropanol to extract the mRNA in the form of
a pellet, discarding the supernatant as a result of centrifugation.
Finally, the pellet underwent an ethanol wash and was air-dried,
followed by dissolving the mRNA in nuclease-free water. RNA
concentration and quality was estimated by nanodrop as per
standard procedure.

Materials Required
10X buffer, dNTP, and Taq DNA polymerase were purchased
from Invitrogen; SYBR Green qPCR Master Mix (2X) was
purchased from Thermo Fisher Scientific Inc. (PA, USA).
Primers were purchased from Xcelris Labs Limited. The
reagents used were of analytical grade.

Amalgamation, Configuration of cDNA,
and PCR Amplification of RIG-I Gene
First, 20 mL reaction mixture volume consisted of 5 mg of complete
RNA, 40U of ribonuclease inhibitor, 0.5 mg of oligo dT primer
(16–18 mer), 1000 M of dNTP, 5 U of MuMLV reverse
transcriptase in reverse transcriptase buffer, and 10mM of DTT.
The reaction mixture was carefully blended and incubated properly
at 37°C for 1 h. The reaction was ceased and heated at 70°C for
10 min and then immediately chilled on ice. The quality of the
cDNA was checked by polymerase chain reaction. To obtain a full-
length open reading frame (ORF) of the gene sequence, specific
primers pairs were designated for the amplification of RIG-I and
confirmed based on the mRNA sequences of Bos indicus by
DNASTAR software as in Table 1. The amplified products were
the overlapping sequences joined to extract the full sequence.

Sequence Analysis
The nucleotide sequence so extracted was scrutinized for protein
translation, contigs comparisons, and sequence alignments by
DNASTAR Version 4.0, Inc., USA. Novel sequences were
submitted to the NCBI Genbank and accession numbers were
obtained and are available in the public domain (Accession
no. KX687005).

Study of Predicted Ovine RIG-I Peptide
Using Bioinformatics Tools
The edited peptide sequence of the RIG-I gene of Garole sheep
was obtained by Lasergene Software, DNASTAR, and then
alignment of the RIG-I peptide of other rodent species and
Homo sapiens using MAFFT (16) was performed.

Prediction of the signal peptide of the RIG-I gene was derived
by using the Signal P 3.0 Sewer-prediction results software,
Frontiers in Immunology | www.frontiersin.org
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Technical University of Denmark. Calculation of leucine
percentage was done manually from the predicted peptide
sequence. Disulfide bonds were derived using proper and
suitable software (http://bioinformatics.bc.edu/clotelab/
DiANNA/) and homology searching with other species (17).

Detection of leucine-rich nuclear export signals (NES) was
done with the NetNES 1.1 Server, Technical University of
Denmark. O-linked glycosylation site analysis was carried out
using the NetOGlyc 3.1 server (http://www.expassy.org/),
whereas N-linked glycosylation detection was done by
NetNGlyc 1.0 software (http://www.expassy.org/). Protein
sequence–level analysis was carried out by Blast (http://www.
expasy.org./tools/blast/) for determination of leucine-rich
repeats (LRR), leucine zipper, N-linked glycosylation sites,
detection of leucine-rich NES, and detection of the position of
the GPI anchor.

a-helix and b-sheet regions were predicted using NetSurfP-
Protein Surface Accessibility and Secondary Structure
Predictions, Technical University of Denmark (18). Detection
of leucine zipper was obtained through Expasy software,
Technical University of Denmark. Domain linker prediction
was carried out according to the software developed (19). LPS
binding and signaling sites are essential factors for innate
immune function such as pathogen recognition and binding;
LPS-binding and LPS-signaling sites (20) were predicted based
on homology studies with other species CD14 polypeptide.
Model Quality Assessment and 3-D
Structure Prediction
The templates that contain the highest sequence identity with
our target template were identified by using PSI-BLAST (http://
blast.ncbi.nlm.nih.gov/Blast). The PHYRE2 server (21) was used
for homology modeling, and a 3-D structure based on
homologous template structures was detected. Subsequently,
the mutant model was generated using the PyMoL tool. The
Swiss PDB Viewer was employed for controlling energy
minimization. The 3-D structures were analyzed by PyMOL
(http://www.pymol.org/), which is an open-source molecular
visualization tool. The structural evaluation along with
stereochemical quality assessment of the predicted model were
obtained by using the Structural Analysis and Verification Server
(SAVES), which is an integrated server (http://nihserver.mbi.
ucla.edu/SAVES/). The Protein Structure Analysis (ProSA) web
server (https://prosa.services.came.sbg.ac.at/prosa) was used for
clarifying and validation of the protein structure. ProSA was used
for overall perspective and checking the model structural quality
for potential errors; the program shows a plot of its residue
energies and Z-scores, which determine the overall quality of the
model (22). TM align software was used for 3-D structure
alignment of IR protein for different species and RMSD
prediction to generate the structural differentiation (23). The
solvent accessibility surface area of the IR genes was generated by
using NetSurfP server (http://www.cbs.dtu.dk/services/
NetSurfP/) (20). It calculates relative surface accessibility, Z-fit
score, probability for Alpha-Helix, probability for beta-strand
and coil score, etc.
TABLE 1 | Primers used for amplification of RIG-I gene of Garole sheep as
overlapping sequences.

Gene Primer Length Tm

RIG-I.1 FP : CAGGCATGACGGCAGAGCAGCG
RP : TTGATAATGAGGGCATCATTGTATTTCCGA

22
31

62
59

RIG-I.2 FP : GTGTTTCAGATGCCAGACAAAGAGGAAGA
RP: TCTTCCTCTGCCTCTGGTCTGGATCAT

29
27

60
61

RIG-I.3 FP: GTCGCCGATGAAGGCATTGACATTGC
RP: CCTGAGCCCAAGGGGACATTTCTGC

26
25

61
63
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Protein–Protein Interaction Network
Depiction
In order to analyze the network of the RIG-I peptide, we
performed analysis by submitting FASTA sequences to
STRING 9.1 (24). In STRING, the functional interlinkage was
analyzed by using a confidence score. Interactions with a score
<0.3 are considered low, scores ranging from 0.3 to 0.7 are
classified as medium, and scores >0.7 yield high confidence. The
functional partners are illustrated.

Molecular Docking
Molecular docking is a bioinformatics tool used for in silico
analysis for the prediction of binding modes of a ligand with a
protein 3-D structure. Patch dock is an algorithm for molecular
docking based on the shape complementarities principle (25).

Differential mRNA Expression Profiling
of Ovine RIG-I With Real-Time PCR
(qRT-PCR)
Differential mRNA Expression Profile Was
Conducted in Two Phases
Differential mRNA expression profiling of the RIG-I gene was
conducted for different organs of sheep in the first phase. These
are the abomasum, duodenum, rumen, cecum, and liver among
the digestive system. Other organs are the heart, kidney, urinary
bladder, lymph node, testis, and inguinal lymph node. RIG-I
expression was observed to be important for GALT. RIG-I was
expressed mostly in the abomasum of sheep.

Considering the above findings, and because Haemonchus sp.
mostly infects the abomasum, in second phase, we studied
differential mRNA expression profiling of the abomasum in
healthy and Haemonchus infected sheep.

All qRT-PCR reactions were conducted on an ABI 7500
system. An equal amount of RNA (quantified by a Qubit
fluorometer, Invitrogen), wherever required, was used for
cDNA preparation (Superscript III cDNA synthesis kit;
Invitrogen). Each reaction mixture consisted of 2 µl cDNA, 10
µl of single strength SYBR Green PCR Master Mix, 0.5 µl of each
forward and reverse primers (10 pmol/µl), and nuclease-free
water for a final volume of 7 µl. Each sample was run in
duplicate. Analysis of qRT-PCR was performed by the delta-
delta-Ct (DDCt) method. The list of primers used for QPCR
study is listed in Table 2:

Phylogenetical Analysis
Nucleotides as well as derived amino acid sequences were then
aligned with that of the reported sequences of different species
derived from Gene Bank (http://www.ncbi.nlm.nih.gov/blast) for
Frontiers in Immunology | www.frontiersin.org 4
the RIG-I gene. Phylogenetic analysis was conducted with
MAFFT software to determine the evolutionary relationship. A
neighbor-joining method was employed to reconstruct
phylogeny for the putative alignment with MAFFT (16) after
the multiple alignment was completed.

Statistical Analysis
Computational descriptive statistics were done through Microsoft
Excel ANOVA. In addition, it was used to test between groups and
intervals between hours. Fischer’s restricted least significant
differences criterion was used to keep a prior type I error rate of
0.05. All statistical analyses were conducted out using SYSTAT
13.1 software (SYSTAT Software Inc.).
RESULTS

Assessment of Parasitic Infection in Sheep
Screening of the FEC of the sheep (n=60) led to study of the
health condition of the sheep, which further led us to divide them
into two categories: healthy and diseased groups. The mean FEC
of the animals are given in Table 3.

Molecular Characterization of RIG-I Gene
of Sheep
The RIG-I gene of sheep was characterized, and the sequence
obtained was submitted to Gene Bank (accession no. KX687005).
The 3-D structure is depicted in Figure 1A. The surface view of
the RIG-I gene is given in Figure 1B, which was extracted from
the PyMol software. Using different bioinformatics tools, several
important domains of the gene and their functions are listed in
Table 4:

First, the RIG-I_C-RD domain (772-886), the C-terminal
domain of RIG-I, is shown as the yellow portion in Figure 1C.
RIG-I_C(769-882), the C-terminal domain of RIG-I protein is
shown as a blue portion in Figure 1D.

The CARD_RIG-I_r1(2-92) is a caspase activation and
recruitment domain found in RIG-I. CARD_2 (1-93), which is
also a caspase recruitment domain is present somewhat in the
similar portion. RLR_C (771-882) is a C-terminal domain of
RIG-I depicted in Figure 2A as an orange color portion. The
RLR_C_like domain (772-856) C-terminal domain of RIG-I in
Figure 2B is depicted in the green color part. CARD_RIG-I_r2
(100-160) is the caspase activation and recruitment domain
found in RIG-I. Here again, the 2-92 portion is the
CARD_IPS-1_RIG-I domain, i.e., CARDs found in IPS-1 and
RIG-I-like RNA helicases. CARD_2 (99-160) is the caspase
recruitment domain of the gene. LGP2_C (771-883), which is
in the brown color in Figure 2C is the C-terminal domain of
TABLE 2 | List of primers used for QPCR study.

Gene Primer sequence

18S rRNA F 5′-GAGAAATTGTGCGTGACATCA-3′
18S rRNA R 5′-CCTGAACCTCTCATTGCCA-3′
RIG-I F 5′- CTTGCAAGAGGAATACCACTTAAACCCAGAGAC -3′
RIG-I R 5′- TTCTGCCACGTCCAGTCAATATGCCAGGTTT -3′
TABLE 3 | Mean FEC of the Healthy and Diseased sheep.

Health Status of the sheep Mean Fecal Egg Count

Healthy 50 ± 5.56
Disease 550 ± 9.45
January 2021 | Vo
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Laboratory of Genetics and Physiology 2 (LGP2). Figure 2D
highlighted with the deep blue color is the MDA5_C (772-883),
that is the C-terminal domain of melanoma differentiation-
associated protein 5. CARD_IPS-1_RIG-I (100-183) is the CARDs
found in IPS-1 and RIG-I-like RNA helicases. CARD_MDA5_r1
(12-81) represents the CARD found in MDA5, first repeat, caspase
activation. MPH1(678-769) showing in the pinkish color in Figure
3A is the ERCC4-related helicase, the functional domain that helps
in replication, recombination, and repair.

CARD_RIG-I_r2(16-93) is the second repeat of the domain
CARD found in RIG-I. Similarly, CARD_MDA5_r2(16-93) is
A B DC

FIGURE 1 | (A) 3-D Structure of RIG-1 gene of sheep. (B) 3-D Structure of RIG-1 gene (surface view) of sheep. (C) RIG-I_C-RD, the C-terminal domain of RIG-I of
sheep. (D) RIG-I_C, C-terminal domain of RIG-I protein of sheep.
A B DC

FIGURE 2 | (A) RLR_C-terminal domain of the gene of sheep. (B) RLR_C_like domain of RIG gene of sheep. (C) LGP2_C, C-terminal domain of Laboratory of
Genetics and Physiology 2 (LGP2) of sheep. (D) MDA5_C, C-terminal domain of melanoma differentiation-associated protein 5 of sheep.
Frontiers in Immunology | www.frontiersin.org 5
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FIGURE 3 | (A) MPH1 ERCC4-related helicase (replication, recombination
and repair) of sheep. (B) CARD: a protein–protein interaction domain of
sheep. (C) PRK13766, Hef nuclease; Provisional.
TABLE 4 | List of the important domains of RIG-I of sheep assessed through in silico study.

RIG-I_C-RD C- terminal domain of RIG-I 772-886 Figure 2
RIG-I_C C-terminal domain of Retinoic acid-inducible gene (RIG)-I protein 769-882 Figure 3
CARD_RIG-I_r1 Caspase activation and recruitment domain found in RIG-I 2-92
CARD_2 Caspase recruitment domain 1-93
RLR_C C-terminal domain of Retinoic acid inducible gene-I 771-882 Figure 4
RLR_C_like C-terminal domain of Retinoic acid-inducible gene 772-856 Figure 5
CARD_RIG-I_r2 Caspase activation and recruitment domain found in RIG-I 100-160
CARD_IPS-1_RIG-I Caspase activation and recruitment domains (CARDs) found in IPS-1 and RIG-I-like RNA helicases 2-92
CARD_2 Caspase recruitment domain 99-160
LGP2_C C-terminal domain of Laboratory of Genetics and Physiology 2 (LGP2) 771-883 Figure 6
MDA5_C C-terminal domain of Melanoma differentiation-associated protein 5 772-883 Figure 7
CARD_IPS-1_RIG-I Caspase activation and recruitment domains (CARDs) found in IPS-1 and RIG-I-like RNA helicases 100-183
CARD_MDA5_r1 Caspase activation and recruitment domain found in MDA5, first repeat; Caspase activation 12-81
MPH1 ERCC4-related helicase (Replication, recombination and repair) 678-769 Figure 8
CARD_RIG-I_r2 Caspase activation and recruitment domain found in RIG-I, second repeat 16-93
CARD_MDA5_r2 Caspase activation and recruitment domain found in MDA5, second repeat 41-87
CARD Caspase activation and recruitment domain: a protein–protein interaction domain 6-87 Figure 9
PRK13766 Hef nuclease; Provisional 678-771 Figure 10
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the second repeat of the CARD found in MDA5. CARD domain
(6-87) is depicted in Figure 3B in the green and pink portion and
is the CARD that functions as a protein–protein interaction
domain. Last, the PRK13766 (678-771) is the Hef nuclease
provisional domain in a bluish color in Figure 3C.

Depiction of Protein–Protein Interaction
Network and Estimation of Biological
Function
The relationship of RIG-I(DDX58 or DExD/H-box helicase 58)
to other proteins has been obtained by String analysis (Figure 4).
The related proteins revealed are MAVS (520 aa), ISG15 (a
ubiquitin-like protein that has an essential role in the innate
immune response to viral infection either via its conjugation to a
target protein, ISGylation, or via its action as a free or
unconjugated protein). ISGylation has a flow of enzymatic
reactions involving E1, E2, and E3 enzymes, which catalyze the
conjugation of ISG15 to a lysine residue in the target protein that
exhibits antiviral activity toward both DNA and RNA viruses.
The secreted form of ISG15 can persuade natural killer cell
proliferation and induce lymphokine-activated-killer (LAK)
activity. Tripartite motif containing 25 (TRIM25), mRNA (631
aa), MX1 (interferon-induced GTP-binding protein Mx1),
interferon-induced dynamin-like GTPase show antiviral
activity against rabies virus (RABV), vesicular stomatitis virus
(VSV), and murine pneumonia virus (MPV). Isoform 1 but not
isoform 2 depict antiviral activity against VSV and belongs to the
TRAFAC class dynamin-like GTP ase superfamily. Dynamin/
Fzo/YdjA family (651 aa), IFIT1 (interferon-induced protein
with tetratricopeptide repeats 1 (474 aa), STAT1 (signal
transducer and activator of transcription 1, 91kDa, mRNA
(1162 aa), USP18 (ubiquitin specific peptidase 18) belongs to
the peptidase C19 family, EIF2AK2 (Eukaryotic translation
initiation factor 2- alpha kinase 2), MX2 (interferon-induced
GTP-binding protein Mx2, interferon-induced dynamin like
GTPase with antiviral activity against VSV, HERC5 (hect
domain and RLD 5).
Frontiers in Immunology | www.frontiersin.org 6
In Silico Analysis for the Detection of the
Binding Site of RIG-I With Parasite
(Haemonchus contortus)—Molecular
Docking
Some of the important structural proteins of Haemonchus
contortus are identified and sequences retrieved from gene bank
(NCBI). The current section (Table 5) discusses the findings
obtained frommolecular docking of RIG-I with identified domain
of H. contortus with the prediction of possible binding sites.

The table shows the binding sites of theHaemonchus sp. protein
with the RIG-I protein analyzed by molecular docking, binding of
RIG-I of sheep with ND4 domain of Haemonchus contortus.

The binding positions of the parasitic protein nd4 has been
found in between 515 leucin (green sphere) to 612 tyrosine (hot
pink) and 826 isoleucin (yellow) to 868 leucine (red). The pgp1
protein that binds from Lysine 394 (red sphere) to Phenylalanine
492 (green sphere) possesses ATPase activity. Several secretory
parasitic proteins that play an important role in dominating the
host immune system have also been observed at the position
between Valine 520 (green sphere) and Asparagine 665 (yellow
sphere). The Glc 5 parasitic protein (Glutamate-gated chloride
channel) binds from Glycine 307 (warm pink) to Leucine 868
(green sphere). a- and b-tubulin, being major constituent of
microtubules, bind two moles of GTP, one at a nonexchangeable
site on the alpha chain and one at an exchangeable site on the
beta chain. They bind from the Histidine 302 (green sphere)
position to Proline 763 (Purple blue sphere) position. The
parasitic protein Cystein proteinase binds from the Methionine
305 (red ruby sphere) position to Glutamate 748 (green sphere).
Phosphoenol pyruvate carboxy kinase is yet another important
parasitic protein that binds from the position Arginine 298 (hot
pink sphere) to Phenylalanine 882 (Green). Last, Galaectin from
position Threonine 330 (red sphere) to Leucine 717 (green
sphere) and Lectin from position Histidine 295 (red sphere)
and Threonine 462 (orange sphere) are the proteins that
recognize and bind to specific carbohydrate moieties.

Differential mRNA Expression Profile of
Garole Sheep With Respect to RIG-I Gene
in Healthy Sheep With Respect to Different
Body Tissues
Figure 9A depicts RIG-I expression profiling for different GALTs
and lymph nodes. It shows the expression of mRNA to be highest in
the abomasum tissue almost fivefold more than all the other organs.
Because we are studying RIG-I gene expression in GALT in response
to Haemonchus contortus infection, it is observed from Figure 9A
that expression is least in lymph nodes and small intestine. Highest is
observed in abomasum followed by rumen, then liver. Cecum reveals
comparatively less expression (Figure 9A).

mRNA Expression Profile of Garole Sheep
With Respect to RIG-I Gene in Healthy
Sheep and Those Infected With
Haemonchus contortus
RIG-I expression profiling for healthy andHaemonchus contortus–
infected sheep from abomasum is clearly shown in Figure 9B. The
FIGURE 4 | Protein–protein interaction network of RIG-I gene with
associated protein by STRING analysis.
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assessment of differential mRNA expression profiles of RIG-I genes
in Garole sheep with respect to healthy and infected sheep is
represented in the figure. RIG-I is better expressed in infected sheep
compared to in healthy sheep by about 2.5-fold.

Molecular Evolution of Sheep With Other
Species With Respect to RIG-I Gene
The molecular phylogenetic analysis of sheep has been conducted
with humans, other primates, and livestock species as depicted in
Figure 10 with respect to the gene of interest. All the ruminant
species are clustered together (goat, cattle, and buffalo). Next
closely related species are pig and camel. The tree depicts a
closer genetic relationship of humans with sheep compared to
that of lab animals, such as rats or mice.

DISCUSSION

RIG-I, which is considered to be a family of the RLR family, is known
to recognize viral DNA in the cytoplasm. According to previous
Frontiers in Immunology | www.frontiersin.org 7
findings and information, RIG-I was considered to act as an antiviral
gene, which recognizes double-stranded viral DNA and plays an
important role in immune regulation. CARD-like regions are present
in the gene at its N-terminal position, which acts as an interacting
domain with other proteins in which CARD regions are present. It
also consists of a repressor domain at the C-terminal position, which
takes part in RNA binding and the central DExD helicase domain
that acts as the ATP bindingmotif. RIG-I is reported to have a role in
immune responses in association with different infectious and
noninfectious diseases, such as astherosclerosis and skin psoriasis
in which the levels of interferon gamma and RIG-I is significantly
raised in the epidermis of the skin (7).

Previously, much less was known about the role of the RIG-I
gene as an antiparasitic in sheep; therefore, in our experiment, we
tried to highlight the fact that RIG-I can be induced in response
to parasitic infection and can influence the immune regulation
against it.

RIG-I expression is observed to be important for GALT
according to some reports. It is an important component of
TABLE 5 | Molecular docking analysis of RIG-I with the protein of Haemonchus contortus.

Serial
No.

Parasitic protein Binding site Alignment Function of the protein

1 nd4 515 leucine (green sphere) to
612 tyrosine (hot pink) (Figures
5A, B)
826 isoleucin (yellow) to 868
leucine (red) (Figures 5C, D)

RIG-I (green) Core subunit of the mitochondrial membrane respiratory chain NADH
dehydrogenase (Complex I). Ubiquinone activity.

2 Pgp1 Lys 394 (red sphere) to Phe 492
(green sphere) (Figures 6C, D)

RIG-I (green)
Pgp (Orange)

Function as efflux pumps, removing lipophilic xenobiotic compounds from
cells.
Play a role in the resistance of parasitic nematodes to anthelmintic drugs,
such as benzimidazoles and macrocyclic lactones

3 Secretory Val 520 (green sphere) to Asn
665 (yellow sphere) (Figures 6A,
B)

RIG 1 (green) Group of protein dominates the immune system of the host

4 Glc 5 (Glutamate
gated chloride
channel)

Gly 307 (warm pink) to Leu 868
(green sphere) (Figure 7C)

RIG-I(green)
Glc 5 (Purple)
(Figure 7D)

Extra cellular ligand gated ion channel activity, ion transport, transmembrane
signaling activity

5 Alpha tubulin His 302 (green sphere) to Proline
763 (Purple blue sphere) (Figure
7B)

RIG-I (green)
Alpha tubulin (fire brick
red)
(Figure 7A)

Major constituent of microtubules. It binds two moles of GTP, one at an
exchangeable site on the beta chain and one at a nonexchangeable site on
the alpha chain.

6 Beta tubulin His 302 (green sphere) – Pro
763 (green sphere) (Figure 8A)

RIG-I (green)
Beta tubulin
(Chocolate)

Major constituent of microtubules. It binds two moles of GTP, one at an
exchangeable site on the beta chain and one at a nonexchangeable site on
the alpha chain.

7 Cystein proteinase Met 305 (red ruby sphere) to Glu
748 (green sphere) (Figure 8C)

RIG-I (green)
Cystein proteinase
(gray)

Cystein type peptidase activity

8 Phosphoenol
pyruvate carboxy
kinase

Arg 298 (hot pink sphere) to
Phenyl alanine 882 (Green)
(Figure 8B)

RIG-I (green) PEPK
(deep)

GTP binding
Metal ion binding
Phosphoenol pyruvate carboxy kinase (GTP) activity
In parasitic nematodes PEPCK carboxylates phosphoenolpyruvate to
oxaloacetate, thus introducing the products of glycolysis to mitochondrial
metabolism.
Catalyzes the conversion of oxaloacetate (OAA) to phosphoenolpyruvate
(PEP).

9 Galaectin Threonine 330 (red sphere) to
Leucine 717 (green sphere)
(Figure 8E)

RIG-I (green) Galactin
(yellow orange) (Figure
8D)

Carbohydrate binding

10 Lectin Histidine 295 (red sphere) –
Threonine 462 (orange sphere)

RIG-I (green) Lectin
(cyan)
(Figure 8F)

Proteins that recognize and bind specific carbohydrates
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musoca-associated lymphoid tissue, which regulates the immune
system of the body and protects the gut from the invasion of
infections although, being a component of the immune system,
its fragility and permeability makes it vulnerable to infecting
agents. Mostly, parasites invading the animal find a way through
this route in the body. GALT consists of several plasma cells that
can produce several antibodies, which act as a defense against GI
nematodes. Haemonchus sp., being a fatal blood-sucking GI
nematode affects the mucus membrane that affects the
abomasum portion of the sheep (26).

In the present work, we have randomly categorized the sheep
into two groups—healthy and diseased—based on the
examination of the FEC. Several earlier studies were conducted
on this particular gastrointestinal nematode, Haemonchus
contorts, on sheep; however, they were restricted mostly to
biochemical and hematological analysis, not molecular, based
on both natural infection and artificial challenge studies with
Frontiers in Immunology | www.frontiersin.org 8
higher confidence level (27–30). Sixty sheep were taken into
account from which six in number from each group with the
highest and lowest fecal counts were considered for the statistical
analysis. Here, we show differential mRNA expression profiling
of abomasum in healthy and Haemonchus-infected sheep and
observe that the differential mRNA expression level for RIG-I
was much higher (2.5-fold) in Haemonchus-infected sheep in
comparison with that of healthy subjects. The abomasum reveals
a marked increase in lymphoid tissue compared to lymph nodes.
Because lymph nodes are a secondary lymphoid organ, they play
a role in the adaptive immune system. Due to better expression
levels and because Haemonchus affects the abomasum severely,
we consider this part to be the most affected part, which would
show a proper level of gene expression.

This implies the better expression of RIG-I in diseased sheep,
and thus, it is involved in immune response. This is the first
report of the role of RIG-I in parasitic immunity. To establish the
A B DC

FIGURE 6 | (A, B) Molecular docking of parasitic protein 15 kDa secretory protein with ovine RIG-I, alignment (left) and binding site (right). (C,D) Molecular docking
of parasitic protein Pgp1 with ovine RIG-I, alignment (left) and binding site (right).
A B

DC

FIGURE 5 | (A–D) Molecular docking of parasitic protein nd4 with ovine RIG-I, alignment (left) and binding site (right).
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fact and to predict the binding site, we analyzed with molecular
docking for RIG-I with different proteins (mostly surface
protein) of Haemonchus contortus. Becaue this is the first
report, the mechanism of action of RIG-I is not known against
parasitic diseases. Earlier reports indicate that, when RIG-I is
Frontiers in Immunology | www.frontiersin.org 9
stimulated with TLR4, it induces its expression in macrophages,
and gradual depletion of RIG-I causes inhibition of TLR4-
induced bacterial phagocytosis (31). Likewise, genes analogous
with the early inflammatory response and even those encoding
toll-like receptors, such as TLR 2, 4, and 9 or in close relationship
A B

FIGURE 9 | (A) RIG-I expression profiling for different GALT and lymph node in sheep. (B) RIG-I expression profiling for healthy and Haemonchus contortus–
infected sheep from abomasum.
A B DC

FIGURE 7 | (A, B) Molecular docking of parasitic protein Alpha tubulin with ovine RIG-I, alignment (left) and binding site (right). (C, D) Molecular docking of parasitic
protein Glc 5 with ovine RIG-I.
A B D

E F

C

FIGURE 8 | (A) Molecular docking of parasitic protein Beta tubulin with ovine RIG-I, alignment (left) and binding site (right). (B) Molecular docking of parasitic protein
Phosphoenol pyruvate carboxy kinase with ovine RIG-I, alignment (left) and binding site (right). (C): Molecular docking of parasitic protein Cystein proteinase with
ovine RIG-I, alignment (left) and binding site (right). (D, E) Molecular docking of parasitic protein Galaectin with ovine RIG-I, alignment (left) and binding site (right).
(F) Molecular docking of parasitic protein Lectin with ovine RIG-I, alignment (left) and binding site (right).
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with free radical production (DUOX1 and NOS2 A), are more
profusely expressed in lambs that are resistant to H. contortus
and Trichostrongylus colubriformis infections (31).

Different important domains of RIG-I of Ovis aries have been
analyzed through in silico studies. The C-terminal regulatory
domain is one of the most functional domains in the gene. It
binds with the viral RNA, and activation of the RIG-I ATPase by
RNA-dependent dimerization occurs. RD type is a zinc-binding
domain that is related to GDP/GTP. Similarly, the molecular
kinetics of RIG-I contain two N-terminal CARDs and one RNA
helicase domain, which help in relaying the signal to the
downstream signal adaptor MAVS, which leads to the
activation of type I IFN responses (32). MDA5, along with
RIG-I, results in the binding of RLRs to the MAVS, which is a
signal adaptor that influences the activation of the NFkb gene.
Finally, LGP2 plays a role in producing antiviral responses
against viruses that are recognized by RIG-I.

Similar studies that correspond to our findings indicate an
increase in serum concentrations of IgE, IgA, IgG, TNF-b, IFN-g,
and IL-6 in naturally infected sheep with Haemonchus spp. on
pastures with two different nutritional conditions (30) by
studying the immune response in sheep by significantly higher
peripheral eosinophilia.

The binding sites of the Haemonchus protein with the RIG-I
protein are analyzed by molecular docking. The binding position
of the parasitic protein nd4 has been found in between 515
leucine to 612 tyrosine and 826 isoleucin to 868 leucine.
Biologically, nd4 is the core subunit of the mitochondrial
respiratory chain NADH dehydrogenase (Complex I) that is
believed to belong to the minimal assembly required for catalysis.
Complex I functions in the transfer of electrons from NADH to
the respiratory chain. The immediate electron acceptor for the
enzyme is assumed to be ubiquinone. Domain analysis for RIG-I
reveals the polypeptide binding site (RD interface) as nucleotide
sites 522, 525-526, 539-540, 543. Other polypeptide binding sites
(Helicase domain interface) for RIG-I are 514-515, 518-522.
Interestingly, it has been observed that the binding site of RIG-
Frontiers in Immunology | www.frontiersin.org 10
I corresponds with the parasitic proteins (nd4, alpha tubulin,
beta tubulin, cystein proteinase, lectin, galectin, pepk) as revealed
through in silico studies. The pgp1 protein that binds from
Lysine 394 to Phenylalanine 492 possesses ATPase activity. Pgp1
protein, which is also known as a multidrug-resistant protein,
removes lipophilic xenobiotic compounds from cells functioning
as efflux pumps and also plays a role in the resistance of parasitic
nematodes to anthelmintic drugs, such as benzimidazoles and
macrocyclic lactones. Several secretory parasitic proteins that
play an important role in dominating the host immune system
also have been observed at the position between Valine 520 and
Asparagine 665. These kinds of proteins either depress the host
immune system or instigate the system. It is reported that
Haemonchus contortus excretory and secretory proteins
(HcESPs) can bind to goat peripheral blood mononuclear cells.
HcESPs affected the biological functions of the cell, such as cell
proliferation, cytokine production, cell migration, and nitric
oxide production of goat PBMCs (33). A gradual decrease in
interleukin-4 and interferon-g was observed in PBMCs; in
contrast, there was an increase in the concentration of IL-10
and IL-17 (34). Nitric oxide production was suppressed at
different concentrations of HcESPs. Similarly, cell proliferation
was also decreased at all concentrations of the parasitic proteins
(34). The Glc 5 parasitic protein (Glutamate-gated chloride
channel) binds from Glycine 307 to Leucine 868. These
chloride channels perform extracellular ligand gated ion
channel activity, ion transport, and transmembrane signaling.
H. contortus, being a highly resistant and polymorphic parasite
in livestock, is also resistant to Ivermectin. On the other hand,
Caenorhabditis elegans enables the study of the effects of
polymorphism in resistant parasites. Reports claim that this
was tested using glutamate chloride channels that form
candidate resistant genes and an ivermectin drug target (35).

a- and b-tubulin, being major constituents of microtubules,
bind two moles of GTP, one at an exchangeable site on the alpha
chain and one at a nonexchangeable site on the beta chain. They
bind from the Histidine 302 position to the Proline 763 position.
FIGURE 10 | Molecular phylogenetic analysis of sheep with other species based on RIG-I gene.
January 2021 | Volume 11 | Article 534705

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Banerjee et al. Role of RIGI in Parasitic Immunity
They play an important role in Haemonchus contortus by
providing resistance to Benzimidazole Antihelmintics (36). The
parasitic protein Cystein proteinase binds from the Methionine
305 position to Glutamate 748. This protein has a peptidase
activity and is responsible for breaking down the host
hemoglobin. Haemonchus contortus is of the most highly
pathogenic parasite of ruminants, and cystein proteases act as
one of the prime targets for vaccine against H. contortus. Being
an active protease of the excreatory- secretory product of H.
contortus, there is strong probability of its involvement in
induction of protective immunity (37). These proteases are also
considered as important digestive enzymes in parasitic helminthes.

Phosphoenol pyruvate carboxy kinase is yet another important
parasitic protein that binds from the position Arginine 298 to
Phenylalanine 882. This is an important enzyme in helminth
parasites because it has GTP and metal ion binding activity, and
moreover, it catalyzes the reverse reaction of formation of
oxaloacetic acid from phosphoenol pyruvate (PEP) rather than
in mammals in which the reaction is vice versa. This leads to an
important functional difference between the host and the parasite,
and it can be predicted as a novel target for antihelminthic drugs.
These predictions are subject to experimental validation and
discovery of novel chemotherapeutic agents to fight against
helminthes, protozoas, etc (38). Last, Galaectin, from position
Threonine 330 to Leucine 717 and Lectin from position Histidine
295 and Threonine 462 are the proteins that recognize and bind to
specific carbohydrate moieties.
CONCLUSION

RIG-I of Ovis aries is characterized for the first time. Some
important domains for ovine RIG-I are identified. So far, RIG-I
gene has been studied mostly as an agent conferring antiviral
immunity. In this current study, we detected the role of RIG-I in
conferring immunity against the gastrointestinal nematode
Haemonchus contortus. The fact was revealed through the
differential mRNA expression profile of RIG-I in Haemonchus-
infected with respect to healthy sheep. The fact was later
confirmed through in silico studies with molecular docking.
Because this is the first report, we identified the binding site
for RIG-I with the polypeptide of parasite at 300-750 for most of
Frontiers in Immunology | www.frontiersin.org 11
the protein. Alpha tubulin, Beta tubulin, lectin, galectin, and
cysteine protease were predicted to be the most promising
binding site with ovine RIG-I. Molecular phylogeny detects
sufficient genetic similarity of domestic sheep with humans,
next to primates. Hence, sheep may be effectively employed as
an animal model for studying parasitic immunology.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found here: NCBI [Accession: KX687005].
ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Ethics Committee, West Bengal University of Animal
and Fishery Sciences.
AUTHOR CONTRIBUTIONS

SB and ArP conducted the research work. ArP and JC planned
and designed the research. AbP and ArP conducted
bioinformatics analysis. SB and ArP drafted the manuscript.
Statistical analysis has been conducted by ArP and PC. ArP, JC,
and PC critically revised the manuscript. All authors contributed
to the article and approved the submitted version.
ACKNOWLEDGMENTS

The authors are thankful to the Department of Biotechnology,
Ministry of Science and Technology, Govt. of India for providing
the financial grant vide number No. BT/Bio-CARe/04/10100/
2013-14. The authors are thankful to Vice-Chancellor, West
Bengal University of Animal and Fishery Sciences and Visva
Bharati University for providing lab space and support for
carrying out the research work.
REFERENCES
1. Kanneganti TD, Lamkanfi M, Nunez G. Intracellular NOD-like receptors in

host defense and disease. Immunity (2007) 27:549–59. doi: 10.1016/
j.immuni.2007.10.002

2. Lemos de Matos A, McFadden G, Esteves PJ. Positive Evolutionary Selection
On the RIG-I-Like Receptor Genes in Mammals. PloS One (2013) 8(11):
e81864. doi: 10.1371/journal.pone.0081864

3. Baum A, Sachidanandam R, Garcia-Sastre. A Preference of RIG1 for short
viral RNA molecules in infected cells revealed by next by next-generation
sequencing. Proc Natl Acad Sci U S A (2010) 107(37):16303–8. doi: 10.1073/
pnas.1005077107

4. Schmidt A, Schwerd T, Hamm W, Hellmuth JC, Cui S, Wenzel M, et al. 5′-
triphosphate RNA requires base-paired structures to activate antiviral
signaling via RIG-I. PNAS (2009) 106(29):12067–72. doi: 10.1073/
pnas.0900971106
5. Ivanov VN, Bhoumik A, Ronai Z. Death receptors and melanoma
resistance apoptosis. Oncogene (2003) 22:3152–61. doi: 10.1038/
sj.onc.1206456

6. Poeck H, Bscheider M, Gross O, Finger K, Roth S, Rebsamen M, et al.
Recognition of RNA virus by RIG-I results in activation of CARD9
andinflammasome signaling for interleukin 1 beta production. Nat
Immunol (2010) 11(1):63–9. doi: 10.1038/ni.1824

7. Kitamura H, Matsuzaki Y, Kimura K, Nakano H, Imaizumi T, Satoh K, et al.
Cytokine modulation of retinoic acid-inducible gene-I (RIG-I) expression in
human epidermal keratinocytes. J Dermatol Sci (2007) 45:127–34. doi:
10.1016/j.jdermsci.2006.11.003

8. Marnis H, Kania PW, Syahputra K, Zuo S, Dirks RP, Buchmann K.
Transcriptomic analysis of Baltic cod (Gadus morhua) liver infected with
Contracaecum osculatum third stage larvae indicates parasitic effects on
growth and immune response. Fish Shellfish Immunol (2019) 93:965–76.
doi: 10.1016/j.fsi.2019.08.034
January 2021 | Volume 11 | Article 534705

https://doi.org/10.1016/j.immuni.2007.10.002
https://doi.org/10.1016/j.immuni.2007.10.002
https://doi.org/10.1371/journal.pone.0081864
https://doi.org/10.1073/pnas.1005077107
https://doi.org/10.1073/pnas.1005077107
https://doi.org/10.1073/pnas.0900971106
https://doi.org/10.1073/pnas.0900971106
https://doi.org/10.1038/sj.onc.1206456
https://doi.org/10.1038/sj.onc.1206456
https://doi.org/10.1038/ni.1824
https://doi.org/10.1016/j.jdermsci.2006.11.003
https://doi.org/10.1016/j.fsi.2019.08.034
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Banerjee et al. Role of RIGI in Parasitic Immunity
9. Ye W, Chew M, Hou J, Lai F, Leopold SJ, Loo HL, et al. Microvesicles from
malaria-infected red blood cells activate natural killer cells via MDA5 pathway.
PloS Pathog (2018) 14(10):e1007298. doi: 10.1371/journal.ppat.1007298

10. Majumdar T, Chattopadhyay S, Ozhegov E, Dhar J, Goswami R, Sen GC, et al.
Induction of Interferon-Stimulated Genes by IRF3 Promotes Replication of
Toxoplasma gondii. PloS Pathog (2015) 11(3):e1004779. doi: 10.1371/
journal.ppat.1004779

11. Pal A, Pal A, Banerjee S, Batobyal S, Chatterjee PN. Mutation in Cytochrome
B gene causes debility and adverse effects on health of sheep. Mitochondrion
(2018) 46:393–404. doi: 10.1016/j.mito.2018.10.003

12. McMaster. The RVC/FAO Guide to Veterinary Diagnostic Parasitology; Faecal
examination of farm animals for helminth parasites. LM Gibbons, DE Jacobs,
MT Fox. The Royal Veterinary College (University of London) and Jørgen
HansenFood and Agricultural Organisation of the United Nations. (2014).
Available at: www.rvc.ac.uk.

13. Pal A, Chatterjee PN. Molecular cloning and characterization of CD14 gene in
goat. J Small Rumin Res (2009) 82:84–7. doi: 10.1016/j.smallrumres.2008.11.016

14. Pal A, Sharma A, Bhattacharya TK, Chatterjee PN, Chakravarty AK.
Molecular characterization and SNP detection of CD 14 gene in crossbred
cattle. Mol Biol Int (2011) 2011(507346):13. doi: 10.4061/2011/507346

15. Pal A, Chatterjee PN, Sharma A. Sequence characterization and
polymorphism detection in bubalineCD14 gene. Buffalo Bull (2014)32
(2):138–56. doi: 10.4061/2011/507346

16. Katoh K, Standley DM. MAFFTmultiple sequence alignment software version
7: improvements in performance and usability. Mol Biol Evol (2013) 30
(4):772–80. doi: 10.1093/molbev/mst010

17. Kim W, Spear ED, Ng DTW. Yos9p detects and targets misfolded
glycoproteins for ER-associated degradation. Mol Cell (2005) 19(6):753–64.
doi: 10.1016/j.molcel.2005.08.010

18. Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat Methods (2011) 8):785–6.
doi: 10.1038/nmeth.1701

19. Ebina T, Toh H, Kuroda Y. DROP: an SVM domain linker predictor trained
with optimal features selected by random forest. Bioinformatics (2011)
27:487–94. doi: 10.1093/bioinformatics/btq700

20. Ohnishi T, Muroi M, Tanamoto K. The lipopolysaccharide-recognition
mechanism in cells expressing TLR4 and CD14 but lacking MD-2 FEMS.
Immunol Med Microbiol (2007) 51:84–91. doi: 10.1111/j.1574-695X.
2007.00281.x

21. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 web
portal for protein modeling, prediction and analysis. Nat Protoc (2015) 10
(6):845–58. doi: 10.1038/nprot.2015.053

22. Wiederstein M, Sippl MJ. ProSA-web: interactive web service for the
recognition of errors inthree-dimensional structures of proteins. Nucleic
Acids Res (2007) 35:W407–10. doi: 10.1093/nar/gkm290

23. Zhang Y, Ni J, Zhou G, Yuan J, Ren W, Shan Y, et al. Cloning, expression and
characterization of the human NOB1 gene. Mol Biol Rep (2005) 32(3):185–9.
doi: 10.1007/s11033-005-3141-7

24. Szklarczyk D, Franceschini A, Wyder S. STRING v10: protein-protein
interaction networks, integrated over the tree of life. Nucleic Acids Res
(2015) 43:D447–52. doi: 10.1093/nar/gku1003

25. Duhovny DS, Inbar Y, Nussinov R, Wolfson HJ. PatchDock and SymmDock:
servers for rigid and symmetric docking. Nucleic Acids Res (2005) 33(Web
Server issue):W363–7. doi: 10.1093/nar/gki481

26. Lee CY, Munyard KA, Gregg K, Wetherall JD, Stear MJ, Groth DM. The
Influence of MHC and Immunoglobulins A and E on Host Resistanceto
Frontiers in Immunology | www.frontiersin.org 12
Gastrointestinal Nematodes in Sheep. J Parasitol Res (2011) 2011:101848. doi:
10.1155/2011/101848

27. Awad AH, Ali AM, Hadree DH. Some haematological and biochemical
parameters assessments in sheep infection by Haemonchus contortus. Tikrit
J Pure Sci (2016) 21(1):11–5.

28. Pandey V, Khajuriya JK, Soodan JS, Sharma N, Upadhyaya SR, Katoch R.
Influence of gastrointestinal gastointestinal parasites on certain blood
components of sheep. Indian J Small Rumin (2010) 16(1):134–6. Aditi.

29. Maqbool I, Wani ZA, Shahardar RA, Allaie IM, Shah MM. Integrated parasite
management with special referenceto gastro-intestinal nematodes. J Parasit
Dis (2017) 41(1):1–8. doi: 10.1007/s12639-016-0765-6

30. Farooq U, Abdulla A, Chaudhary R, Abera M. A Cross-sectional Study on the
Prevalence and Associated Risk Factors of Gastrointestinal Nematodes of
Sheep in and around Hirna, South East Ethiopia. Int J Livest Res (2018) 8
(5):89–97. doi: 10.5455/ijlr.20170427114448

31. Kong L, Sun L, Zhang H, Liu Q, Liu Y, Qin L, et al. An Essential Role for RIG-I
in Toll-like Receptor-Stimulated Phagocytosis. Cell Host Microbe (2009)
6:150–61. doi: 10.1016/j.chom.2009.06.008

32. Kolakofsky D, Kowalinski E, Cusack S. A structure based model of RIG1
activation. RNA (2012) 18:2118–27. doi: 10.1261/rna.035949.112

33. Toscan G, Cadore GC, Limana JFT, Weber A, Palma HH, Duarte M, et al.
Immune response of sheep naturally infected with Haemonchus spp. on
pastures with two different nutritional conditions. Redalyc (2017) 38:809–20.
doi: 10.5433/1679-0359.2017v38n2p809

34. Gadahi JA, Yongqian B, Ehsan M, Zhang ZC, Wang S, Yan RF, et al.
Haemonchus contortus excretory and secretory proteins (HcESPs) suppress
functions of goat PBMCs in vitro. Oncotarget (2016) 7(24):35670–9. doi:
10.18632/oncotarget.9589

35. Glendinning SK, Buckingham SD, Sattelle DB, Wonnacott S, Wolstenholme
AJ. Glutamate-Gated Chloride Channels of Haemonchus contortus Restore
Drug Sensitivity to Ivermectin Resistant Caenorhabditis elegans. PloS One
(2011) 6:e22390. doi: 10.1371/journal.pone.0022390

36. Lubega GW, Klein RD, Geary TG, Prichard RK. Haemonchus contortus: the
role of two beta-tubulin gene subfamilies in the resistance to benzimidazole
anthelmintics. Biochem Pharmacol (1994) 47(9):1705–15. doi: 10.1016/0006-
2952(94)90551-7

37. Yatsuda AP, Bakker N, Krijgsveld J, Knox DP, Heck AJR, de Vries E.
Identification of Secreted Cysteine Proteases from the Parasitic Nematode
Haemonchus contortus Detected by Biotinylated Inhibitors. Infect Immun
(2006) 74:1989–93. doi: 10.1128/IAI.74.3.1989-1993.2006

38. Verma AK, Nath P, Prasad S, Kardong D, Arjun J, Kashyap D, et al.
Homology Modeling and characterization of Phosphoenolpyruvate
Carboxykinase (PEPCK) from Schistosoma japonicum. IOSR J Pharm Biol
Sci (2013) 8:2319–7676. doi: 10.9790/3008-0858293

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Banerjee, Pal, Pal, Mandal, Chatterjee and Chatterjee. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
January 2021 | Volume 11 | Article 534705

https://doi.org/10.1371/journal.ppat.1007298
https://doi.org/10.1371/journal.ppat.1004779
https://doi.org/10.1371/journal.ppat.1004779
https://doi.org/10.1016/j.mito.2018.10.003
http://www.rvc.ac.uk
https://doi.org/10.1016/j.smallrumres.2008.11.016
https://doi.org/10.4061/2011/507346
https://doi.org/10.4061/2011/507346
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.molcel.2005.08.010
https://doi.org/10.1038/nmeth.1701
https://doi.org/10.1093/bioinformatics/btq700
https://doi.org/10.1111/j.1574-695X.2007.00281.x
https://doi.org/10.1111/j.1574-695X.2007.00281.x
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1007/s11033-005-3141-7
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1093/nar/gki481
https://doi.org/10.1155/2011/101848
https://doi.org/10.1007/s12639-016-0765-6
https://doi.org/10.5455/ijlr.20170427114448
https://doi.org/10.1016/j.chom.2009.06.008
https://doi.org/10.1261/rna.035949.112
https://doi.org/10.5433/1679-0359.2017v38n2p809
https://doi.org/10.18632/oncotarget.9589
https://doi.org/10.1371/journal.pone.0022390
https://doi.org/10.1016/0006-2952(94)90551-7
https://doi.org/10.1016/0006-2952(94)90551-7
https://doi.org/10.1128/IAI.74.3.1989-1993.2006
https://doi.org/10.9790/3008-0858293
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	RIG-I Has a Role in Immunity Against Haemonchus contortus, a Gastrointestinal Parasite in Ovis aries: A Novel Report
	Introduction
	Materials Required and Methods
	Animals, Collection of Samples, and mRNA Isolation
	Animals, Fecal Sample Collection, and Determination of Fecal Egg Count
	mRNA Isolation
	Materials Required

	Amalgamation, Configuration of cDNA, and PCR Amplification of RIG-I Gene
	Sequence Analysis
	Study of Predicted Ovine RIG-I Peptide Using Bioinformatics Tools
	Model Quality Assessment and 3-D Structure Prediction
	Protein–Protein Interaction Network Depiction
	Molecular Docking
	Differential mRNA Expression Profiling of Ovine RIG-I With Real-Time PCR (qRT-PCR)
	Differential mRNA Expression Profile Was Conducted in Two Phases

	Phylogenetical Analysis
	Statistical Analysis

	Results
	Assessment of Parasitic Infection in Sheep
	Molecular Characterization of RIG-I Gene of Sheep
	Depiction of Protein–Protein Interaction Network and Estimation of Biological Function
	In Silico Analysis for the Detection of the Binding Site of RIG-I With Parasite (Haemonchus contortus)—Molecular Docking
	Differential mRNA Expression Profile of Garole Sheep With Respect to RIG-I Gene in Healthy Sheep With Respect to Different Body Tissues
	mRNA Expression Profile of Garole Sheep With Respect to RIG-I Gene in Healthy Sheep and Those Infected With Haemonchus contortus
	Molecular Evolution of Sheep With Other Species With Respect to RIG-I Gene

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


