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A 10-week feeding experiment was conducted to reveal the immune mechanism for
soybean meal-induced enteritis (SBMIE) in hybrid grouper, Epinephelus fuscoguttatus ¢
x Epinephelus lanceolatus &'. Four isonitrogenous and isolipidic diets were formulated by
replacing 0, 10, 30, and 50% fish meal protein with soybean meal (namely FM, SBM10,
SBMB30, and SBM50, respectively). The weight gain rate of the SBM50 group was
significantly lower than those of the other groups. Plica height, muscular layer thickness,
and goblet cells of the distal intestine in the SBM50 group were much lower than those
in the FM group. The intestinal transcriptomic data, including the transcriptome and
miRNAome, showed that a total of 6,390 differentially expressed genes (DEGs) and 92
DEmMIRNAs were identified in the SBM50 and FM groups. DEmMiRNAs (10 known and 1
novel miBRNAs) and their DE target genes were involved in immune-related phagosome,
natural killer cell-mediated cytotoxicity, Fc gamma R-mediated phagocytosis, and the
intestinal immune network for IgA production pathways. Our study is the first to offer
transcriptomic and small RNA profiling for SBMIE in hybrid grouper. Our findings offer
important insights for the understanding of the RNA profile and further elucidation of the
underlying molecular immune mechanism for SBMIE in carnivorous fish.
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INTRODUCTION

In recent years, the global contribution of fish meal to aquafeeds has sharply reduced (1). As
a result, soybean meal, which is considered one of the most hopeful candidates for fish meal
replacement, can partially or fully replace the fish meal but introduces many anti-nutritional
factors. Consequently, fish enteritis induced by plant proteins has become one of the main
challenges for sustainable aquaculture (2), and this occurs in a dose-dependent manner (1, 3).
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Q-value.

FIGURE 5 | The top 20 KEGG pathways of predicted target genes in FM and SBM50 groups. The horizontal axis represents the rich ratio, and the vertical axis
represents the name of the KEGG pathway. The size of the bubble represents the number of genes annotated to the pathway. The color represents the enriched

To reveal the underlying immune response of fish SBMIE,
6,390 DEGs in the distal intestine of hybrid grouper were
identified in this study. Also, the enhanced gene expressions
were found to involved in immune- and inflammatory-related
pathways, including phagosome, natural killer cell-mediated
cytotoxicity, the intestinal immune network for IgA production,
Fc gamma R-mediated phagocytosis, and the NF-kappa B
signaling pathway. The above results suggested that these
pathways played a vital role in fish SBMIE. Similar immune-
related pathways have been reported in SBMIE in other

carnivorous fish, such as salmon (16, 49) and turbot (6, 7).
It is worth noting that the downregulated gene expression
was in KEGG pathways mainly involved in lipid metabolisms
such as biosynthesis of unsaturated fatty acids, linoleic acid
metabolism, cholesterol metabolism, fat digestion, absorption,
and arachidonic acid metabolism. This may indicate that
impaired lipid metabolism could be a consequence of “tissue
malfunction” (47, 49). The results enable a better understanding
of why LC-PUFA biosynthesis, cholesterol biosynthesis, lipid
digestion, and the PPAR signaling pathway of distal intestine
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correlation, respectively, between DEmMiRNAs and DEGs.

FIGURE 6 | The interaction network of differentially expressed miRNAs (DEmiRNAs) combined with differentially expressed mRNAs (DEGs). Red and green ellipses
represent upregulated and downregulated mRNA, respectively. Blue diamonds represent DEmiRNAs. Red and green lines represent a positive and negative

were influenced when Atlantic salmon ingested feed in which the
fish meal was partially replaced by soybean meal (1, 16).

Despite the major contribution of mRNAs, miRNAs also
play a key role during immune processes in fish SBMIE.
In this study, predicted target genes for DEmiRNAs are
annotated to 340 signaling pathways. Immune-related pathways,
including ECM-receptor interaction, the NF-kappa B signaling
pathway, and the IL-17 signaling pathway, were enriched.
The downregulation of miR-192-3p and miR-212-5p expression
involved in the regulation of the ECM-receptor interaction
pathway. The down-regulation of genes involved in the ECM-
receptor interaction pathway in response to SBM stress was
also reported in Grass carp (5). To further introduce miRNAs
in detail, enteritis-related miRNAs have been found both in
human and mammals. The present miRNA results include
inflammatory bowel diseases (IBD) related-miRNAs, such as
miR-124, miR-24, miR-221, and miR-132. The results of this
study showed that upregulation of miR-124 expression and
downregulation of miR-24, miR-221, and miR-132 expression
were observed in the SBM50 group (Table S5). Similar expression
patterns were found in colon tissues of children with active
ulcerative colitis (UC), where decreased levels of miR-124
appeared to enhance expression and activity of STAT3, which
could induce inflammation and pathogenesis (50). There were

elevated levels of miR-24, miR-221, and miR-132 in colonic
biopsies from UC, which suggested that they are an important
regulator of the intestine barrier that may be essential in the
pathogenesis of IBD (51). The above results indicated that miR-
124, miR-24, miR-221, and miR-132 may play important roles
in SBMIE of hybrid grouper juveniles, which may suggest their
therapeutic potential.

To further explain the possible immune response for SBMIE
through integrative transcriptomic and small RNA sequencing,
the KEGG enrichment pathways of differential target genes were
analyzed. Combined with the KEGG enrichment pathways of
DEGs, it was concluded that immune-related signaling pathways
such as phagosome, natural killer cell-mediated cytotoxicity, Fc
gamma R-mediated phagocytosis, and the intestinal immune
network for IgA production were enriched. The most enhanced
gene expression being in the phagosome pathway suggested the
involvement of a macrophage as the main intestine phagocyte
during enteritis (52). A total of 14 miRNA-mRNA pairs also
suggested that the phagosome pathway could play a key role
in intestinal inflammation. In addition, this study identified
92 DEGs related to the natural killer cell-cytotoxicity pathway.
The role of this pathway in the immune response to pathogens
has also been reported in different fish species such as large
yellow croaker (Larimichthys crocea) (53) and half-smooth
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FIGURE 7 | The top 20 KEGG pathways of differential target genes of differentially expressed miRNAs (DEmiRNAs) in the FM and SBM50 groups. The horizontal axis
represents the rich ratio, and the vertical axis represents the name of the KEGG pathway. The size of the bubble represents the number of genes annotated to the
pathway. The color indicates the enriched Q-value.

tongue sole (Cynoglossus semilaevis) (54). A previous study  of Fcy R-mediated phagocytosis and the intestinal immune
reported that mammalian natural killer (NK) cells mediated  network for IgA production (57, 58). In this study, related
cytotoxic activity via two distinct pathways (55). NK cells can ~ miRNA-mRNA pairs were also enriched in the two pathways
release cytotoxic granules, including perforin and granzymes,  mentioned above (Table5). Thus, our results suggested that
on the surface of diseased cells. Granzymes can then stimulate ~ phagosome, natural killer cell-mediated cytotoxicity, Fc gamma
caspase activation, mitochondrial dysfunction, or apoptosis  R-mediated phagocytosis, and the intestinal immune network
(55). In this study, the upregulation of granzyme (gene id:  for IgA production pathways may play a vital role in SBMIE of
Unigene24888_All) and perforin (gene id: Unigene31830_All,  carnivorous fish.

Blast Nr annotated in Table5) gene expressions indicated In conclusion, our study is the first to offer the transcriptomic
that granule-mediated cytotoxicity may be triggered by the  and small RNA profiles for SBMIE in hybrid grouper. Overall,
targeted release of lytic granules toward a locally attached 6,390 mRNAs and 92 miRNAs were differentially expressed
target cell. Wu et al. (5) reported that the intestinal immune  under dietary SBM stress. Our findings support the notion
network for the IgA production pathway was upregulated  that DEmiRNAs and their target mRNAs play an important

in the early stages of Grass carp in response to high- role in immune regulation. Also, investigation of KEGG
SBM-content stress. Similar results were also reported in the  enrichment pathways by integrative transcriptomic and small
present study: most genes in pathways of Fc gamma receptor-  RNA profiling revealed that the immune mechanism for SBMIE

mediated phagocytosis and the intestinal immune network in hybrid grouper may be associated with the phagosome,
for IgA production were significantly upregulated. The role  natural killer cell-mediated cytotoxicity, Fc gamma R-mediated
of the two pathways in immune response to pathogens phagocytosis, and the intestinal immune network for IgA
has also been reported in fish such as half-smooth tongue  production pathways. Our findings offer important insights for
sole (53), large yellow croaker (54), and darkbarbel catfish  the understanding of the RNA profiles and further elucidation
(Pelteobagrus vachellii) (56). Previous studies reported that the  of the underlying molecular immune mechanism for SBMIE in
target genes of the DEmiRNAs were involved in pathways  carnivorous fish.
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TABLE 5 | The miRNAs and their targets involved in the immune-related pathways.

miR-ID log2FC Target ID log2FC Pathway name Blast Nr
miR-221-5p 1.06  Unigene5872_All 1.94 Phagosome Macrophage mannose receptor 1-like [Fundulus heteroclitus]
Unigene3304_All 1.62 Phagosome Macrophage mannose receptor 1 [Oreochromis niloticus)
Unigene8616_All 1.65 Phagosome Macrophage mannose receptor 1-like [Lates calcarifer]
Unigene4845_All 1.27  Phagosome Macrophage mannose receptor 1-like [Lates calcarifer]
miR-24 1.69 CL9324.Contig21_All  11.43 Phagosome Secretory phospholipase A2 receptor-like [Oreochromis niloticus)
CL9324.Contig11_All  3.69 Phagosome Secretory phospholipase A2 receptor-like [Oreochromis niloticus]
CL9324.Contig10_All  3.00 Phagosome Snaclec stejaggregin-B subunit beta-1-like [Lates calcarifer]
CL9324.Contig9_All 2.78 Phagosome Macrophage mannose receptor 1-like [Oreochromis niloticus]
CL2047.Contig2_All  —1.17 Phagosome Galactose-specific lectin nattectin-like [Salmo salar]
CL7357.Contig2_All 1.28 Phagosome Epsilon receptor subunit alpha [Notothenia coriiceps]
Fc gamma R-mediated phagocytosis
CL802.Contig17_All 1.78 Natural killer cell-mediated cytotoxicity Lymphocyte cytosolic protein 2-like [Larimichthys croceal)
Unigene31830_All 2.25 Natural killer cell-mediated cytotoxicity Perforin-1-like [Lates calcarifer]
miR-18a-5p_3  1.18 Unigene16830_All —1.41  Phagosome Platelet glycoprotein 4 [Lates calcarifer]
Unigene16829_All —1.17 Phagosome Platelet glycoprotein 4 [Lates calcarifer]
CL5145.Contig3_All 2.10 Phagosome Gamma Fc region receptor ll-a-like [Lates calcarifer]
Natural killer cell-mediated cytotoxicity
Fc gamma R-mediated phagocytosis
miR-199a-3p —9.93 CL7169.Contigs_All  —1.76  Natural killer cell-mediated cytotoxicity Connective tissue growth factor-like [Paralichthys olivaceus]
Fc gamma R-mediated phagocytosis
novel_mir29 5.03  Unigene4359_All 1.30 Phagosome Scavenger receptor class B member 1 isoform X1 [Lates calcarifer]
CL2414.Contig3_All 1.08 Natural killer cell-mediated cytotoxicity ~ ZAP70, partial [Epinephelus coioides]
miR-205a-5p —3.46 CL2134.Contig6_All —3.46 Phagosome Gamma Fc region receptor lI-like isoform X1 [Lates calcarifer]
miR-133-3p 2.61 Unigene21894_All 1.19  Natural killer cell-mediated cytotoxicity ~ SH2 domain-containing protein 3C-like [Stegastes partitus]
miR-16¢c-5p 1.87  Unigene6183_All 1.14  Natural killer cell-mediated cytotoxicity Interferon alpha/beta receptor 1-like, partial [Notothenia coriiceps]
miR-192-3p —1.11  CL3478.Contig2_All 1.00 Natural killer cell-mediated cytotoxicity ~ SH3 domain-binding protein 2 isoform X3 [Lates calcarifer]
miR-205a-5p —3.46 CL2134.Contig6_All  —3.46 Fc gamma R-mediated phagocytosis Gamma Fc region receptor lI-like isoform X1 [Lates calcarifer]
miR-20b-5p 1.83  Unigene8826_All —1.30 Intestinal immune network for IgA Hepatitis A virus cellular receptor 2 homolog [Neolamprologus

production
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FIGURE 8 | RT-gPCR validation of differentially expressed miRNAs (DEmiRNAs), and genes (DEGs) in the FM and SBM50 groups. (A) The relative expression levels of
mRNA between the two groups. (B) The value of fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) of the DEGs between the
two groups. (C) The relative expression levels of the DEmiRNAs between the two groups. (D) The transcripts per million (TPM) values of miRNA between the two
groups. The results of (A,C) are presented as the mean + S.E.M (n =3). The sequencing results of (B,D) are presented as the mean. *P < 0.05 between two groups.
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