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Abstract

Large yellow croaker (Larimichthys crocea) is an economically important fish, with the annual production ranking
second among maricultured fish in China. Outbreaks of visceral white nodules disecase caused by Pseudomonas
plecoglossicida have led to substantial economic losses for the L. crocea aquaculture industry. However, L. crocea
defense strategies against P. plecoglossicida infection, especially the role of microRNAs (miRNAs) in the defense
against P. plecoglossicida, are poorly understood. Here, we analyzed changes in the mRNA and miRNA expression
profiles in the spleen of L. crocea at 96 h post-infection and explored its defensive strategies. Principal component
analysis (PCA) showed that P. plecoglossicida infection brought about a profound remodeling of both the miRNA and
mRNA profiles. Enrichment analysis showed that the inflammatory response (IL-17 signaling pathway, chemokines
and chemokine receptor pathway), ATP synthesis (TCA cycle and oxidative phosphorylation), apoptosis and
necroptosis (TNF signaling pathway), and proteolysis (proteasome pathway) were enriched and upregulated by P.
plecoglossicida. Thus, P. plecoglossicida infection activated the inflammatory response, stimulated ATP synthesis, and
accelerated apoptosis and necroptosis, and promoted proteasome-mediated protein degradation. Additionally, integrated
analysis identified 568 miRNA-mRNA pairs. KEGG enrichment analysis of the miRNA targets showed that the
enriched pathways included cytokine-cytokine receptor interaction, the chemokine signaling pathway, the C-type lectin
receptor signaling pathway, and apoptosis. Integrated analysis identified 14 miRNAs which targeted 44 immune-related
genes. Altogether, our results revealed not only the role of the inflammatory response, energy metabolism, apoptosis
and necroptosis, and the proteasome pathway in L. crocea defense against P. plecoglossicida infection, but also the
regulatory networks of miRNAs associated with host defense against P. plecoglossicida.
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1 Introduction

Large yellow croaker (Larimichthys crocea), a species
of Sciaenidae in Perciformes, is an economically impor-
tant marine fish, with the annual production ranking sec-
ond among mariculture fish species in China (Ministry of
Agriculture and Rural Affairs et al., 2024). The L. crocea
industry suffers substantial economic losses from visceral
white nodules disease (VWND), which is caused by P.
plecoglossicida infection (Zhang et al., 2014; Li et al,
2020c). Pseudomonas plecoglossicida is a temperature-
sensitive Gram-negative bacterium and usually results in
the outbreak of VWND at a water temperature of 15—24°C
in several cultured fish (Nishimori et al., 2000; Akayli
et al,, 2011; Huang et al., 2018a, 2019; Zhang et al.,
2018). Recently, we isolated a strain named PQLYCA4,
which resulted in VWND at 12°C (Li et al., 2020c), a
much lower temperature than reported previously. The
whole genome of several strains of P. plecoglossicida has
been sequenced, and multiple potential virulence genes
were identified (Mao et al., 2013; Huang et al., 2018b).
The function of many virulence genes, especially those for
secretion systems and flagellar synthesis, has been well
documented. For example, FLIA is a gene that regulates
flagellar synthesis in pathogenic bacteria. Infection of the
FLIA-RNALI strain increased the survival rate of L. crocea
by 30% compared with those infected by the wild type.
Comparative transcriptome analysis of L. crocea spleen
showed that FLIA-RNAI strain infection decreased the ex-
pression of some proinflammatory genes, including /L-15
and TNFa, compared with infection by the wild-type
strain (Sun et al., 2019a). Similar methods have been used
to elucidate the function of other virulent genes, such as
secY (Wang et al., 2019) (a component of Sec protein se-
cretion system), impB (Liu et al., 2020) (one core compo-
nent of the type VI secretion system), ClpV (Luo et al.,
2019) (a gene for T6SS), flgM (Sun et al., 2019b) (which
regulates flagellar synthesis), flgK (Bulieris et al., 2017)
(which is involved in flagellar assembly), and fliG (Jiao
et al., 2021) (a rotor protein of the bacterial flagellar) in P.
plecoglossicida. However, the defensive mechanisms of
L. crocea against P. plecoglossicida infection are still
poorly understood.

MicroRNAs (miRNAs) are small non-coding RNAs
(Zhou et al., 2021), which mediate post-transcriptional
regulation of gene expression. miRNAs mainly inhibit
gene expression by repressing translation or promoting
mRNA degradation (Fu et al., 2020). miRNAs are widely
engaged in the host immune response in fishes (Zhou
et al., 2021). For example, pol-miR-novel 171 plays a vi-
tal role in apoptosis and anti-bacterial immunity by target-
ing the FAM49B gene (Li et al., 2020a). miR-146a can
regulate apoptosis and NF-kB, which further promotes
Singapore grouper iridovirus infection (Ni et al., 2017).
Pol-miR-novel 547 is involved in the pathogen infection,
autophagy, and apoptosis in Japanese flounder by target

the PTEN gene (Li et al., 2020b). However, it is still poor-
ly understood that how miRNAs counteract the P.
plecoglossicida infection in L. crocea. Recently, we char-
acterized the mRNA and miRNA profiles in L. crocea
spleen infected by P. plecoglossicida at 12 h and 24 h
post-infection, and revealed the microRNA-mediated im-
mune response at early stage (Chen et al., 2023). Here,
we characterized the changes of mRNAs and miRNAs
profile after P. plecoglossicida infection by comparative
transcriptome analysis at 96 h post-infection, found
that inflammatory response (IL-17 signaling pathways,
chemokines and chemokine receptor pathway), ATP syn-
thesis, apoptosis and necroptosis, and proteasome-mediat-
ed protein degradation were activated. Furthermore, the
regulatory mechanism of miRNAs in resistance to P.
plecoglossicida infection was also clarified. Our results
elucidated the miRNA-mediated defensive strategy of L.
crocea against P. plecoglossicida at the late stage of infec-
tion.

2 Materials and methods

2.1 Bacterial strain and culture conditions

Pseudomonas plecoglossicida PQLYC4, a strain pre-
viously isolated from L. crocea suffering from VWND at
a water temperature of 12°C, was used for experimental
infection (Li et al., 2020c). The culture conditions re-
ferred to our previous reports (Zhang et al., 2021a).

2.2 Experimental infection and sampling

The experimental infection and sampling were per-
formed as previously described (Zhang et al., 2021a).
Briefly, 16 L. crocea [(100 = 20) g], bought from Ningde
Fufa Company in Ningde City, Fujian Province, China,
were kept in one ton of aerated seawater at 18°C for
2 weeks. Pseudomonas plecoglossicida was diluted with
1 x PBS to a concentration of 1 x 103 colony-forming
units (CFU) per milliliter. Then, 16 fish were divided ran-
domly into two groups with eight individuals in each
group. The experimental group was injected intraperi-
toneally 200 uL of 1 x 103 CFU/ml of P. plecoglossicida
suspension. The control group was injected intraperi-
toneally 200 pL of sterile PBS. All the individuals were
anaesthetized using MS222 at 96 h after infection. Their
spleens were harvested and snap-frozen in liquid nitrogen.
Six samples, of which three from injected group and the
other three from control group, were sent to Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai City, China)
for RNA-seq. Ten samples, harvested from the injected
and control groups, respectively, were used for quantita-
tive real-time PCR (qRT-PCR). All the animal experi-
ments were carried out in strict accordance with the regu-
lations of the Administration of Affairs Concerning exper-
imental animals approved by the Animal Care and Use
Committee of Fujian Agriculture and Forestry University.
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2.3 Transcriptome sequencing

Eastep Super Total RNA Extraction Kit (Promega)
was used to extract the total RNA from the spleen. The
purity and concentration of RNA were determined by
Nanodrop2000. Agarose gel electrophoresis and RNA
integrity number (RIN) determined by Agilent2100 were
used to assess the RNA integrity. Then mRNA and small
RNA (sRNA) libraries were prepared, following the pre-
vious report (Ou et al., 2021). Briefly, for mRNA se-
quencing, mRNAs were isolated by using oligo (dT)
magnetic beads, and broken into 300 bp approximately
fragments in a fragmentation buffer subsequently. Frag-
mented mRNA was reverse transcribed into the first-
strand cDNAs using random hexamers as primers, fol-
lowed by the synthesis of the double-stranded cDNAs.
Sequencing adaptors were ligated to the double-stranded
cDNAs, which were further enriched by 15 cycles of
PCR amplification. Proper DNA fragments were recov-
ered by agarose gel electrophoresis and used for paired-
end 150 bp sequencing on Illumina Novaseq 6000.
For sRNA sequencing, sRNA library was prepared by
TruSeq small RNA library preparation kits (Illumina).
The library was also sequenced on the Illumina Novaseq
6000. All the raw data in this study has been deposited
in sequence read archive (SRA) database with accession
number SRR23279742—-SRR23279747 for mRNA and
SRR23250140—SRR23250145 for miRNA.

2.4 Evaluation of RNA-seq quality

Clean reads produced from mRNA-seq and sSRNA-seq
were aligned against the L. crocea genome by using
HISAT2 (Kim et al., 2019) and bowtie (Langmead et al.,
2009) with default parameters to compute the mapping
rate. Considering that mRNA-seq with unsaturated se-
quencing depth can lead to imprecise estimations of the
mRNA abundance, the sample that has the least clean
reads was used for sequencing saturation analysis by RSe-
QC (Version 2.3.6) (Wang et al., 2012). Additionally,
principal component analysis (PCA) was performed to vi-
sualize the distances between samples (Son et al., 2018)
by using the sklearn package (Rosenblatt et al., 2021).

2.5 Identification of DEGs

Adaptor sequences and low-quality reads were re-
moved to obtain clean reads. HISAT2 (Kim et al., 2019)
and StringTie (Version 1.3.3b) (Pertea et al., 2015) were
respectively used to align the clean reads against the L.
crocea genome and assemble the clean reads into tran-
scripts. Expression abundance was quantified by RSEM
(Version 1.3.1) (Li and Dewey, 2011), and expressed
as transcripts per million reads (TPM). Differential ex-
pression analysis was carried out by DESeq2 (Version
1.24.0) (Love et al., 2014). The DEGs or differentially
expressed mRNAs (DEMs) were defined as genes with
[log,FC| = 1 (FC means fold changes) and false discov-
ery rate (FDR) < 0.05.

2.6 Enrichment analysis based on the DEGs and
GSEA

DEG-based GO and KEGG enrichment analysis were
performed to identify the main function of the DEGs, fol-
lowing previous description (Zhang et al., 2021a). Briefly,
Goatools (Version 0.6.5) (Klopfenstein et al., 2018) and a
R script were respectively employed to perform GO and
KEGG enrichment analysis with Fisher’s exact test
(Kanehisa et al., 2017). The KEGG pathways or GO terms
with FDR < 0.05 were regarded as significantly enriched
pathways (SEPs) or significantly enriched GO terms
(SEGTs). Additionally, gene set enrichment analysis
(GSEA) (Mootha et al., 2003; Powers et al., 2018) was
applied to determine the coordination of gene expression,
taking each of the GO terms or KEGG pathways as one
gene set. The GO terms or KEGG pathways with FDR
< 0.05 were considered as SEGTs or SEPs.

2.7 Identification of miRNAs and differentially
expressed miRNAs (DEMis)

Raw reads were cleaned by trimming adaptor se-
quence, and filtering reads in low quality or reads with a
length greater than 32 nt or less than 18 nt. Then, the
clean reads were aligned to L. crocea genome, and the
mapped reads were further used to blast against the miR-
base (Griffiths-Jones et al., 2006) and Rfam (Kalvari et al.,
2018, 2021) database to obtain known miRNAs and non-
coding RNA (ncRNA), respectively. The unmapped reads
were re-aligned against the reference genome and used for
novel miRNA prediction by miRDeep2 (Friedldnder et al.,
2012). The miRNA expression level was expressed as
transcripts per million (TPM) calculated by using the
quantifier program in the miRDeep2. miRNAs with fold
change not less than 2 and p-value less than 0.05 were
viewed as DEMIs, which were identified by DESeq2.

2.8 miRNA target prediction and function anno-
tation

The methods for the prediction of miRNA targets re-
fer to previous reports (Tian et al., 2018; Liu et al., 2021).
Briefly, TargetScan (Lewis et al., 2005), miranda (Lewis
et al.,, 2005) and RNAhybrid (Kriiger and Rehmsmeier,
2006) were used to predict miRNA-mRNA pairs based on
the DEMIs and DEMs. For Targetscan, we excluded the
type of 6mer and 7mer-1a, which have been suggested as
lower efficacy (Riffo-Campos et al., 2016). For Miranda,
only the miRNA-mRNA pairs with a free energy less than
—20 kcal/mol were retained. For RNAhybrid, parameters
were set as energy cutoff less than —10 kcal/mol and p-
value cutoff less than 0.05. The potential miRNA-mRNA
pairs must be supported by at least two software. Further-
more, the expression profile of miRNA and miRNA
should show a negative correlation (» < —0.8 and p <
0.05). GO and KEGG enrichment analysis were per-
formed to determine the main function of the miRNA tar-
gets, and p < 0.05 was used as the cutoff for significance.
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Furthermore, the potential interaction network of miRNA-
mRNA was displayed by using Cytoscape V3.4 (Shannon
et al., 2003) (http://cytoscape.org/).

2.9 gRT-PCR validation for miRNA and mRNA
expression

To evaluate the repeatability of the RNA-seq, the rela-
tive expression level of 8 miRNAs and 9 mRNAs was val-
idated by qRT-PCR. For mRNA, the methods for the first-
strand cDNA synthesis and qRT-PCR follow our previ-
ous report (Zhang et al., 2021a). For miRNA, the first
strand was synthetized by using the miRNA First Strand
cDNA Synthesis (Tailing Reaction) kit (Sangon) accord-
ing to its manual. qRT-PCR was performed in a 20 pL re-
action mix containing 10 pL of qMix (Life Technologies),
0.2 pL of forward or reverse primer, 0.2 pL. of cDNA tem-
ple. B-actin and U6 were used as the internal reference for
the mRNA and miRNA quantification, respectively. The
relative expression level of mRNA and miRNA was re-
spectively normalized to B-actin and U6 by using the
27AACt method, and expressed as fold changes of mRNA
or miRNAs in the injected group relative to that in the
control group. The primers used for miRNA and mRNA
quantification were listed in Table S1. Graphpad Prism 8
was used to analyze the data, which were expressed as
means =+ standard deviation (SD). p-value < 0.05 was used
as the cutoff for significance.

3 Results

3.1 Assessment of the RNA-seq data

The transcriptome sequencing statistics for mRNA
and sSRNA were given in Table S2 and Table S3. mRNA-
seq yielded 62.4—84.0 million raw reads, and 41.4—
55.6 million clean reads were kept after removal of adap-
tor and low-quality reads. The Q20 of the clean reads
ranges from 95.7% to 95.9%. About 82.4%—84.0% of the
clean reads can be mapped to the L. crocea genome (Ta-
ble S4). Saturation analysis showed that mRNA-seq pro-
duced sufficient read depth to accurately quantify the gene
expression, even for the sample with the least clean reads
(Fig. S1). A total of 10.1-12.8 million raw reads were
generated from sRNA-seq, of which 8.9-11.0 million
were produced following the read cleaning. The PCA plot
of both the mRNA-seq and sSRNA data clearly discrimi-
nated the injected group and the control group, indicating
that P. plecoglossicida injection induced a conspicuous al-
teration of mRNA and miRNA profile (Fig. 1). For mR-
NA, the first principal component (PC1) contributed ap-
proximate 60.9% variance (Fig. 1a). For the miRNA data,
the distances among the three samples in the injected
group were much closer to each other than those among
the three samples in the control group (Fig. 1b), which im-
plied that the miRNA expression patterns may have be-
come more similar in response to the P. plecoglossicida
injection.

3.2 DEG identification and DEG-based enrich-
ment analysis

A total of 4 452 genes were identified as DEGs, of
which 2 161 were upregulated and 2 291 were downregu-
lated in injected group (Fig. S2). GO enrichment analysis
identified 45 SEGTSs, including 22 subclasses of “biologi-
cal process”, 6 subclasses of “cellular component” and 17
subclasses of “molecular function” (Fig. 2a). Ten GO
terms were associated with the immunity, which included
the top two enriched terms namely “immune response’
and “immune system process” in the “biological process’
category (Fig. 2a). Seven terms are related to proteasome
or peptidase, among which “threonine-type endopepti-
dase activity” and “threonine-type peptidase activity”
were the top two enriched terms in the “molecular func-
tion”, and the other five constituted the main part of the
“cellular component” category (5/6) (Fig. 2a). Thus, P.
plecoglossicida infection exerted a serious impact on the
expression of genes related to the immune system, protea-
some or peptidase.

KEGG enrichment analysis based on the DEGs also
reached the same conclusion. A total of 63 pathways were
identified as SEPs (Table S5). Of the top thirty SEPs, 18
belong to immune system and infectious disease (Fig. 2b).
Additionally, proteasome was the most enriched pathway
(Fig. 2b). Furthermore, all the DEGs in this pathway were
upregulated in the injected group (Fig. S3). These sugges-
ted that immunity and proteasome in the L. crocea were
significantly influenced by the P. plecoglossicida infection.

3.3 GSEA-based GO and KEGG enrichment anal-
ysis

]

il

The coordination of the gene expression was re-
searched by GSEA-based GO and KEGG enrichment
analysis. Both results illustrated that the main changes
concentrated on the proteolysis, immunity and energy
metabolism. A total of 38 GO terms were significantly en-
riched, of which 30 and 8 were upregulated in the inject-
ed group and the control group, respectively (Table S6).
Among the 30 upregulated terms, 6 were for proteolysis, 4
for immune system or defense response, and 9 for ATP
synthesis. The 6 proteolysis-related terms comprised “pro-
teasome complex”, “threonine-type endopeptidase activi-
ty”, “proteasome core complex”, “proteolysis”, “protea-
some-mediated ubiquitin-dependent protein catabolic pro-
cess” and “proteolysis involved in cellular protein catabol-
ic process” (Figs 3a—d and Table S6). Especially, upregu-
lation occurred on all the genes encoding proteasome
complex (Fig. 3a). The 4 terms related to immune system
or defense response were respectively “defense response
to gram-positive bacterium” and “chemokine activity”,
“inflammatory response” and “immune response” (Figs
3e, fand Table S6). The 9 terms associated with ATP syn-
thesis were “ATP hydrolysis coupled proton transport”,
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“respiratory chain”, “ATP synthesis coupled proton”,
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Fig. 1. Principal component analysis (PCA) depicts the relationship of the samples used for RNA-seq. a. PCA analy-
sis of the mRNA-seq data, and b. PCA analysis of sSRNA-seq data. PC1 and PC2 refer to the first and second principal
component, respectively. PBS and PP indicate the groups injected by phosphate buffered saline and P. plecoglossicida,

respectively.

LLINT3

brane space”, “mitochondrial intermembrane membrane”,
“tricarboxylic acid cycle”, “cytochrome-c oxidase activity”
and “mitochondrial respiratory chain complex I ” (Figs 3g,
h and Table S6). Thus, the GSEA-based GO enrichment
analysis demonstrated that proteolysis, ATP synthesis and
immunity in L. crocea were activated by the P. plecoglos-
sicida infection.

Similarly, GSEA-based KEGG enrichment analysis
showed the upregulated pathways focus on the protea-
some, energy metabolism and immunity. A total of 42
pathways were significantly enriched, of which 39 upreg-
ulated in the injected group and 3 upregulated in the con-
trol group (Table S7). Proteasome was the most signifi-
cantly enriched pathway among all the 39 upregulated
ones (Fig. 4a and Table S7), which is consistent with the
DEGs-based KEGG analysis (Fig. 2b). “Oxidative phos-
phorylation” and “citrate cycle (TCA cycle)”, which are
implicated in ATP synthesis, were upregulated in the in-
jected group (Figs 4b, ¢ and Table S7). Immune system,
immune disease and infectious disease occupied the most
part of the upregulated pathways (17/39) (Table S7).
There are 7 pathways related to immune system, which
were “IL-17 signaling pathway”, “toll-like receptor sig-
naling pathway”, “cytosolic DNA-sensing pathway”, “c-
type lectin receptor signaling pathway”, “complement and
coagulation cascades”, “TNF signaling pathway” and “cy-
tokine-cytokine receptor interaction” (Figs 4d—h and Ta-
ble S7). Therefore, P. plecoglossicida infection accelerat-
ed proteasome-mediated protein degradation, stimulated
the energy metabolism and activated the immune system

in the L. crocea.

3.4 Annotation of DEGs involved in immune sys-
tem, energy metabolism, proteasomes, apop-
tosis and necroptosis

To better understand the defense response, the DEGs

associated with immune system, energy metabolism and
proteasome were identified. Most of the DEGs associated
with the innate system were upregulated, including IL-17
signaling pathway (IL17C, IL-17RA, IL-17RB, IL-17RC,
HSP90A, and HSP90B), chemokines and chemokine re-
ceptors (CXCR3, CCRY9, CCRII, CXCLI0, CXCLY,
CCL20, and CCL19), and complement and coagulation
cascades pathway (C3, C4, C6, C7, C84, MBL, FD, and
C5ARI) (Table S8). For proteasome, all the 40 DEGs
encoding the proteasome components were upregulated
in the P. plecoglossicida-injected L. crocea (Fig. S3
and Table S8). For ATP synthesis, almost all the DEGs
in the oxidative phosphorylation pathway were upregulat-
ed (Fig. S4 and Table S8). Additionally, upregulated
genes also predominated in TNF signaling pathway,
especially for the genes associated with apoptosis
(FADD, CASP3, CASPS8, and CASP7) and necroptosis
(RIP3, MLKL, and Drpl) (Fig. S5 and Table S8). Thus,
P. plecoglossicida infection activated inflammatory re-
sponse, proteasomes, energy metabolism, apoptosis and
necroptosis in L. crocea.

3.5 Analysis of miRNAs and their target genes

A total of 553 miRNAs were obtained, including
294 known and 259 novel ones. Forty-one miRNAs were
identified as DEMIs, of which 25 were upregulated and
16 were downregulated in injected group (Fig. S6 and
Table S9). A total of 568 miRNA-mRNA interaction
pairs were constructed, which formed between 24
DEmiRNAs and 537 DEmRNAs. KEGG enrichment
analysis of miRNA targets showed that 28 pathways
were enriched (Fig. 5a). Nine of the 28 enriched path-
ways were grouped into immune system (3), immune dis-
ease (1) or infectious disease (5) (Fig. 5a). The 3 path-
ways in immune system are comprised of “cytokine-cy-

tokine receptor interaction”, “chemokine signaling path-
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a. KEGG enrichment analysis of the miRNA targets. Pathways involved in immune system, infectious and immune dis-
ease were indicated by arrows in different color. b. The immune-related miRNA-mRNA pairs. Diamond and ellipse

represent miRNA and mRNA respectively.

way”, and “c-type lectin receptor signaling pathway”. Ad-
ditionally, a network consisting of 49 immune-related
miRNA-mRNA pairs, which were formed between 14
miRNAs and 44 genes, were constructed (Fig. 5b and Ta-
ble S10). The target genes include many key immune-re-
lated genes, such as chemokine and chemokine receptors
(CXCR5, CCL17 and CXCR3), interleukin receptor
(ILIRLI1, ILIS8RAP, and ILISRI), lectin (MBLI and
MBL?2). Thus, miRNAs may play an important role in the
defense response.

3.6 gRT-PCR validation of DEGs and DEMIs ex-
pression

To assess the repeatability of RNA-seq, 9 DEGs and 8
DEMIs was selected and verified by using qRT-PCR
(Fig. 6, Table S11). For DEGs, the expression of /L17-
RC, IL-6, CXCL10, C7, Hampl, RELT, COX54, CCL17,
and POMP were all upregulated in the L. crocea chal-
lenged by P. plecoglossicida (Fig. 6a, Table S11). For
DEMIs, dre-miR-146a, NC 040030.1 15576, dre-miR-
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Fig. 6. qRT-PCR verification of the 9 differentially ex-
pressed genes (DEGs) and 8 differentially expressed miR-
NAs (DEMIs). a. qRT-PCR verification of 9 DEGs, and b.
qRT-PCR verification of 8§ DEMIs.

458-5p, NC _040014.1 3047, and dre-miR-135b-5p were
significantly upregulated, while fru-miR-223, NC 040017.
1 4378, and dre-miR-15a-5p were significantly downreg-
ulated in the infected L. crocea (Fig. 6b, Table S11). The
relative expression level of both DEGs and DEMIs from
gRT-PCR were consistent with the those from RNA-seq
data, illustrating the reliability of RNA-seq data.

4 Discussion

4.1 Pseudomonas plecoglossicida infection led
to a profound transcriptome remodeling in L.
crocea

Pseudomonas plecoglossicida infection has brought
about great losses to the mariculture of L. crocea, a fish
with annual output ranking second in China (Ministry of
Agriculture and Rural Affairs et al., 2024). However, how
L. crocea protects itself against P. plecoglossicida infec-
tion is still poorly understood. Here, we characterized the
changes of mRNA and miRNA profile in the spleens of L.
crocea infected by P. plecoglossicida at 96 h. The PCA
plots clearly separated the control group and the infected
group (Fig. 1), indicating that P. plecoglossicida infection
has profoundly remodeled the miRNA and mRNA profile.
Additionally, the expression of several DEGs and DEMIs
was well validated by qRT-PCR, illustrating reliability
and repeatability of the transcriptome data (Fig. 6).

4.2 Inflammatory response protects against P.
plecoglossicida infection

Inflammatory response is essential in defense against
pathogens. The inflammatory response in L. crocea was
activated by the P. plecoglossicida infection. Significant
enrichment and coordinately upregulated expression oc-
curred on the IL-17 signaling pathways, chemokines and
chemokine receptor (Figs 2, 3 and Table S8). IL-17 sig-
naling pathway is essential to ensure the elimination of
extracellular pathogenic bacteria and inflammation (Qian
et al., 2010). Chemokines mediate the recruitment of im-
mune cells to the infected sites and enhance their cytotox-
ic function (Oo et al., 2010; Griffith et al., 2014; Khalil
et al., 2021). Activation of the IL-17 signaling pathway
and chemokines also occurred in many other pathogen-in-
fected fishes (Dang et al., 2016; Maeckawa et al., 2019),
suggesting that the inflammatory response may be com-
mon in fishes.

4.3 Proteasome shapes the immune response
against P. plecoglossicida infection

Proteasome extensively participates in the antiviral
immune response in fishes. In sevenband grouper, protea-
some subunit beta type-8 negatively regulates NF-xB re-
sponses during nervous necrosis viral infection (Krishnan
et al., 2021). Proteasome in grass carp is involved in
aquareovirus infection through the interaction between
proteasome subunit beta-type 7 and grass carp reovirus
(GCRYV) capsid proteins (Wang et al., 2020). In Par-
alichthys olivaceus, proteasome was significantly en-
riched upon challenged by lymphocystis disease virus
(Wu et al., 2018). However, the function of proteasome in
bacterial infection received litter attention. In this study,
the most striking change in the L. crocea spleen infected
by P. plecoglossicida is the profoundly increased expres-
sion of genes encoding proteasome components. KEGG
enrichment analysis based the DEGs showed that the pro-
teasome is the most enriched pathway (Fig. 2b and Table
S5). Furthermore, all the 40 DEGs encoding the protea-
some components were upregulated by P. plecoglossicida
infection (Fig. S3 and Table S8), which is consistent with
the results of GSEA-based KEGG enrichment analysis
(Fig. 4a). Especially, significant upregulation occurred on
the PA28af (Table S8), which can promote the overall
supply of MHC class I -binding peptides (de Graaf et al.,
2011; Murata et al., 2018). The exact mechanism underly-
ing the increased expression of genes for the proteasome
components is still unknown, but considering the function
of the proteasome in the MHC class I antigen process-
ing (Kammerl and Meiners, 2016; Cetin et al., 2021), pro-
teasome may mediate the initiation of the primary adap-
tive immune response against the P. plecoglossicida in-
fection. This is supported by the fact that antigen process-
ing and presentation pathway was significantly enriched
(Fig. 2b). Additionally, proteasome also takes part in im-
mune response by eliminating signaling components
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(Kammerl and Meiners, 2016; Cetin et al., 2021). There-
fore, strengthen protein degradation by proteasome may
contribute the generation of an adequate immune re-
sponse against the P. plecoglossicida infection.

4.4 Pseudomonas plecoglossicida infection may
activate the apoptosis and necroptosis medi-
ated by TNF signaling pathway

Death of infected host cell is an intrinsic immune de-
fense mechanism, which helps the clearance of intracellu-
lar pathogeny (Labbé and Saleh, 2008; Ashida et al.,
2011; Behar and Briken, 2019). TNF is the most potent
inducer of cell death among cytokines, which contributes
cell death by either caspase-dependent way (apoptosis) or
caspase-independent (necroptosis) (Tanzer, 2022). In this
study, P. plecoglossicida infection significantly upregulat-
ed the expression of TNF and TNF receptor 1 (TNFRI)
genes. KEGG enrichment analysis based on GSEA and
DEGs showed that the TNF signaling pathway in L. cro-
cea was significantly enriched, and most of the genes in
the pathway were upregulated by P. plecoglossicida infec-
tion (Figs 2b, 4f and S5). Furthermore, the expression of
many apoptosis-induced genes including FADD, CASPS,
CASP3, and CASP7 (Best, 2008; Kominami et al., 2012;
Mcllwain et al., 2013; Meng et al., 2021), and the necrop-
tosis-induced genes including RIP3, MLKL and Drpl
(Nogusa et al., 2016; Li et al.,, 2021) significantly in-
creased (Fig. S5 and Table S8). So, P. plecoglossicida in-
fection activated the apoptosis and necroptosis mediated
by TNF signaling pathway. Many studies suggest that the
death of infected cells is generally beneficial for host. For
example, macrophage apoptosis caused by Mycobacteri-
um tuberculosis infection can increase host resistance with
the help of efferocytosis (Martin et al., 2012; Behar and
Briken, 2019). Some bacterial or viral pathogens can
evade host defenses by inhibiting host apoptosis (Best,
2008; Behar and Briken, 2019). Necroptosis has also been
considered as an important response against virus inva-
sion (Nailwal and Chan, 2019). Thus, increased expres-
sion of the genes that favor cell death may provide a pro-
tective role against P. plecoglossicida infection.

4.5 Accelerated ATP synthesis provided energy
basis for defense response

Another profound change in P. plecoglossicida-infect-
ed L. crocea is the enhanced ATP synthesis. GSEA-based
GO enrichment analysis showed that “ATP hydrolysis
coupled proton transport” and “respiratory chain” were
significantly enriched, most genes in these GO terms
were upregulated by the P. plecoglossicida infection
(Figs 3g, h). Similarly, GSEA-based KEGG enrichment
analysis also showed that upregulated genes predominat-
ed in the TCA cycle and oxidative phosphorylation
pathways (Figs 4b, c). Furthermore, most of DEGs
in these two pathways were upregulated (Table S8).
Considering that the tremendously energetic requirement
during defense response such as proteasome-mediated

protein degradation, cell apoptosis, and immune-related
gene expression, accelerated ATP synthesis may lay a
foundation for the defense response for P. plecoglossici-
da infection.

4.6 miRNAs regulate the defense response
against P. plecoglossicida infection through
interaction with immune genes

miRNAs are endogenous small non-coding RNAs,
which mainly negatively regulate gene expression (Baek
et al., 2008; Andreassen and Hoyheim, 2017; Zhang et al.,
2021b). miRNAs widely participate in the immune re-
sponse of fishes (Shen et al., 2019; Abo-Al-Ela, 2021;
Sundaray et al., 2022). In this study, 568 DEmiRNA-
DEmRNA pairs were predicted. KEGG enrichment analy-
sis of the miRNA targets identified 9 immune-related
pathways, including 3 in immune system (cytokine-cy-
tokine receptor interaction, chemokine signaling pathway,
and c-type lectin receptor), 6 infectious or immune dis-
ease (Fig. 5a). Interestingly, the c-type lectin receptor sig-
naling pathway is also one of the most enriched pathways
of the DEmiRNA target genes in the spleens of L. crocea
infected by P. plecoglossicida at 24 h, indicating that
miRNAs may participate in the immune response through
the c-type lectin receptor signaling pathway at the early
and late stages of infection (Chen et al., 2023). Specifical-
ly, we constructed a network of 49 miRNA-mRNA pairs
related to immune system (Fig. 5b), providing a founda-
tion for further exploration the functions of miRNAs in
immune defense. The miRNA targets included many
genes for chemokine receptors, interleukin receptor and
lectin (Table S10). Thus, miRNAs regulated the defense
response against the P. plecoglossicida infection through
interaction with immune-related genes.
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Supplementary information:

Fig. S1. Sequencing saturation analysis of mRNA-seq data.
Fig. S2. Volcano plot reflecting the expression level of genes in the L. crocea spleen upon P. plecoglossicida in-

fection.
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Fig. S3. Significantly enriched proteasome pathway identified by differentially expressed genes (DEGs)-based
KEGG enrichment analysis.

Fig. S4. Significantly enriched oxidative phosphorylation pathway identified by different expressed genes (DEGs)-
based KEGG enrichment analysis. The red and blue outline represent upregulated or downregulated genes.

Fig. S5. Significantly enriched TNF signaling pathway identified by different expressed genes (DEGs)-based
KEGG enrichment analysis.

Fig. S6. Volcano plot reflects the expression level of miRNAs in the L. crocea spleen upon P. plecoglossicida in-
fection.

Table S1. Primers used for qRT-PCR verification of differentially expressed miRNAs and genes.
Table S2. Summary of mRNA-seq data.
Table S3. Summary of the sSRNA-seq data.

Table S4. Statistical summary of mapping rate produced by aligning the clean reads from mRNA-seq data to L.
crocea genome.

Table S5. Significantly enriched KEGG pathways identified based on the differentially expressed genes.

Table S6. Significantly enriched GO terms identified by GSEA-based GO enrichment analysis.

Table S7. Significantly enriched pathways identified by GSEA-based KEGG enrichment analysis.

Table S8. Differentially expressed genes involved in immunity, ATP synthesis, proteasome, apoptosis and necrop-
tosis in the spleen of L. crocea following the infection by P. plecoglossicida according the result of RNA-seq.

Table S9. Differentially expressed miRNAs after infected by P. plecoglossicida according to the RNA-seq data.

Table S10. miRNA-mRNA pairs associated with immunity.

Table S11. qRT-PCR validation of the differentially expressed mRNAs and differentially expressed miRNAs.
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