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Sexual dimorphism in NLR
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signaling protein IL-1[3 in teleost
Channa punctata (Bloch, 1793)
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Nucleotide-binding oligomerization domain-like receptors (NOD-like receptors or NLRs) are a family
of intracellular pattern recognition receptors (PRRs) that initiates as well as regulate inflammatory
responses. NLRs are characterized by a centrally located nucleotide binding domain and a leucine rich
repeat domain at the C-terminal responsible for the recognition of intracellular microbe-associated
molecular patterns (MAMPs) and danger-associated molecular patterns (DAMPs). In the present
study in adult spotted snakehead we have investigated the sex-dependent tissue distribution of
NLRs known to be associated with inflammation in teleost namely NOD1, NOD2, NLRC3, NLRC5,
and NLRX1. Further, the sexval dimorphism in the expression of NLR transcript as well as the pro-
inflammatory protein IL-1 was explored in fish under normal conditions, and in fish exposed to
bacterial lipopolysaccharide (LPS). The NLRs show ubiquitous and constitutive expression in all

the tissues. Moreover, a prominent disparity between males and females was observed in the basal
expression of these genes in various tissues. The sexuval dimorphism in NLR expression was also
prominent when fish were exposed to LPS. Similarly, IL-1p exhibited sexual dimorphism in both
normal as well as LPS-exposed fish.

The germ-line-encoded pattern recognition receptors (PRRs) are key molecules of the immune system that
initiates as well as regulates inflammation in response to pathogens or altered internal milieu. The membrane
bound PRRs include toll-like receptors (TLRs) and C-type lectin receptors (CLRs) whereas the cytosolic PRRs
include retinoic acid inducible gene I (RIG-I)-like receptors (RLRs), cytosolic DNA sensors (CDSs), NOD-like
receptors (NLRs) and the newly identified cytosolic absent in melanoma (AIM)-like receptors'~*. NLRs are
characterized by centrally located nucleotide binding domain and C-terminal leucine rich repeat domain and
are broadly divided into NLRA, NLRB, NLRC and NLRX1 subfamilies based on N-terminal effector binding
domain. In teleosts, extensive research on NOD1 and NOD2 highlights their widespread expression patterns.
Furthermore, investigations involving bacterial ligands and viruses underscore the pivotal roles played by NOD1
and NOD2 in the host’s defense mechanisms against both bacterial and viral infections®. NLRC3 and NLRC5 act
as positive regulators of immune responses in teleosts®. Teleost NLRX1 has been reported critical in controlling
innate immune responses and oxidative stress at mitochondria’. NLRs act in tandem with other cytosolic and
transmembrane PRRs to sense intracellular pathogens/pathogenic ligands, thereby activating the downstream
inflammatory pathways ultimately leading to release of pro-inflammatory cytokines involved in inflammatory
responses®.

The inflammatory responses in mammals are reported to have dramatic gender-based differences, thereby
leading to differential sex-based susceptibility to infection, sepsis, and autoimmune diseases’. Similar to mam-
mals, a few studies in teleost also report sex-dependent differential immune responses. For example, sex-related
differences in catalase (CAT) and superoxide dismutase (SOD) activity is observed in zebrafish wherein the
females reported higher CAT activity, and males showed higher SOD activity'®. On the contrary, in Chapultepec
splitfin, male showed higher lipid peroxidation (LPOX), SOD, and CAT activity as compared to female
counterparts''. In addition, the immune response in males and females have also been observed to respond
differentially to bacterial challenges/ligands or physiological hormonal milieu. For instance, in response to
lipopolysaccharide (LPS), the expression of suppressor of cytokine signaling (SOCS) was enhanced in male head
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kidney as compared to female yellow perch'. Similarly, in goldfish, hCG exposure increased the expression of
cytokines such as TNF-a in female spleen, liver and head kidney as compared to male counterparts'®. In rainbow
trout, after surgical tag implantation, male counterparts showed higher cytokine levels than mature females'.
Interestingly, despite their important role in inflammation, till date no studies have addressed the differential
sex-dependent expression of NLRs in any vertebrate group. Given this, the present study was undertaken to
investigate the sexual dimorphism in NLR expression in various tissues of teleost Channa punctata. Further, we
also explored how the sexually dimorphic expression of NLRs and the proinflammatory effector molecule, IL-1f
was altered in response to challenge by bacterial ligand, lipopolysaccharide (LPS). The spotted snakehead, Channa
punctata (Bloch, 1793), breeds in flooded rivers and ponds during south-west and north-east monsoons!® and is
distributed throughout the South-East Asian countries. The [UCN has listed it as low-risk near threatened fish
species in India'é. This economically important fish is well known for its high nutritive value, taste, and medicinal
qualities and is recommended as a diet during convalescence!”. The reproductive cycle of spotted snakehead is
divided into 4 phases viz: regressed (December-March), preparatory (April-June), spawning (July-August) and
post spawning (September-November)'®. Being a seasonal breeder, the immune system of the fish is exposed
to seasonally changing reproductive hormonal milieu wherein the preparatory phase exhibits high levels of sex
steroids'®-?! Hence to study the sex-dependent NLR and IL-1p expression, the experiments were performed
during the preparatory phase when the immune system of the fish is exposed to high levels of sex steroids.

Results

Tissue- and sex-dependent expression of NLRs

Quantitative expression analysis of spotted snakehead (ss) NOD1, NOD2, NLRC3, NLRC5 and NLRX1 genes
revealed ubiquitous and constitutive expression in all the tissues examined thereby validating their role in innate
immunity. In general, most of the tissues examined in the current study showed sexually dimorphic expression
of NLRs during the preparatory phase (Student’s unpaired t-test, p < 0.05, Fig. 1, 2).

ssNOD1 and ssNOD2

The expression levels of ssNOD1 was relatively lower (p <0.0001) in male as compared to female in case of brain
(forebrain, midbrain and hindbrain), immune organs such as head kidney, spleen, gills, intestine, gonads, muscle,
stomach and liver. Skin and eye on the contrary exhibited higher expression in males than in females (Fig. 1a).
Tissues such as heart and trunk kidney, however, did not show any sex-related difference in the expression of
NOD1. Regarding ssNOD2 expression, sexual dimorphism was observed with significantly higher expression
(p<0.05) in forebrain, midbrain, muscle, trunk kidney, stomach, liver and immune organs namely spleen and
gills in case of female while in case of male, higher expression (p <0.05) was noted in hindbrain, head kidney,
skin, intestine, eye, heart as well as gonads (Fig. 1b).

ssNLRC3, ssNLRC5 and ssNLRX1

Sexually dimorphic expression of ssNLRC3 transcript level was observed in all the tissues studied wherein fore-
brain, eye and heart had comparatively higher expression level (p <0.0001) in male than female whereas expres-
sion was relatively lesser (p <0.05) as compared to females in all the other tissues (Fig. 2a). Expression analysis
of ssNLRC5 revealed sex-related differential expression in which brain, spleen, gills, muscle, liver and gonads
showed more expression (p <0.05) in case of females as compared to males whereas relatively higher expression
(p<0.05) in male was seen in skin, intestine, eye, heart, trunk kidney. Interestingly, head kidney and stomach
did not show any significant difference in NLRC5 transcript level (Fig. 2b). The expression of mitochondrially
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Figure 1. Variation in expression of (a) ssNOD1, (b) ssNOD?2 in various tissues of both male and female C.
punctata during preparatory phase. Tissues namely, anterior, mid and posterior brain, head kidney, spleen, skin,
gills, eye, muscle, heart, trunk kidney, stomach, liver, intestine and gonad from both male and female (N=38)
were excised out. qQPCR was carried out and the data was normalized using 18S rRNA and B-actin genes as
reference. The relative fold change was calculated following the 274 method with female as reference. Student’s
unpaired t-test was employed to calculate significant difference (p <0.05, female vs. male) for each tissue. Data

is shown as a fold change in gene expression (Mean + SEM). Asterisks indicate significant difference (p <0.05,
female vs male).
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Figure 2. Tissue-dependent variation in expression of (a) ssNLRC3, (b) ssNLRC5 and (c) ssNLRX1 in both
male and female C. punctata. Tissues of interest, namely, brain (anterior, mid and posterior), immune organs
(head kidney, spleen, skin, gills and intestine), eye, muscle, heart, trunk kidney, stomach, liver, and gonad from
male and female were excised out during preparatory phase. For gene expression analysis, qPCR was performed
with two technical replicates. After normalizing the data with 18S rRNA and B-actin reference genes, female was
set as a control for calculating fold change data. Student’s unpaired t-test was employed to calculate significant
difference for each tissue. Data is shown as fold change in gene expression (Mean + SEM, N =8 for each sex).
Asterisks indicate significant difference (p <0.05, female vs. male).

located receptor, ssNLRX1 was found to be relatively lesser in skin, eye and heart in females as compared to males
while the expression was higher (p <0.05) in rest of the tissues namely brain, head kidney, gills, muscle, trunk
kidney, stomach, liver and gonads. The expression was not significant in case of spleen and intestine (Fig. 2¢).

Effect of LPS on NLR expression

The NLR expression was significantly altered following a challenge with bacterial lipopolysaccharide. Moreover,
the effect of LPS was sex-dependent. In spleen, the expression of ssNODI in male was significantly elevated in
the LPS-treated group (p <0.0001) as compared to the control group. On the contrary, in female, significant
downregulation was observed in NOD1 transcript level in the LPS-treated group (p <0.05). In case of ssNOD2,
female as well as male showed significant decline in its expression in the LPS-treated group as compared to
control group (p <0.01) (Fig. 3).

The differential expression of ssNLRC3, ssNLRC5 and ssNLRX1 followed a similar pattern wherein a sig-
nificant decrease in the gene expression was observed in the LPS-treated group as compared to control group in
case of both male and female. However, in case of NLRC5, the downregulation is more pronounced in female
as compared to male (p <0.01) (Fig. 3).

Effect of LPS on IL-1f expression

The precursor and mature form of IL-1f in spotted snakehead is being identified for the first time wherein the
splenic cell lysate showed the precursor sspro-IL-1p of 30 kDa, along with a processed form of approximately
24 kDa. The expression was significantly altered following a challenge with bacterial lipopolysaccharide and
effect was sex-dependent. In case of the control group, male showed weaker production of precursor as well as
processed IL-1P as compared to female. However, when injected with LPS, the expression of both pro-IL-1f as
well as processed IL-1f enhanced significantly in males. On the contrary, in case of females, LPS downregulated
the production of pro-IL 1P (Fig. 4).
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Figure 3. Differential expression of splenic NLRs in male and female C. punctata in response to LPS.
Differential expression of NLRs in lymphoid organ, spleen of male and female C. punctata was studied in
response to LPS injection or 1X PBS (control) for 6 h. The data was normalized with 18S rRNA and B-actin
genes and control was set as a reference for calculating fold change data. Significant difference between the
groups was calculated employing two-way analysis of variance followed by Tukey’s range test. White bars
represent male whereas black bars represent female. Data is represented as fold change in gene expression
(Mean + SEM, N =8 for each group). *’ indicate significant difference (p <0.05, control vs LPS treated) and ‘#
indicates a significant difference between male and female.

Discussion
NOD-like receptors play a critical role in inflammatory responses. The expression of NLR genes have been previ-
ously studied in teleosts wherein the expression of these receptors, although ubiquitous, showed tissue-dependent
variation depending upon fish species®. Similarly, in the present study, ssNOD1, ssNOD2, ssNLRC3, ssNLRC5
and ssNLRX1 transcripts were detected in all the tissues studied, reflecting the ubiquitous distribution as well as
constitutive expression. The ubiquitous and constitutive expression of NLRs reflects their role as an intracellular
sentinel that aids in combating invading pathogens or destructive self-proteins. It was interesting to note that in
addition to the immune tissues of Channa punctata, the expression level of most of these receptors was high in
gonads and the different regions of the brain implicating their role in reproduction and nervous functions. In fact,
in the case of mammals, the importance of transmembrane PRRs in reproduction®? and nervous functions such
as appetite and control of body temperature* are well-defined, though no such reports are available in teleosts.
In mammals, sexual dimorphism has been described in both innate® and adaptive immune responses’. It has
been reported that the TLR expression differs between sexes thus influencing the strength of TLR-dependent
responses?. Differences in immune responses between males and females have been also documented in other
species such as arthropods, reptiles, and birds wherein innate as well as adaptive immune responses were reported
to be generally lower in male counterparts®?°. However, no study is available on sex-related differential expres-
sion of NOD-like receptors and their downstream effector molecules across vertebrates, despite the important
role played by them in inducing and regulating inflammation. The present study in spotted snakehead reports
the sexually dimorphic expression of NLRs under normal conditions and in response to lipopolysaccharide
(LPS) injection. The NLR expression in the eye and skin of male fish was seen higher as compared to the female
counterparts. The higher expression of NLR in the eye and skin in male Channa punctata might contribute to a
more robust ocular and mucosal immunity as has been described earlier”-**. However, the NLR expression in
most other tissues in the case of males was lesser as compared to females indicating a better systemic immunity
under normal conditions in female Channa punctata. The sexually dimorphic expression may be attributed to
Bateman’s principle which suggests that males and females invest differentially in immune system parameters with
females maximizing fitness by lengthening their lifespan through greater investment in immune defenses®. A
few authors have supported this principle stating that as compared to females, males might invest fewer resources

towards immunity and more towards mating success by allocating it to develop sexually selected traits®>-4.
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Figure 4. Differential expression of IL-1f in splenic lysate of male and female C. punctata in response to
lipopolysaccharide (LPS). Male and female spotted snakeheads received injections of LPS (1 mg/mL) or 1 x PBS
(control) for 6 h. (A) Total splenic protein was isolated and analyzed using SDS-PAGE and Western blotting
using anti-IL-1p antibody. f-actin-antibody (approximately 42 kDa) was used as a loading control. Quantitative
estimation of image using Image J software was done for (B) precursor pro-IL-1f protein expression and (C)
mature IL-1p protein expression using Microsoft Excel, where B-actin was used for normalization and statistical
significance was analyzed using GraphPad Prism8 software, where two-way ANOVA was applied followed by
Tukey’s range test (p <0.05) for any significant change. These results are representative of three independent
experiments. *” indicate significant difference (p <0.05, control vs LPS treated) and #’ indicates a significant
difference between male and female.

LPS treatment led to decreased transcription of all the NLRs except ssNODI in both the sexes. This phe-
nomenon aligns with previous findings in murine liver cells where LPS substantially inhibited many immune
mediators such as IFN-y from activated T cells and diminished surface expression of MHC class I, CD80, and
CD86%. In addition, a study in periparturient dairy cows reported downregulation of NLRs in neutrophils®.
Since inflammation is an energetically costly physiological process, it has been suggested that the downregu-
lation of some immune responses against pathogens might have evolved to temper the detrimental effects of
inflammation on hosts®. Similarly the suppression of NOD2, NLRC3, NLRC5 and NLRX1 transcripts upon LPS
induction in Channa punctata might serve to attenuate excessive inflammatory responses, thereby contributing
to the maintenance of tissue homeostasis crucial for cell survival.

In case of males, the expression of NOD1 was dramatically enhanced in response to LPS, whereas, in females,
ssNOD1 expression was suppressed. NOD1 is implicated in the recognition of the bacterial component, LPS, and
activation of the NF-kB signal pathway resulting in the expression of inflammatory cytokines®”*® along with the
processing of pro-IL-1p%. Hence, based on the overexpression of ssNOD1 in response to LPS in male Channa
punctata, it may be possible that males exhibit increased expression as well as the processing of IL-1p in contrast
to females where significant downregulation of NOD1 expression was seen. Among the several proinflammatory
cytokines implicated during infection and immune challenges, IL-1f is quintessential as it is involved in acute
and chronic inflammation®. In addition, the coordinated regulation of circulating mature IL-1p is required for
maintaining homeostasis*’. In teleosts, IL-1p has been identified in several species*'-! and the processing of
pro-IL-1B has been demonstrated*®>>*. However, the size of the precursor pro-IL-1f as well as the mature form
differs considerably in different teleostean species®*>. The current study for the first time reports IL-1p precursor
and mature form in Channa punctata. pro-IL-1p identified by Western blotting with anti-IL-1p antibody was
approximately 30 kDa and the mature form of IL-1P was approximately 24 kDa. A similar size of mature IL-1p
was also observed in rainbow trout™. Interestingly, in spotted snakehead, sexual dimorphism was also observed
in the expression level of both precursor and mature IL-1f being higher in females under normal conditions.
LPS injection also showed diverse effect on IL-1p expression in males and the effect could be correlated with the
NODI1 expression. Similar results have been previously reported wherein LPS-challenged human serum and
murine-derived macrophages had higher levels of cytokines including IL-1f in males as compared to females®°.

Thus, our results raise a possibility that although females have a more robust surveillance system under nor-
mal conditions, males might be mounting a more aggressive inflammatory response during bacterial infection
in teleost. However, the implication of the sexually dimorphic cytokine production on the survival of fish during
infection is yet to be deciphered. Considering the threat faced by intensive aquaculture practices due to frequent
disease outbreaks”~®, it would be of interest to explore the significance and implication of the sexually dimorphic
inflammatory responses in teleost. The present study might provide a prospect for sex-dependent differential
development of fish vaccines and the judicious use of immunostimulants against bacterial and viral diseases.
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Conclusion

This study for the first time reported the sex-dependent differential expression of NOD-like receptors, an impor-
tant component of both innate as well as adaptive immunity. The NLR transcript expression as well as IL-1f pro-
tein expression in female C. punctata was higher as compared to males. This might reflect their higher investment
in immunity to increase their lifespan. Interestingly, when exposed to bacterial lipopolysaccharide, increased
expression of NOD1, widely reported to initiate and regulate inflammation was observed in males. Similar
overexpression of effector protein IL-1p was also observed in males, thus suggesting a robust immune response
against pathogens in males as compared to females. Further studies to understand how these sex-dependent
differential inflammatory reactions impact the response of fishes to bacterial infections as well as vaccinations
would have great significance in aquaculture.

Materials and methods

Procurement and maintenance of fish

In the present study, adult spotted snakehead Channa punctata was used as an experimental model. Males are
identified by the presence of a circular genital opening whereas in females the opening is elongated. Multiple tiny
well-defined black dots are present randomly on the lateral side of the male fish, whereas in case of females the
dots are diffused and larger in size (Supplementary file S1). Fish (80-100 g) procured from wild population in and
around National Capital Region of Delhi, India were stocked in tanks [dimension: 74 cm (L) X34 cm (B) X 32 cm
(H), Sintex] containing dechlorinated fresh water (15 fish/tank containing 45 L water) which was changed on
alternate days under 12 L:12 D light regimen at 25+ 2 °C. Acclimation was carried out for 3 weeks during which
water temperature varied from 24 to 26 °C. Water used in the experimental setup had a pH of 7.5, conductivity
of 367uS/cm, total dissolved solids (TDS) value was 256 ppm along with 193 ppm salinity and 8.2 mg/L of dis-
solved oxygen. After completion of the experiment, fish were sacrificed with an overdose of 2-phenoxyethanol
(5 ml L-1, Sisco Research Laboratories, Mumbai, India). The protocol has been approved by the Institutional
Animal Ethics Committee (DU/ZOOL/IAEC-R/2019/10), Department of Zoology, University of Delhi and all
the methods were performed in accordance with the relevant guidelines and regulations of the IAEC. The studies
involving the live animals follow the recommendations in the ARRIVE guidelines.

Tissue- and sex-dependent expression of NLRs

Female and male C. punctata during the preparatory phase (April-June) were sacrificed (N =8 per sex). Differ-
ent tissues including brain (anterior, middle and posterior regions), eye, heart, liver, stomach, muscle, gonads,
and lymphoid organs namely head kidney, spleen, skin, gills, intestine and trunk kidney were dissected out. For
the expression analysis at gene level, tissues were washed in 1X PBS, zap frozen in liquid nitrogen and stored
at— 80 °C until processed further. The expression of NLRs in each tissue of female was compared with respective
gene expression in the same tissue of male.

Effect of LPS on the expression of NLRs

Adult male spotted snakeheads were separated into two groups, namely experimental and control group (N=8
for each group). The experimental group was injected intraperitoneally with 200pL of LPS (1 mg/mL; derived
from Escherichia coli O111:B4, Sigma) and the control group received equal volume of 1X PBS. Similar experi-
mental and control groups were made for females (N =8 for each group). Six hours after injection, the spleen
was collected, zap frozen in liquid nitrogen and stored at— 80 °C until use. The time was decided based on a pilot
experiment performed with LPS (unpublished).

Total RNA extraction and cDNA synthesis

Total RNA was extracted in TRIzol reagent following the manufacturer’s protocol (Invitrogen). RNA levels were
quantified using a Nanodrop (ND-1000, NanoDropTechnologies, USA) and band intensities of 285 and 18S rRNA
were observed on 1% agarose gel for assessment of integrity. For cDNA preparation, 1 pg total RNA was treated
with enzyme DNase I to remove genomic contamination. The treated samples were then processed using avian
myeloblastosis virus (AMV) reverse transcriptase for reverse transcriptional synthesis of single-strand cDNA
following manufacturer’s specifications (Cat# K1622, Thermo Scientific, USA) in a thermocycler. The conditions
for RT-PCR were as follows: initial denaturation (95 °C for 3 min), 30 cycles each for denaturation at 95 °C for
30 s, annealing for 30 s (at gene specific primer temperature; Table 1) and extension at 72 °C for 45 s, followed by
final extension of 10 min at 72 °C. The synthesized cDNA was checked using the primers of the 18S rRNA gene®'.

Gene quantification by quantitative polymerase chain reaction (QPCR)

In order to quantitate target mRNA transcripts of NLRs, partially validated sequences of NOD1, NOD2, NLRC3,
NLRC5 and NLRX1 were used for designing qPCR primers (Table 1) . Further, qPCR was carried out in Applied
Biosystems ViiA 7 Real-time PCR system (Thermo Fisher Scientific, Massachusetts, USA). The reaction mixture
contained 5 pl SYBR Green master mix (Applied Biosystems, Massachusetts, USA), 0.5 pl forward and reverse
gene-specific primers each, 1 pl cDNA and 3 pl nuclease-free water. Thermocycling conditions were as follows:
initial denaturation at 95 °C for 10 min, 40 cycles of denaturation at 95 °C for 10 s and annealing at specific
temperature for 1 min. The specificity of a single product and absence of primer dimer were confirmed at the
end of each cycle by melting curve analysis. Samples were run in duplicate and no template control (NTC) was
run with each reaction.
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S/No Gene Type of primer Primer sequence Annealing temperature (°C) Reference
o Forward 5 TTCCTCCACATCACACTCCA 3 0
! NOD1 Semi-quantitative Reverse 5 CCCACATTCCCACATCAAA 3 58
R Forward 5 GACAACAACAACATCAGCGACT 3’|
q Reverse 5 TAAAGCCCCAAAACCTCCA 3
Forward 5 CAGTGTTTCITTGCTGCICIG 3
2 NOD2 Semi-quantitative rorwar 5 GCTTTGCTCCTTCTGATGTTATG | 57 £
2
CR Forward 5 GCTGCTCTCCTGCTATGATT S |
q Reverse 5 TCCACAGGTTGAGGGATAGA 3
o Forward 5 ACAATTGGTTCTAAAGGTGC 3’ o
3 NLRC3 Semi-quantitative Reverse 5 ATCCATTCCCAGAGAGTTC 3 56.7
R Forward 5 ACACTCTGCTTTCTCTCCA 3’ w67
q Reverse 5 GTTCTTTGCTCCCTCCAC 3 '
o Forward 5 GCCAAATCTCACTTCICTCAG 3 o
4 NLRC5 Semi-quantitative Reverse 5’ CATCCCATACCCACATCCTG 3 | 00
R Forward 5 TTAGCCTGGAGAGCCTATGT Y | .o
q Reverse 5 CTTGAGGCTGCGTAGAGATTT 3 | °%
o Forward 5 GGTGAACCTGCTGAGGAAATA 3 o
> NLRXI Semi-quantitative Reverse 5 CICTTCGTCCGTCTTGGTTT 3 |6
R Forward 5CTGCTTCCTCCCGTCTTATTG3 | o
q Reverse 5 GCCTGAGGAAACTGGTGTAAA 3 | %%
, Forward 5 GGGAGTGATGGTTGGTATGG 3’
6 B-actin qPCR Reverse 5 TGGGTATTTCAGGGTCAGGA 3 | °° Current study
Forward 5 CTGAACTGGGGCCATGATT 3 o
7 185 rRNA qPCR Reverse 5 CTTTCGCTTTCGTCCGTCT 3 574

Table 1. List of primers used for semi-quantitative polymerase chain reaction (RT-PCR) and qPCR.

Effect of LPS on the expression of interleukin-1f

Preparation of splenic extract

A part of the splenic tissue (50 mg per group per sex) collected from the above experiment was used for pre-
paring the extract (N'=3). Tissues were homogenized in chilled RIPA (radioimmunoprecipitation assay) lysis
buffer along with 100 mM PMSF (phenylmethylsulfonyl fluoride) and centrifuged at 10,000 g for 25 min. The
supernatant was collected and stored at— 80 °C for further use.

Western blot

Protein concentration was estimated by Lowry et al.** method, using bovine serum albumin (BSA) as standard.
Splenic lysate (60 pg/well) was resolved in 15% SDS-PAGE and transferred onto the nitrocellulose membrane in
the transfer buffer (25 mM Tris, 193 mM glycine, 20% methanol, pH 8.5). After transfer, nitrocellulose membrane
was incubated with the 5% BSA blocking solution for 1 h and subsequently incubated with the primary anti-
body dilution 1:1000, anti-mouse IL-13 (BB-AB0165) and anti-mouse P-actin (sc-47778, Santa-cruz) overnight
at 4 °C. The membrane was washed 3 times with TBST (50 mM Tris, 150 mM NacCl, 0.1% Tween-20, pH 7.6)
and further incubated with goat anti-mouse IgG-HRP (Horseradish peroxidase) conjugated antibody (dilution
1:1000) for 1.5 h and washed 3 x with TBST. The bands were developed using Luminata™ Crescendo Western HRP
substrate (Millipore Corporation) and observed under the luminescent image analyzer amersham imager-600
(GE/Biosciences AB). The quantitative densitometric analysis of the bands was performed using Image] software.

Statistical analyses

The relative fold change was calculated following the 2724 method®. To analyze expression values in each sample
of target tissues, ribosomal 185 RNA (18S rRNA) and -actin were used as reference genes. The mean Ct value of
the tissue showing minimum expression for respective genes and control was set as reference for tissue- depend-
ent and in vivo LPS-induced AACt gene expression analysis, respectively. For tissue- and sex-dependent expres-
sion of NLRs, Student’s unpaired ¢-test (p <0.05) was employed. For differential expression dependent on sex
(female vs. male) as well as in vivo LPS treatment, two-way analysis of variance (ANOVA) was applied followed
by Tukey’s range test (p <0.05) for any significant change in gene expression. Data shown in the result section is
represented as mean + standard error of mean (SEM). The software used for statistical analyses was GraphPad
Prism8 software (GraphPad Software, La Jolla, CA). For quantitative estimation of protein, the data analysis
was performed using Image J software and Microsoft Excel, B-actin was used for normalization and statistical
significance was analyzed using GraphPad Prism8 software (GraphPad Software, La Jolla, CA), where two-way
ANOVA was applied followed by Tukey’s range test (p <0.05) for any significant change in protein expression.

AACt

Data availability

The datasets presented in this study can be found in online repositories. The name of the repository/repositories
and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, MK328029; https://www.ncbi.nlm.
nih.gov/, MK395360; https://www.ncbi.nlm.nih.gov/, MK395361; https://www.ncbi.nlm.nih.gov/, MK328031;
https://www.ncbi.nlm.nih.gov/, MK328030.

Scientific Reports |

(2024) 14:1923 | https://doi.org/10.1038/s41598-024-51702-7 nature portfolio


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/

www.nature.com/scientificreports/

Received: 29 July 2023; Accepted: 8 January 2024
Published online: 22 January 2024

References

1. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate immunity. Cell 124, 783-801 (2006).

2. Chen, G., Shaw, M. H., Kim, Y. G. & Nufiez, G. NOD-like receptors: Role in innate immunity and inflammatory disease. Annu.
Rev. Pathol. 4, 365-398 (2009).

3. Franchi, L. et al. Inflammasomes as microbial sensors. Eur. J. Immunol. 40, 611-615 (2010).

4. Hansen, J. D., Vojtech, L. N. & Laing, K. J. Sensing disease and danger: A survey of vertebrate PRRs and their origins. Dev. Comp.
Immunol. 35, 886-897 (2011).

5. Zhang, L. et al. Nucleotide-binding and oligomerization domain (NOD)-like receptors in teleost fish: Current knowledge and
future perspectives. J. Fish Dis. 41, 1317-1330 (2018).

6. Chuphal, B,, Rai, U. & Roy, B. Teleost NOD-like receptors and their downstream signaling pathways: A brief review. Fish Shellfish
Immunol. Rep. 4, 100056 (2022).

7. Ding, X. et al. Molecular cloning and characterization of NLRX1 from orange-spotted grouper (Epinephelus coioides) as a mediator
of ROS production through its LRR domains. Aquaculture. 565, 739146 (2023).

8. Motta, V., Soares, E, Sun, T. & Philpott, D. . NOD-like receptors: versatile cytosolic sentinels. Physiol. Rev. 95, 149-178 (2015).

9. Jaillon, S., Berthenet, K. & Garlanda, C. Sexual dimorphism in innate immunity. Clin. Rev. Allergy Immunol. 56, 308-321 (2019).

10. Shao, B. et al. DNA damage and oxidative stress induced by endosulfan exposure in zebrafish (Danio rerio). Ecotoxicology. 21,
1533-1540 (2012).

11. Vega-Lopez, A. Gender related differences in the oxidative stress response to PCB exposure in an endangered goodeid fish (Girar-
dinichthys viviparus). Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 146, 672-8 (2007).

12. Shepherd, B. S, Rees, C. B., Binkowski, E. P. & Goetz, E W. Characterization and evaluation of sex-specific expression of suppres-
sors of cytokine signaling (SOCS)-1 and-3 in juvenile yellow perch (Perca flavescens) treated with lipopolysaccharide. Fish Shellfish
immunol. 33, 468-481 (2012).

13. Zhong, H. et al. Seasonal changes and human chorionic gonadotrophin (hCG) effects on innate immune genes expression in
goldfish (Carassius auratus). Fish Shellfish immunol. 38, 303-310 (2014).

14. Semple, S. L. et al. Long-term implantation of acoustic transmitters induces chronic inflammatory cytokine expression in adult
rainbow trout (Oncorhynchus mykiss). Vet. Immunol. Immunopathol. 205, 1-9 (2018).

15. Alikunhi, K. H. Fish Culture in India. ICAR. New Delhi, 143 (1957).

16. Molur, S., & Walker, S. Report of the Workshop on Conservation assessment and management plan for freshwater fishes of India.
Zoo Outreach Organisation and NBFGR (1997).

17. Haniffa, M. A. et al. Breeding behaviour and parental care of the induced bred spotted murrel Channa punctatus under captivity.
Curr. Sci. 86, 1375-1376 (2004).

18. Basak, R., Roy, A. & Rai, U. Seasonality of reproduction in male spotted murrel Channa punctatus: Correlation of environmental
variables and plasma sex steroids with histological changes in testis. Fish Physiol. Biochem. 42, 1249-1258 (2016).

19. Williams, P. J., Courtenay, S. C. & Wilson, C. E. Annual sex steroid profiles and effects of gender and season on cytochrome P450
mRNA induction in Atlantic tomcod (Microgadus tomcod). Enviro. Toxicol. Chem. 17, 1582-1588 (1998).

20. Singh, P. B. & Singh, T. P. Seasonal correlative changes between sex steroids and lipid levels in the freshwater female catfish, Het-
eropneustes fossilis (Bloch). J. Fish Biol. 37, 793-802 (1990).

21. Chaves-Pozo, E. et al. Sex steroids and metabolic parameter levels in a seasonal breeding fish (Sparus aurata L.). Gen. Comp.
Endocrinol. 156, 531-6 (2008).

22. Zhao, S., Zhu, W,, Xue, S. & Han, D. Testicular defense systems: Immune privilege and innate immunity. Cell. Mol. Immunol. 11,
428-437 (2014).

23. Gabanyi, L. et al. Bacterial sensing via neuronal Nod2 regulates appetite and body temperature. Science 376, 3986 (2022).

24. Young, N. A. et al. Estrogen modulation of endosome-associated toll-like receptor 8: An IFNa-independent mechanism of sex-bias
in systemic lupus erythematosus. Clin. Immunol. 151, 66-77 (2014).

25. Klein, S. L. & Flanagan, K. L. Sex differences in immune responses. Nat. Rev. Immunol. 16, 626-638 (2016).

26. Garcia-Gomez, E., Gonzélez-Pedrajo, B. & Camacho-Arroyo, L. Role of sex steroid hormones in bacterial-host interactions. BioMed.
Res. Int. 12, 5666 (2013).

27. Benko, S. et al. Constitutive and UV-B modulated transcription of Nod-like receptors and their functional partners in human
corneal epithelial cells. Mol. Vis. 14, 1575 (2008).

28. Oh, J. Y. et al. Transcription profiling of NOD-like receptors in the human cornea with disease. Ocul. Immunol. Inflamm. 25,
364-369 (2017).

29. Scurrell, E., Stanley, R. & Schoniger, S. Immunohistochemical detection of NOD1 and NOD2 in the healthy murine and canine
eye. Vet. Ophthalmol. 12, 269-275 (2009).

30. Li, T. et al. Identification of a fish-specific NOD-like receptor subfamily C (NLRC) gene from common carp (Cyprinus carpio L.):
Characterization, ontogeny and expression analysis in response to immune stimulation. Fish Shellf. Immunol. 82, 371-7 (2018).

31. Rolff, J. Bateman’s principle and immunity. Proc. R. Soc. B: Biol. Sci. 269, 867-872 (2002).

32. Nunn, C. L, Lindenfors, P, Pursall, E. R. & Rolff, ]. On sexual dimorphism in immune function. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 364, 61-69 (2009).

33. Zuk, M. Reproductive strategies and disease susceptibility: an evolutionary viewpoint. Parasitol. Today. 6, 231-233 (1990).

34. Zuk, M. & Stoehr, A. M. Immune defense and host life history. Am. Nat. 160, $9-22 (2002).

35. Knolle, P. A. et al. Induction of cytokine production in naive CD4+ T cells by antigen-presenting murine liver sinusoidal endothelial
cells but failure to induce differentiation toward Th1 cells. Gastroenterology. 116, 1428-1440 (1999).

36. Bi, D. et al. Recognition of lipopolysaccharide and activation of NF-kB by cytosolic sensor NOD1 in teleost fish. Front. immunol.
9, 1413 (2018).

37. Tan, X., Wei, L. ], Fan, G. ], Jiang, Y. N. & Yu, X. P. Effector responses of bovine blood neutrophils against Escherichia coli: Role
of NOD1/NF-«B signalling pathway. Vet. Immunol. Immunopathol. 168, 68-76 (2015).

38. Inohara, N. et al. Human Nod1 confers responsiveness to bacterial lipopolysaccharides. J. Biol. Chem. 276, 2551-2554 (2001).

39. Dinarello, C. A. A clinical perspective of IL-1p as the gatekeeper of inflammation. Eur. J. Immunol. 41, 1203-1217 (2011).

40. Vojtech, L. N., Scharping, N., Woodson, J. C. & Hansen, J. D. Roles of inflammatory caspases during processing of zebrafish
interleukin-1p in Francisella noatunensis infection. Infect. Immun. 80, 2878-2885 (2012).

41. Seppola, M. et al. Characterisation and expression analysis of the interleukin genes, IL-1B, IL-8 and IL-10, in Atlantic cod (Gadus
morhua L.). Mol. Immunol. 45, 887-97 (2008).

42. Wang, Y. et al. Genomic organization, gene duplication, and expression analysis of interleukin-1p in channel catfish (Ictalurus
punctatus). Mol. Immunol. 43, 1653-1664 (2006).

43. Zou, ., Grabowski, P. S., Cunningham, C. & Secombes, C. J. Molecular cloning of interleukin 1p from rainbow trout Oncorhynchus

mykiss reveals no evidence of an ice cut site. Cytokine 11, 552-560 (1999).

Scientific Reports |

(2024) 14:1923 | https://doi.org/10.1038/s41598-024-51702-7 nature portfolio



www.nature.com/scientificreports/

44. Scapigliati, G. et al. Phylogeny of cytokines: Molecular cloning and expression analysis of sea bass Dicentrarchus labrax
interleukin-1p. Fish Shellfish immunol. 11, 711-726 (2001).

45. Bird, S. et al. The first cytokine sequence within cartilaginous fish: IL-1p in the small spotted catshark (Scyliorhinus canicula). J.
Immunol. 168, 3329-3340 (2002).

46. Corripio-Miyar, Y., Bird, S., Tsamopoulos, K. & Secombes, C. J. Cloning and expression analysis of two pro-inflammatory cytokines,
IL-1p and IL-8, in haddock (Melanogrammus aeglefinus). Mol. Immunol. 44, 1361-1373 (2007).

47. Fujiki, K., Shin, D. H., Nakao, M. & Yano, T. Molecular cloning and expression analysis of carp (Cyprinus carpio) interleukin-14,
high affinity immunoglobulin E Fc receptor y subunit and serum amyloid A. Fish Shellfish Immunol. 10, 229-242 (2000).

48. Jiang, S., Zhang, D., Li, J. & Liu, Z. Molecular characterization, recombinant expression and bioactivity analysis of the interleukin-1B
from the yellowfin sea bream, Acanthopagrus latus (Houttuyn). Fish Shellfish Immunol. 24, 323-336 (2008).

49. Lee, D. S. et al. Molecular cDNA cloning and analysis of the organization and expression of the IL-1p gene in the Nile tilapia
Oreochromis niloticus. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 143, 307-14 (2006).

50. Lu, D. Q. et al. Interleukin-1f gene in orange-spotted grouper, Epinephelus coioides: Molecular cloning, expression, biological
activities and signal transduction. Mol. Immunol. 45, 857-867 (2008).

51. Pelegrin, P, Garcia-Castillo, J., Mulero, V., & Meseguer, J. Interleukin-1 isolated from a marine fish reveals up-regulated expres-
sion in macrophages following activation with lipopolysaccharide and lymphokines. Cytokine 16, 67-72 (2001)

52. Reis, M. L et al. Caspase-1 and IL-1p processing in a teleost fish. PLoS ONE 7, 50450 (2012).

53. Pelegrin, P,, Chaves-Pozo, E., Mulero, V. & Meseguer, J. Production and mechanism of secretion of interleukin-1f from the marine
fish gilthead seabream. Dev. Comp. Immunol. 28, 229-237 (2004).

54. Hong, S. et al. Analysis and characterisation of IL-1 processing in rainbow trout Oncorhynchus mykiss. Fish Shellfish Immunol.
16, 453-459 (2004).

55. Imahara, S. D., Jelacic, S., Junker, C. E. & O’Keefe, G. E. The influence of gender on human innate immunity. Surgery 138, 275-282
(2005).

56. Marriott, I., Bost, K. L. & Huet-Hudson, Y. M. Sexual dimorphism in expression of receptors for bacterial lipopolysaccharides in
murine macrophages: A possible mechanism for gender-based differences in endotoxic shock susceptibility. J. Reprod. Immunol.
71, 12-27 (2006).

57. Martins, M. L., Yamaguchi Miyazaki, D. M. & Pedreira Mourino, J. L. Aeromonas caviae during mortality on Nile tilapia and sup-
plementation with vitamin C in the diet. Bol. Inst. Pesca. 34, 585-90 (2008).

58. Sahoo, P. K. et al. Estimation of loss due to argulosis in carp culture ponds in India. Indian J. Fish. 60, 99-102 (2013).

59. Bagum, N., Monir, M. S. & Khan, M. H. Present status of fish diseases and economic losses due to incidence of disease in rural
freshwater aquaculture of Bangladesh. J. Innov. Dev. Strategy. 7, 48-53 (2013).

60. Monir, S. et al. Parasitic diseases and estimation of loss due to infestation of parasites in Indian major carp culture ponds in Bang-
ladesh. Int. J. Fish. Aquat. 2, 118-122 (2015).

61. Roy, A., Basak, R. & Rai, U. D. novo sequencing and comparative analysis of testicular transcriptome from different reproductive
phases in freshwater spotted snakehead Channa punctatus. PLoS One. 12, €0173178 (2017).

62. Chuphal, B., Rai, U, Kumar, R. & Roy, B. Molecular and functional characterization of spotted snakehead NOD1 with an emphasis
on structural insights into iE-DAP binding motifs employing advanced bioinformatic tools. J. Biomol. Struct. Dyn. 5, 1-3 (2021).

63. Chuphal, B., Rai, U. & Roy, B. Exploring the possible role of estradiol in the regulation of reproductive phase-dependent expression
of NOD-like receptors in female Channa punctata. Aquacult. Int. 23, 5665 (2023).

64. Lowry, O., Rosebrough, N, Farr, A. L. & Randall, R. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193,
265-275 (1951).

65. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 22T method.
Methods 25, 402-408 (2001).

Acknowledgements

This research work was supported by the Department of Biotechnology, Ministry of Science and Technology,
India (Ref No. BT/PR19619/BIC/101/57/2016), Indian Council of Medical Research, Government of India,
India (Ref No. 5/10/15/FR/67/2020-RBMCH), and University Grant Commission, India (Senior Research Fel-
lowship, Ref. No. 19/06/2016(i)EU-V).

Author contributions

B.C.: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization,
Writing- original draft. P.S.: Data curation, formal analysis and writing-original draft for IL-1p Western blotting.
U.R.: Conceptualization, Funding acquisition, Resources, Visualization, Writing-review & editing, Supervision.
B.R.: Conceptualization, Methodology, Validation, Funding acquisition, Resources, Writing - review & editing,
Supervision.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-51702-7.

Correspondence and requests for materials should be addressed to U.R. or B.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:1923 | https://doi.org/10.1038/s41598-024-51702-7 nature portfolio


https://doi.org/10.1038/s41598-024-51702-7
https://doi.org/10.1038/s41598-024-51702-7
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:1923 | https://doi.org/10.1038/s41598-024-51702-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Sexual dimorphism in NLR transcripts and its downstream signaling protein IL-1ꞵ in teleost Channa punctata (Bloch, 1793)
	Results
	Tissue- and sex-dependent expression of NLRs
	ssNOD1 and ssNOD2
	ssNLRC3, ssNLRC5 and ssNLRX1

	Effect of LPS on NLR expression
	Effect of LPS on IL-1β expression


	Discussion
	Conclusion
	Materials and methods
	Procurement and maintenance of fish
	Tissue- and sex-dependent expression of NLRs
	Effect of LPS on the expression of NLRs
	Total RNA extraction and cDNA synthesis
	Gene quantification by quantitative polymerase chain reaction (qPCR)
	Effect of LPS on the expression of interleukin-1β
	Preparation of splenic extract
	Western blot

	Statistical analyses

	References
	Acknowledgements


