Heliyon 9 (2023) e22936

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Gut-immunity modulation in Lepidocephalichthys guntea during
Aeromonas hydrophila-infection and recovery assessed with
transcriptome data

Chandana Basak, Ranadhir Chakraborty

OMICS Laboratory, Department of Biotechnology, University of North Bengal, Siliguri-734013, West Bengal, India

ARTICLE INFO ABSTRACT
Keywords: The fish immune system, which consists of innate and adaptive immunologic processes, defends
L. guntea against viruses, bacteria, fungi, and parasites. The gut immunity is an integral part of the host

A. hydrophila
gut immunity
Heat shock response

immune system that controls immunological homeostasis, hosts’ interactions with their micro-
biomes, and provides defence against a number of intestinal infections. Lepidocephalichthys guntea,
a facultative air-breathing fish, was experimentally infected with Aeromonas hydrophila using
intraperitoneal injection followed by bath challenge, and transcriptome data were used to
examine the gut immune responses during disease progression and recovery from the diseased
state without the use of medication. For the control or uninfected fish (FGC) and the infected fish
that were kept for seven days (FGE1) and fifteen days (FGE2), separate water tanks were set up.
Coding DNA sequences (CDS) for FGC and FGE1, FGC and FGE2, and FGE1 and FGE2 were
analyzed for differential gene expression (DGE). The presence and expression of genes involved in
the T cell receptor (TCR) signalling pathway, natural killer (NK) cell-mediated cytotoxicity
pathway, and complement-mediated pathway, along with a large number of other immune-
related proteins, and heat shock protein (HSPs) under various experimental conditions and its
relationship to immune modulation of the fish gut was the primary focus of this study. Significant
up-and-down regulation of these pathways shows that, in FGE1, the fish’s innate immune system
was engaged, whereas in FGE2, the majority of innate immune mechanisms were repressed, and
adaptive immunity was activated. Expression of genes related to the immune system and heat-
shock proteins was induced during this host’s immunological response, and this information
was then used to build a thorough network relating to immunity and the heat-shock response.
This is the first study to examine the relationship between pathogenic bacterial infection, disease
reversal, and modification of innate and adaptive immunity as well as heat shock response.

1. Introduction

Fish serves as a link between innate immunity and the formation of adaptive immunity since they are among the most numerous
and diversified species of vertebrates to have evolved throughout the Devonian period. Despite certain differences, fish have an im-
mune system that is biologically similar to higher vertebrates, such as humans. Fish immunity, however, is mostly attributed to their
innate immune systems, which enable them to adapt to adverse environmental conditions [1,2]. In addition to the primary
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Fig. 1. The detailed illustration of the L. guntea disease model, include the onset of infection, the development of symptoms, and the resolution of
the illness condition.

hematopoietic organ, fish have extra lymphoid tissues in several organs. Although fish lack the characteristic lymphocyte aggregation
place known as Peyer’s patches in mammals, the gut does contain a small number of leukocytes and macrophage-like cells [3]. In fish,
innate immunity plays a critical role in preserving homeostasis through retaining a system of receptor proteins that recognise
pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharides, peptidoglycans, DNA, and RNA [4]. Warm-blooded
vertebrates’ immune systems and physiologies differ from those of fish, yet both are greatly influenced by the environment. Both
innate and adaptive immune systems are influenced by environmental variables such as photoperiodism, temperature, and water
oxygen content, which affect complement and lysozyme activity in the case of innate immunity and IgM concentration in the case of
adaptive immunity [5]. In addition to environmental factors, certain variances are genetically transmitted and have evolved due to
genetic changes. In the majority of cases, it manifests in the adaptive immune system, particularly in the form of genetic recombi-
nation, which is essential for the diversification of repertoires of lymphocyte-based antigen recognition receptors. Numerous aspects of
fish immunity, including expression of immune-responsive genes, the process of inflammation and wound healing, antigen pattern
recognition receptors, signalling, and lymphocyte trafficking, have not changed despite the diversification of the vertebrate phylum
[6].

A widely studied intestinal pathogen called Aeromonas hydrophila is known to cause a number of diseases, including gastroenteritis,
necrotizing fasciitis, and motile Aeromonas septicaemia [7,8]. A. hydrophila mostly functions as a secondary pathogen or opportunistic
invader, and it can cause mass mortality if left untreated [9]. It can thrive in a wide temperature range from 0 to 45 °C (with an optimal
range of 22-32 °C). Stresses like poor water quality, fish overcrowding, ineffective handling, and inefficient transportation are major
predisposing factors establishing Aeromonas infections in aquaculture systems [10]. Fish infected with Aeromonas exhibit exoph-
thalmia, ulceration with bright red spots, pale gills, irregular swimming, tail/fin rot, loss of appetite, and other signs [11]. The majority
of farmed and wild freshwater fish, such as rainbow trout [12], carp [13,14], channel catfish [15], eels [16,17], zebrafish [18],
goldfish [19], perch fish [20], tilapia [21], snakehead murrel [22], loach [23], and many more, are susceptible to A. hydrophila
infection. Although studies on Aeromonas infection in loaches focused on the kidney, liver, spleen, muscles, and gut [23,24], they were
typically limited to a bacteriological survey [25,26]. In particular, transcriptomics has opened up a new line of inquiry into the
knowledge of immune-related proteins and how changes in infectious states affect their differential gene expression. As time goes on,
these investigations have evolved to various omics levels. Although investigations on the intestinal responses to Aeromonas infection
have not yet been published, studies on skeletal muscle [27], gill and liver [28], skin [29], gonads [30], intestinal air-breathing
function and nutrition uptake and gas exchange [31,32], have been investigated in loach fish. Despite the fact that the
gut-associated lymphoid tissues (GALTs) should have played a significant role in disease resistance among the four fundamental
physical barriers created by a fish (gill-associated lymphoid tissues, skin-associated lymphoid tissues, mucosa-associated lymphoid
tissues, and gut-associated lymphoid tissues), no research has been done to examine the pattern of immune response in the gut of loach
fish under any pathogen-stress.

Lepidocephalichthys guntea, a cobitidae loach found in the Ganges and Brahmaputra river systems of northern India, Nepal, and
Bangladesh, was selected for exploring the gut immune responses to A. hydrophila infection. This fish is able to live in eutrophic and
slow-moving aquatic settings because of its capacity to breathe through the intestine [21]. The findings of this study open up a new
field of study on fish gut immunity from the standpoint of the immunological response created by the gut cells when fish are exposed to
A. hydrophila.
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Table 1
Estimation of A. hydrophila population*” in the gut of L. guntea under different experimental conditions at different time periods.
Bath challenge (CFU/mg wet Intraperitoneal injection (CFU/mg wet Intraperitoneal injection + Bath challenge (CFU/mg
weight of gut) weight of gut) wet weight of gut)
1st Day (Before 0.2 (+ 0.04) 0 0
infection)
4th Day 27( £ 1.63) 3.58 x 10%( + 5.88) 8.2 x 10* (+ 14.14)
7th Day 62( + 0.82) 1.82 x 10%( + 1.63) 9 x 10° (£ 12.25)
15th Day - - 18( + 0.82)

CFU/mg and > 10*

CFU/mg have been considered as the sub-clinical and clinical level respectively in accordance to the data (considered as clinical) obtained from the
intestine of experimentally infected Clarias batrachus (5.6 x 10*.

CFU/mg), Labeo rohita (7.7 x 10°.

CFU/mg), Cirrhinus cirrhosis (5.8 x 10°.

CFU/mg), and Badis badis (6.4 x 10*.

CFU/mg) [20].

2, #,<10%
Table 2
Distribution of coding DNA sequence in different gene ontology categories.
Sample Name Biological Process Cellular Component Molecular Function
FGC 7528 7006 8082
FGE1 6476 6081 6876
FGE2 7420 6921 7935
Triplophysa

tibetana

Others 4 i

[ Cyprinus carpio

Anabarilius E:.
grahami

Labeo rohita

" sinocydocheilus
" B rhinocerous
Daniorerio sclocheilt Carassius auratus

Sinocyclocheilus -
grahami

Fig. 2. Top 10 blast hit species distribution of pooled coding DNA sequence (CDS).
2. Result
2.1. Progression of A. hydrophila infection in the gut of L. guntea

No fish died and none showed any signs of disease even after being bath-challenged with A. hydrophila for seven days. In another
experiment, fish were injected intraperitoneally with A. hydrophila, yet the fish displayed no disease symptoms. Fish that had been
injected and subsequently subjected to the A. hydrophila bath challenge began exhibiting indications of the illness on day four,
including skin discolouration, appetite loss, and inactivity. On day seven, symptoms reached their peak, with petechiae-like pinpoint
red spots appearing in the fish’s lateral region and the body becoming discoloured along with some grey dots in the head. There was no
mortality noted throughout this trial, and after the 11th and 12th days, the health of the sick fish started to improve significantly. Fig. 1
depicts the progression of fish infection and disease recovery.

When challenges were applied individually, a culture-based investigation revealed that the load of A. hydrophila in fish guts on the
fourth day of the 12 h bath challenge and the fourth day of the intraperitoneal injection was below the sub-clinical level (<10% CFU/
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Table 3
KEGG classification of coding DNA sequences (CDS) involved in several pathways related to the immune system of L. guntea’s gut.
Pathway Hierarchy KEGG Pathway CDS number
FGC FGE1 FGE2

Immune system: [PATH:ko04062] Chemokine signalling pathway 149 128 149
Immune system: [PATH:ko04621] NOD-like receptor signalling pathway 143 128 147
Immune system: [PATH:ko04670] Leukocyte trans-endothelial migration 124 101 117
Immune system: [PATH:ko04613] Neutrophil extracellular trap formation 118 118 115
Immune system: [PATH:ko04611] Platelet activation 112 119 119
Immune system: [PATH:ko04666] Fc gamma R-mediated phagocytosis 104 82 98
Immune system: [PATH:ko04625] C-type lectin receptor signalling pathway 102 87 107
Immune system: [PATH:ko04660] T cell receptor signalling pathway 90 75 98
Immune system: [PATH:ko04620] Toll-like receptor signalling pathway 84 77 98
Immune system: [PATH:ko04659] Th17 cell differentiation 81 66 83
Immune system: [PATH:ko04650] Natural killer cell mediated cytotoxicity 76 72 93
Immune system: [PATH:ko04662] B cell receptor signalling pathway 75 57 77
Immune system: [PATH:ko04657] IL-17 signalling pathway 70 69 74
Immune system: [PATH:ko04610] Complement and coagulation cascades 66 70 64
Immune system: [PATH:ko04612] Antigen processing and presentation 64 63 80
Immune system: [PATH:ko04664] Fc epsilon RI signalling pathway 63 48 56
Immune system: [PATH:ko04622] RIG-I-like receptor signalling pathway 61 56 65
Immune system: [PATH:ko04658] Th1 and Th2 cell differentiation 58 41 61
Immune system: [PATH:ko04640] Hematopoietic cell lineage 50 55 55
Immune system: [PATH:ko04624] Toll and Imd signalling pathway 43 43 45
Immune system: [PATH:ko04623] Cytosolic DNA-sensing pathway 36 32 36
Immune system: [PATH:ko04672] Intestinal immune network for IgA production 26 25 23

Colours indicating the interactions:
NFATC2
Curated database
Gene neighbourhood
Text mining
Protein homology
Co-occurence
—— Co-expression
Experimental proof

NFATC3

Fig. 3. Networking of T cell receptor signalling pathway working in gut of L. guntea.

mg). However, when both challenges were used at the same time, the mean pathogen load in Aeromonas selective agar was calculated
to be 8.2 x 10% CFU/gut and 9 x 10° CFU/gut, on the fourth, and seventh days following infection, respectively (Table 1). This
bacterial burden was once more below the sub-clinical range after 15 days. Therefore, bath challenge or intraperitoneal injection alone
was insufficient for the creation of a disease model in L. guntea.

2.2. Sequencing and functional annotation

Whole transcriptome analyses of FGC, FGE1, and FGE2 produced 5.1 GB, 3.6 GB, and 6.7 GB high-quality paired reads respectively
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Fig. 4. Graphical representation of differentially expressed genes in three different combinations (Red blocks express significantly upregulated
genes whereas green blocks represent significantly downregulated genes. Grey blocks show non-differentially expressed genes.).

that were pooled for de novo transcriptomics assembly. A total of 1, 49,847 transcripts (pooled) were assembled with a total transcript
length (bases) of 125,026,132. In aggregate, 58,865 non-redundant validated unigenes were considered for further downstream
analysis. A total of 31,331 CDS were pooled together, from which 27,437 CDS were functionally annotated. A sample-based CDS
identification revealed that the FGC, FGE1, and FGE2 each comprised 20,868, 17,348, and 20,868 CDS, respectively. These gene
product attributes were classified into three main domains: biological process (BP), molecular function (MF), and cellular components
(CC) (Table 2), which were further subdivided into 48 categories using gene ontology (GO) analysis. The three samples’ GO mapping
revealed that the molecular function was connected with the highest number of CDS (Figs. S1, S2, and S3). The majority of the CDS
were found to be homologous to Triplophysa tibetana, a stone loach, followed by Cyprinus carpio, a common carp, Onychostoma mac-
rolepis, and a few other fish species, according to transcriptomic analysis (Fig. 2).

2.3. KEGG pathway analysis and detection of immune-responsive pathways

A total of 11,334, 10,127, and 11,660 CDS of FGC, FGE1, and FGE2 samples respectively were found to be categorized into 29
KEGG pathways under five main categories; metabolism, genetic information processing, environmental information processing,
cellular process, and organismal systems. A total of 22 immune system-related pathways were found to be active in the gut of L. guntea,
according to KEGG pathway analysis (Table 3).

FGC, FGE1, and FGE2 underwent a thorough KEGG pathway analysis to determine which immunological signalling pathways were
active in each sample. The T cell receptor (TCR) signalling pathway functioning in FGC, FGE1, and FGE2 were compared to check the
differences during different infectious conditions which revealed that TCR alpha chain (TCR-a), T-cell surface glycoprotein CD4, T-cell
surface glycoprotein CD8 alpha chain (CD8A), tyrosine-protein kinase ZAP-70 and nuclear factor of activated T-cells cytoplasmic 2
(NFATC2) and nuclear factor of activated T-cells cytoplasmic 3 (NFATC3) are exclusively present in FGE2. Fig. 3 illustrates how
various proteins associated with the adaptive immune system interact with one another in the fish gut. This interaction for all 6
proteins is demonstrated using co-expression and text mining. The three proteins CD8A, CD4, and ZAP70 are connected with one
another via curated databases and experimental evidence, and NFATC2 and NFATC3 are correlating via curated databases and protein
homology in addition to these two interactions. Interferon-gamma (IFN-Y') receptor 1 and granzyme B (GrB) are solely present in FGE1
and IFN-Y receptor 1, GrB, and Cluster of differentiation 48 (CD48) antigen present in FGE2, according to a pathway analysis of
Natural killer (NK) cell-mediated cytotoxicity.

2.4. Differential gene expression (DGE) analysis

In combination 1 (FGC vs. FGE1), 651 genes were significantly upregulated and 197 genes were significantly downregulated. In
combination 2 (FGC vs. FGE2), 392 genes were markedly upregulated and 583 genes were significantly downregulated, similar to
combination 1. Combination 3 (FGE1 vs. FGE2) was made to compare the differences between the two experimental conditions, where
719 genes were significantly downregulated and 101 genes were significantly upregulated. Using volcano plots, Fig. 4 shows the
distribution of DGEs.

2.5. Activation of complement system
A number of genes coding for complement components, including C1q3, C1q4, C4, C2, C2B, C3, C3a.1-1, C3-2, C7, C8a, C8b, three

complement factors H, B, I, complement receptor type 2, complement C2-like isoform X1, mannose-binding protein (MBP), mannan-
binding lectin serine protease 2 (MASP2), .-rhamnose-binding lectin (RBL), Intelectin, C-type lectin, and alpha-2-macroglobulin (A2M)
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Fig. 5. Differential gene expression of complement components involved in three different complement mediated pathways working in the gut
of L. guntea.

were significantly upregulated in combination 1 (Table S1) (Fig. 5). In combination 2, expression of genes coding for complement
components Clg4, Clqa, and C-type lectin was considerably downregulated (Table S1). Further differential gene expression analysis
was performed for combination 3 to assess whether there was a significant up-or-down-regulation of genes expressing complement
pathway-related proteins in the two infection scenarios. Genes coding for several complement proteins, C1q3, C1q4, Clqga, C2B, C3,
C4, C8a, C8b, C9, complement factors H, B, P or properdin, complement C2-like isoform X1, MBP, MASP2 and interlectin were
significantly downregulated in FGE2 when compared to FGE1. Additionally, genes coding for complement factors D, P, and C9 were
found to be upregulated in combination 1. Expression of genes coding for C6 and complement factor D were upregulated in combi-
nations 2 and 3, while gene coding for C9 was downregulated in combination 2 (Fig. 5). Table S1 reflects a detailed description of FC
values and the corresponding p values.

2.6. Differential expression of other immunity-related genes

A few other genes encoding immune response-related elements were found to be considerably expressed in both combinations. In
combination 1, genes coding for interferon-induced Mx protein, meteorin, butyrophilin3, interferon regulatory factor (IRF), and
interleukin-18 (IL-18) receptor were significantly expressed (Table S2). In combination 2, the significantly downregulated genes were
those coding for vitellogenin, C type lectin, SLAM family member 9-like, NK cell receptor 2 B4-like isoform X2, lysozyme-like,
cathepsin L, apolipoprotein A-I, follistatin-related protein 1 isoform X1, and intestinal mucin-like protein isoform X2. On the other
hand, expressions of genes coding for interferon-inducible GTPase 5, IL-1 receptor, IFN-induced Mx protein, protein NLRC3, NACHT,
LRR and PYD domains-containing protein 3 (NLRP3), and coronin-2A were significantly upregulated in combination 2 (Table S2).

In combination 1, differential gene expression analysis revealed a considerable up-regulation of genes coding for MHC class I
antigen and the F10 alpha chain B-F histocompatibility in FGE1. With this, genes encoding H-2 class II histocompatibility antigen/I-E
beta chain and I-related MHC class protein were found to be significantly down-regulated in combination 1 (Table S3). Genes coding
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Fig. 7. Networking of significantly upregulated heat shock proteins of combination 1.

for F10 alpha chain B-F histocompatibility and MHC class I antigen were significantly upregulated in FGE2 compared to FGC
(Table S3). Genes encoding transgelin-2 and various immunoglobulin (Ig) light chain 1, class II histocompatibility antigen, I-related
proteins belonging to MHC class, and MHC class I antigen were also significantly downregulated in FGE2 as compared to FGC
(Table S3).

2.7. Identification of heat shock proteins and their differential gene expression

In the transcriptome of L. guntea, expressions/transcripts of 23 HSP coding genes annotated, including Hsp 105, Hsp90a, Hsp90p,
HSP90-1, Hsp 82, Hsp70, Hsp60, Hsp 47, Hsp 30, Hsp 18.1, Hsp-12.2, Hsp beta-11, Hsp10, Hsp beta-8, HSP beta-1, small heat shock
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Fig. 9. Protein protein interaction network based on differentially expressed genes identified in L. guntea’s gut and mapped against the reference
database of Danio rerio in STRING v 11.0.

protein OV25-1and two Hsp cognate71, Hsp cognate 40, HSP cognate 5, Hsp cognate4. Furthermore, genes coding for HSP5, HSP2, and
HSP1 were also present.

The HSP genes with significantly greater expression levels in combination 1 were HSP70, HSP cognate71 (HSC71), HSP30, HSP70
kDa-1 like, HSP beta-8, HSP beta-1, HSP90-alpha, HSP-10, HSP47, and activator of HSP90 (Fig. 6). However, in FGE2, there was
reduced expression of HSP genes except the ones coding for HSP70, HSP30, and HSP71 showing substantial up- or down-regulation
(Fig. 6). Analysis of combination 3 has shown that the genes coding for HSP70 kDa-1 like protein, HSP70, HSP70 binding protein-1,
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HSC71, HSP30, HSP beta-1, HSP105, HSP90-alpha, HSP47, and activator of HSP90 ATPase-like protein were significantly down-
regulated in FGE2 as compared to FGE1. There was not much of an up-regulation of any genes expressing HSP proteins in this
combination (Fig. 6). Table S4 lists the fold change values and corresponding p values.

Fig. 7 demonstrates that all proteins likely to be expressed via differential expression of HSP-coding genes, in combination 1, are
connected to one another, at the very least through text mining and co-expression. While genes expressing Hsp10 and Hsp beta-8
activators of Hsp90 and Hsp70 were being related only by text mining, connections between Hsp beta-1 and Hsp beta-8 were made
via protein homology and experimental evidence. Again, experimental proof links the activator of Hsp90 and Hsp cognate71 (HSC71)
to Hsp beta-1 and Hsp90-alpha, Hsp90-alpha and activator of Hsp90, Hsp90-alpha and Hsp70, Hsp90-alpha and Hsp10, activator of
Hsp90 and Hsp70, and activator of Hsp90 and Hsp70 like protein. Hsp beta-1 and HSC71, Hsp beta-8 and Hsp70 like, Hsp90 alpha and
Hsp70 like are further linked with curated database and experimental proof. Furthermore, Hsp beta-8 and HSC71, HSC71 and Hsp90
alpha are linked via gene neighbourhood, experimental proof and curated database. Hsp70 and HSC71, HSC71 and Hsp70-like proteins
are further interlinked via curated database, protein homology, co-occurrence and experimental proof. Hsp70 and HSC71 are linked
via all seven types of interactions.

2.8. Comparative networking of proteins related to immunity and heat shock response

In order to create a protein-protein interaction network in the L. guntea gut following A. hydrophila infection, selected DEGs
implicated in intestinal immune response and heat shock response were submitted to the STRING database and then mapped against
the proteins database of Homo sapiens. This displayed high-order interactions between 54 nodes and 189 network edges (Fig. 8; p-
value 1.0e-16). A number of proteins, including SLAM family member 9, NK cell receptor 2B4, MHC class I antigen, class II histo-
compatibility antigen, H-2 class II histocompatibility antigen, IRF1, cathepsin L1, NLRP3, C type lectin, lysozyme C, apolipoprotein A1l
are interconnected via at least one interaction and up to five interactions (indicated by a green circle in Fig. 8). These are further
connected to complement component and heat shock response related proteins (indicated by black circle and blue circle in Fig. 8).
Again correlations between complement receptor type 2 with HSP70 and complement factor 9 with HSP90a highlight the fact that a
fish’s immune response to bacterial infection is linked to heat shock reaction as well (Fig. 8). The same DEGs were mapped against the
proteins database of Danio rerio which showed a high-order interactions among 78 network edges and 47 nodes (Fig. 9; p-value <1.0e-
16). A complement component pathway networking (indicated by a black circle in Fig. 9) along with vitellogenin and apolipoprotein
was established and another on heat shock response (indicated by a blue circle in Fig. 9) was generated but both of them were not
interlinked with each other (Fig. 9).

3. Discussion

The pathogenicity of Aeromonas hydrophila is mediated by a range of surface polysaccharides, iron-binding systems, secretion
systems, exotoxins, various extracellular enzymes, and adhesins, which primarily infect host cells as a secondary invader or oppor-
tunistic pathogen [33]. Failure of fish immunity poses a serious danger to commercial fish farming since diseases are expensive for an
aquaculture system (cause mass death). Fish’s intestinal immune system is constantly activated by antigens, immune modulators, and
bacteria derived from the environment as a result of their feeding habit, which also makes the fish’s digestive tract a key entrance point
for unwanted pathogens [34]. The fish’s gut-mucosal walls serve as immune systems and are directly involved in the prevention of
disease by inducing a host immunological response. Gut-associated lymphoid tissue (GALT), which detects pathogens and interacts
with the commensal mucosal microflora, is present in the epithelial layer and lamina propria of the intestine [35]. Although few
studies on intestinal immune responses against Aeromonas spp. in grass carp [13], crucian carp [36], northern snakeheads [37], and
Chinese sea bass [38] have been conducted, a thorough and practical knowledge of the immune system of fish, particularly that of
loaches, is still lacking. In this study, transcriptome data on Lepidocephalichthys guntea is generated in an effort to better understand the
mechanism of intestinal immune responses caused by A. hydrophila in loach.

We used a culture-based approach to detect the population of A. hydrophila in the gut of infected L. guntea followed by tran-
scriptomics analysis of control (FGC) and experimental samples (FGE1, FGE2). A successful disease model was established when both
intraperitoneal infection and bath challenge of A. hydrophila were used consecutively in the gut of L. guntea. A severe fish infection was
noticed on the 7th day and disease reversal was observed on the 15th day of the initial infection (Table 1). Transcriptomics analysis
showed that as compared to the FGC, FGE1 had a higher number of significant upregulated genes, while FGE2 had more significant
down-regulating genes. According to prior research on grass carp [13], A. hydrophila infection resulted in more up-regulated genes
being detected in the intestine. The host’s defence against infection was thus activated on the seventh day in L. guntea’s gut, and it
gradually decreased over time, as detected on the 15th day post-experimental infection.

3.1. Innate immune response

Analysis of all of the complement components revealed that three independent complement pathways are working inside the gut of
L. guntea. Combination 1 yielded significant up-regulation of several complement elements, including C1, C2, C3, C4, C7, and C8,
complement factors H, B, and I, as well as complement receptors. According to a study on Chinese sea bass, the intestine of fish infected
with A. hydrophila displayed a high up-regulation of complement components C4, C6, and C7, which ensured activation of
complement-mediated classical pathways [13]. Similar results were observed in the intestine of gill head sea bream (Sparus aurata L.)
after being exposed to a parasite (Enteromyxum leei) [39], and also in skin tissues of rainbow trout infected with Ich parasites [40]. Our
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study shows that complement-mediated innate immunity was triggered and processed in the fish gut during the early stages of
infection since FGE1 dramatically raised various elements of the lectin pathway, alternative pathway, and classical route (Fig. 5). The
levels of all lectins that have previously been demonstrated to be involved in the innate immune response of grass carp [13] were
markedly upregulated in FGE1 also. The majority of them work as pattern-recognition receptors (PRR), whose main function is to
interact with bacterial carbohydrates and destroy the target by activating complement-mediated pathways [41]. Moreover, A2M,
which is regarded as a complement component, was markedly elevated in combination 1 [42]. However, the first complement
component’s subcomponents C1q4 and Clqa were markedly downregulated in combination 2 (Fig. 5). Furthermore, combination 3
revealed that numerous complement components were significantly downregulated in FGE2 as compared to FGE1 (Fig. 5). The two
comparisons provide evidence that complement-mediated immunity, which is part of innate immunity, quickly activates at the
beginning of an infection, but gradually deactivates afterwards. In combination 2, NK cell receptor which is a part of innate immune
system was downregulated (Table S2). Vitellogenin, C-type lectin and lysozyme all work as an innate immune component of host by
acting as a multivalent pattern recognition receptor (PRR) followed by killing of bacteria [43-45] that were downregulated in
combination 2.

SLAM family receptors and NK cell receptors are trans-membrane receptors expressed in immune cells and act as an innate immune
component that provides first line of defence to the host [46]. Cathepsin L is also a part of innate immunity that helps in antigen
processing and apolipoprotein A-I is known to reduce inflammation and their downregulation in FGE2 correlates with our hypothesis.
Follistatin-related protein is again an innate immune component that can be activated by toll-like receptor 4 by interacting with CD14
[47]. Intestinal mucin-like protein acts as first line of defence, provides a layer of intestinal barrier and works as innate immune system.
Expression of all these innate immunity-related genes was significantly downregulated in FGE2 (Table S2). In contrast, genes
expressing NLRC3 family proteins were upregulated in FGE2, which control innate immunity and release pro-inflammatory cytokines
[48] during inflammation and viral infection. NLRP3 plays a significant role in innate immunity by identifying microbial patterns and
producing cytokines like IL1B and IL18 [49]. The transcription factor coronin-2A, which is required for the TLRs response [50] to
begin, was once more increased in FGE2 (Table S2).

3.2. Crosstalk between innate and adaptive immunity

Several other immune response-related elements like meteorin, butyrophilin3, interferon-induced Mx protein, IRF, and IL-18 re-
ceptor were found to be considerably elevated in combination 1 (Table S2). A particular class of cytokine called meteorin-like protein
has recently been discovered in grass carp. This protein is released by activated macrophages when other cytokines and lipopoly-
saccharides trigger it [51]. Butyrophilin3 has been linked to adaptive immunity in fish and higher vertebrates, according to reports
from Asian seabass and Channa striatus [52]. Although the function of Mx proteins during bacterial infection is poorly understood,
interferon-induced Mx proteins are generally known to play a vital role in antiviral immunity [53]. The growth of dendritic cells as well
as the differentiation of monocytes into macrophages depends on IRF. Additionally, dendritic cells serve as a link between innate and
adaptive immunity [54]. The cell surface receptor for IL-18 is called the IL-18 receptor. IL-18 plays an essential role in mediation of
inflammatory response after pathogen invasion and this pro-inflammatory cytokine can regulate both innate and adaptive immunity.
After pathogen invasion, IL-18 plays a crucial role in mediating the inflammatory response, and this pro-inflammatory cytokine can
control both innate and adaptive immunity [55]. The significant up-regulation of genes coding for MHC class I antigen, F10 alpha
chain B-F histocompatibility complex (Table S3), and immune response-related components (Table S2), indicates that the interaction
between innate and adaptive immunity in the fish gut began on the seventh day of infection. However, the down-regulation of H-2 class
I histocompatibility antigen and I-related gene protein MHC class seen in combination 1 (Table S3) could not be explained since
L. guntea’s defensive mechanism against A. hydrophila invasion is little understood.

3.3. Adaptive immune response

T cell lymphocytes and B cell lymphocytes make up fish’s adaptive immunity. T cells create four different types of T lymphocytes,
which give cellular immunity against pathogen invasion, and B cells produce immunoglobulin (Ig), which provides antibody-mediated
protection [56]. As they convey the antigen to T cells, the major histocompatibility complex (MHC) plays a crucial function in the
activation of T lymphocytes. Fish have a restricted expression of MHC class II compared to a widespread distribution of MHC class I
[57]. Therefore up-regulation of F10 alpha chain B-F histocompatibility and MHC class I antigen confirms the activation of adaptive
immunity, but at the same time marked down-regulation of immunoglobulin (Ig) light chain 1, class II histocompatibility antigen,
I-related gene protein MHC class, and MHC class I antigen in combination 2 strangely contradicts our notion (Table S3). An
actin-binding protein called transgelin-2 can help immunological synapse stabilization when T cells are unable to react to
antigen-presenting cells (APC) [58]. Transgelin-2 down-regulation in combination 2 demonstrates that T cell activation occurs on day
15 of infection.

When Atlantic salmon was challenged with the bacterium, Piscirickettsia salmonis, to study infection on the head kidney, differential
gene expression analysis supported the activation of innate immunity and the suppression of adaptive immunity [59,60]. The pa-
thology of bacterial intracellular infection entails a constant battle between the host’s immune system and the bacterium’s unique
defence systems. This host-specific process also known as cell-autonomous immunity includes cytokines, chemotactic migration of
immune cells towards infection, avoiding lysosomal toxicity and autophagy. Interferon, which promotes gene expression in response to
bacterial infection, mediates cell-autonomous immunity [61]. As per detection of immune responsive pathways using KEGG analysis,
after infection, IFN- Y expresses quickly and is important for the innate immune response because it activates NK cells and
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macrophages, which in turn triggers the adaptive immunological response [62]. GrB plays a role in both innate and adaptive immunity
as it is released upon activation from NK cells and cytotoxic T cells [63]. However, CD48 antigen is a potential marker of B cell
development and also plays a role in the activation of T cells, APCs, and granulocytes, its presence in FGE2 strongly suggests that
adaptive immunity was activated at a later infection stage [64]. We discovered the presence of Von Willebrand factor solely in both
experimental situations while analysing the platelet activation pathway. Kindlin 3 only appeared in FGE2. This protein is produced in
hematopoietic cells and endothelial cells. It plays a crucial role in integrin modulation and is implicated in the activation of T cells and
neutrophils [65]. In FGE2, the presence of many T cell-related proteins including ZAP-70 indicates that the fish gut’s adaptive immune
response has begun to function (Fig. 3). The T cell is activated by the TCR complex, which functions as an extracellular signal. The MHC
and T-cell surface glycoprotein CD4 and CD8 are co-receptors on TCR that can identify antigens linked to them, stabilising the as-
sociation with MHC [66]. The outcome of CD3 tyrosine phosphorylation, ZAP-70, stimulates TCR and relieves autoinhibited TCR,
which in turn causes T cell clonal growth and lymphokine production [67] (Fig. 3). NFATC2 activates T cell gene transcription during
an immune response, and NFATC3 controls T cell and immature thymocyte gene expression, so triggering the immune response’s
downstream cascades. They both go on to increase the production of various interleukins [68].

3.4. Heat shock response

Heat shock proteins are highly expressed in aquatic species in response to a variety of external stimuli, including temperature
shock, chemicals, medications, pathogens, etc. [69]. In this study, considerable overexpression of HSP70 was observed in the gut of
infected L. guntea in combination 1. HSP70 expression increased in combination 2 also, but it was less so than in combination 1 (Fig. 6).
HSP70 can increase the production of a number of cytokines, which suggests that it is implicated in both innate and adaptive immunity
[70]. The immunological signalling cascade was previously known to be prevented by HSC71 during viral infection, but its function
during bacterial infection is unclear [71]. However, in both experimental settings, expression of HSC71 was markedly increased,
suggesting that it may possibly be implicated in bacterial infection (Table S4). HSP90 and it’s activator were found to be significantly
upregulated in FGE1, but not in FGE2 (Fig. 6). As a molecular chaperone that controls intracellular transport, protein stabilization,
protein degradation, and cell signalling. HSP90 is known to regulate a wide range of crucial cellular and molecular processes. In
addition to this, HSP90 can operate as a ligand by interacting with numerous cell surface receptors, activating immunological re-
sponses similar to TOLL and differentiation clusters (CD14 or CD91) [72]. According to a transcriptome study on Mandarin fish
infected with the bacterium, Flavobacterium columnare, HSP90 and HSP70 were found to be down-regulated during infection. This was
thought to be the result of F. columnare using HSP homologues (HtpG and DnaK) to properly fold its own proteins [73]. Studies on
shrimps challenged with the bacterium, Vibrio, and rainbow trout infected with single-celled ciliated protozoan, Ichthyophthirius
multifiliis, have revealed highly upregulated HSPs that are known to affect innate immunity [74,75]. In our study, the abundance of
bacteria in the fish gut causes a robust expression of various HSPs in combination 1 and a weaker expression as well as the absence of
those HSPs in combination 1 (Table S4), indicating that most of the heat shock proteins, which are also connected to immune system
function, are present in the early stages of infection. In the later stages of infection, expression of HSPs declines, which could be
associated with fish health recovery. Fig. 7 demonstrates that, after being infected with A. hydrophila, a heat shock response has been
generated in L. guntea’s gut as evident on the seventh day of the initial infection and all the heat shock response-related components
work together in a comprehensive manner.

3.5. Networking of gut immunity and heat shock response

In order to create a protein-protein interaction network, DEGs of the intestinal immune system and the heat shock response in
L. guntea following A. hydrophila infection was mapped to the protein databases of Homo sapiens and Danio rerio. A robust network of
interactions was built with corresponding information available from that of Homo sapiens. This comparative networking is very
helpful to close the knowledge gap in the field of fish immunology and pathway establishment of its related proteins because the
majority of these proteins are related to innate immunity and fishes share a great homology with other vertebrate animals (including
humans).

4. Conclusion

The elaborate immune system of L. guntea prevents the spread of intracellular infections and produces a potent immune response in
the event of pathogen invasion. The host’s physiological defences were breached in cases of intraperitoneally injected A hydrophila
followed by a bath challenge. As a result, indications of a severe disease appeared seven days after the initial infection and disappeared
on day fifteen. In the fish gut on the seventh day after infection, the innate immune system was very active, and there was also evidence
of a cross-talk between the innate and adaptive immune systems. On the 15th day of infection, the majority of the genes coding for
innate immunity-related proteins were down-regulated and the adaptive immune response was triggered. As a result, on the seventh
day of infection, there was a large up-regulation of heat shock proteins, most of which disappeared after the fish’s health had improved
on the fifteenth day.
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Fig. 10. Schematic representation of the experimental design established to study A. hydrophila infection and gut immunity in L. guntea.

5. Materials and method
5.1. Ethics statement

All experiments were conducted under the guidance of Committee for the purpose of control and supervision of experiments on
animals (CPCSEA) for experimentation on fishes (http://cpecsea.nic.in/WriteReadData/LnPdf/
Guidelinesof CPCSEAforExperimentationonFishes-2021.pdf) through Institutional Animal Ethics Committee (Approval No. IAEC/
NBU/2022/32).

5.2. Experimental design and method of infecting guntea loach with A. hydrophila

5.2.1. Collection and maintenance of fish

Wild guntea loaches with varying lengths (7.3 cm-9.1 cm) and weights (5.6 g-7.5 g) were taken from North Bengal University’s
Magurmari River (26.710187° N, 88.357797° E) and transported to the lab in glass containers containing fresh river water. After that,
the fish were moved to a 500 1 tank with de-chlorinated water and aeration for 15 days so that they could get used to the laboratory
environment and so that observations could be made, such as detecting any deformities or deaths (if any), could be made. The fish were
fed once daily while maintaining standard water quality parameters such as dissolved oxygen (6.3-6.8 mg/1), pH (6.5-6.8), ammonia
(0.3-0.5 mg/1), and temperature (24-26 °C).

5.2.2. Preparation of A. hydrophila for infection study

Aeromonas hydrophila MCC 20527 was cultured in nutrient agar (HiMedia) at 30 °C using a pure culture that was obtained from the
NCMR culture collection centre in Pune, India. Following the standard microbiological method, the fresh log-phase grown culture was
centrifuged at 4000 RPM for 10 min and pellet was re-suspended in sterile PBS and added to the experimental tanks for bath challenge
such that the density of A. hydrophila attained was 1 x 108 CFU/ml [22]. A dose of 1 x 107 CFU of A. hydrophila (in PBS) per fish was
used as intraperitoneal injection [20].

5.2.3. Bath challenge and intraperitoneal injection with A. hydrophila both separately and combined

Healthy fish were subjected to bath challenges for 6, 8, 10, and 12 h in each of the four experimental tanks before being moved to
four distinct normal water tanks without an A. hydrophila culture [76] (Fig. S4). In each bath challenge, the mortality (if any) was
tracked for 7 days after infection. A batch of healthy fish was released into normal water in separate tanks after receiving intraper-
itoneal injections of a bacterial suspension (100 pl of PBS containing 1 x 107 CFU A. hydrophila) in a distinct disease model setup [24].
The fish were sacrificed at the first, fourth, and seventh days after the initial infection, and their guts were dissected, homogenized
(with micro-pestle) in PBS, and serially diluted for plating in selective Aeromonas agar for determining the viable A. hydrophila count
(Fig. S4).

In a separate experiment, after receiving an injection of A. hydrophila (1 x 10’ CFU/fish) on day one, a group of fish were given a
bath challenge (1 x 108 CFU/ml A. hydrophila rich water) for 6 h on next day before releasing them in normal water (Fig. S1). To
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examine the effectiveness of infection and the establishment of disease infection in L. guntea, this experiment was carried out in
triplicate.

5.3. Sample preparation for final experiment and RNA isolation

Water tanks were sterilised with potassium permanganate according to conventional procedures for the final experiment. These
tanks were designated as the control (FGC), experimental 1 (FGE1), and experimental 2 (FGE2) tanks. Fifteen acclimated, healthy fish
were housed in each tank, which was filled with 100 | of water and maintained according to all previously standardised quality
measures (Fig. 10). To create the disease model, the other fish in two experimental tanks received bacterial injections on day 1 and
were then challenged with A. hydrophila as described above. Control fish received 100 pl of 1X PBS as a control injection. For both the
control and experimental groups, three replicates were put up concurrently. The emergence of symptoms resembled disease models
developed in experiments. Fish from FGE1 (three replicates) and FGE2 (three replicates) were sacrificed on days 7 and 15, respectively.
Fish guts were dissected and distributed into nine sets in total, comprising three replicates of each FGC, FGE1 and FGE2 being removed
separately while preserving aseptic conditions. Using the traditional Trizol procedure with some slight changes, RNA was recovered
from each of nine sets of dissected fish guts. Three replicates of the FGC’s RNA samples were later combined. The same approach was
used for FGE1 and FGE2. For the transcriptomics study, three sets of pooled RNA samples-FGC, FGE1 and FGE2-were used. On the
other hand, a concurrent culture-based study was conducted on days 1, 4, 7, and 15 to estimate the population of Aeromonas hydrophila
in fish guts (Fig. 10).

5.4. 5.4. RNA sequencing

The qualities and quantities of the isolated RNA samples were checked on 1 % denaturing RNA agarose gel and Nanodrop,
respectively followed by Agilent Tape station using High Sensitivity RNA screen tape. The RNA-Seq paired-end sequencing libraries
were prepared using the Illumina TruSeq Stranded mRNA Prep kit. Briefly, mRNA was enriched from the total RNA using Poly-T
attached magnetic beads, followed by enzymatic fragmentation, 1st strand cDNA conversion using SuperScript 1l and Act-D mix to
facilitate RNA-dependent synthesis. The 1st strand cDNA was then synthesized to second strand using the second strand mix. The
dscDNA was then purified using AMPure XP beads followed by A-tailing, adaptor ligation and then enriched by limited no. of PCR
cycles. Quantity and quality check of the library was performed on Agilent 4200 tape station using high sensitivity D1000 Screen tape.
After obtaining the Qubit concentration for the libraries and the mean peak sizes from the Agilent Tape Station profile, the PE Illumina
libraries were loaded onto the Illumina Platform (HiSeq 2500) for cluster generation and sequencing. Paired-end sequencing allows the
template fragments to be sequenced in both the forward and reverse directions on the Illumina platform.

5.5. Pre-processing of reads and de novo transcriptomic assembly

The sequenced raw data for the FGC, FGE1 and FGE2 samples were processed to obtain high-quality concordant reads using
Trimmomatic v0.38 [77] and an in-house script to remove adapters, ambiguous reads (reads with unknown nucleotide “N” larger than
5 %), and low-quality sequences (reads with more than 10 % quality threshold (QV) < 20 phred scores). The high-quality (QV > 20),
paired end reads were used for de novo assembly of the samples. The filtered high-quality reads of the FGC, FGE1 and FGE2 samples
were pooled together and assembled into transcripts using Trinity de novo assembler (V2.5) with a k-mer of 25 and minimum contig
length of 200 [78]. The assembled transcripts were then further clustered together using CD-HIT-EST-4.6 to remove the isoforms
produced during assembly [79].

5.6. Quality control and functional annotation

This resulted in sequences that can no longer be extended and such sequences were defined as unigenes. Unigenes having >80 %
coverage at 3X read depth were considered for downstream analysis. TransDecoder-v5.3.0 (http://transdecoder.github.io/) was used
to check the chimeric rate during assembly and to predict coding sequences from the above-mentioned unigenes. Functional anno-
tation of the genes was performed using the DIAMOND programme which is a BLAST-compatible local aligner for mapping translated
DNA query sequences against a protein reference database [80]. DIAMOND finds the homologous sequences for the genes against NR
(non-redundant protein database) from NCBI.

5.7. Sample-wise CDS identification, gene ontology and pathway analysis

For sample-wise coding DNA sequence (CDS) identification from above mentioned pooled sets of contigs, reads from FGC, FGE1
and FGE2 samples were mapped on the final set of pooled contigs using the BWA (-mem) toolkit. The read count (RC) values were
calculated from the mapping results and those CDS having 80 % coverage and 3X read depth were considered for downstream analysis.
To classify the functions of predicted contigs, gene ontology analysis (GO) for each of the samples, was carried out using the Blast2GO
programme [81]. BlastX result accession IDs were used to retrieve gene names or symbols which were then searched in the
species-specific entries of the gene product table of GO database. BlastX result accession IDs were used to retrieve UniProt IDs making
use of PIR which include PSD, UniProt, SwissProt, TTEMBL, RefSeq, GenPept and PDB database. To identify the potential involvement
of the predicted CDS in biological pathways, the CDS of FGC, FGE1 and FGE2 samples were mapped individually to reference canonical
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Table 4
Combinations followed to evaluate differentially expressed genes (DEGs) in the gut of L. guntea in response to
Aeromonas hydrophila infection.

Control Vs. Treated Description

FGC Vs. FGE1 Combination 1
FGC Vs. FGE2 Combination 2
FGE1 Vs. FGE2 Combination 3

pathways in KEGG. The output of KEGG analysis includes KEGG orthology (KO) assignments and corresponding enzyme commission
(EC) numbers and metabolic pathways of predicted CDS using the KEGG automated annotation server, KAAS [82].

5.8. Differential expression analysis

Differential expression analysis was performed on the contigs between control and treated samples by employing a negative
binomial distribution model in the DESeq package (version 1.22.1) [83]. Dispersion values were estimated with the following pa-
rameters: method = blind, sharing mode = fit only and fit type = local. P value adjustment was performed using a false discovery rate
controlling procedure. Log2 fold change was calculated on the read abundance using the formula: FC = Log2 (Treated/Control). The
CDS having a log2 fold change value greater than zero was considered as up-regulated whereas less than zero was downregulated.
P-value threshold of 0.05 was used to filter statistically significant results. The contigs with an adjusted p-value <0.05 and a fold
change larger than 2 were counted as significantly differentially expressed between the combinations followed for DGE (Table 4) [84].
For extensive studies of specific pathways, contigs with fold change larger than 2 and p-value <0.05 but not meeting the criteria of
adjusted p-value were also considered [85].

5.9. Protein network analysis

The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; version 11.0) database [86] was used to perform protein
network analysis of the TCR signalling pathway and heat shock pathway, with Homo sapiens (NCBI taxonomy id: 9606) as the
reference. A detailed comparison of differentially expressed genes related to fish intestinal immunity and heat shock response was
performed using the STRING database against two different reference organisms; Homo sapiens and Danio rerio (NCBI taxonomy id:
7955). Only the first shell of contact was allowed with a medium confidence interaction score cut-off of 0.400 [87]. The edges
(protein-protein interaction) and nodes (initial shell of interaction) were coloured differently, with red, light blue, green, and yellow
denoting interactions from gene fusions, curated databases, gene neighbourhood, and text mining, respectively. Similarly, pale blue,
dark blue, black, and purple lines represent different sources of relationships such as protein homology, co-occurrence, co-expression,
and experimental proof.
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