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A B S T R A C T

Large yellow croaker (Larimichthys crocea) is an economical important farmed fish in China. “Visceral White Spot
Disease” caused by Pseudomonas plecoglossicida is a disease with a high mortality rate in cage-cultured L. crocea
in recent years and resulted in heavy economy lossess. The dual RNA-seq results of previous study showed that
the expression of clpV gene in P. plecoglossicida was significantly up-regulated during infection. RNAi sig-
nificantly reduced the expression of clpV in P. plecoglossicida with maximum silencing efficiency of 96.1%.
Compared with the wild type strain, infection of clpV-RNAi strain resulted in a delayed onset time and a 25%
reduction in mortality of L. crocea, as well as lessening the symptoms of the spleen. The results of dual RNA-seq
of L. crocea infected by clpV-RNAi strain of P. plecoglossicida changed considerably, compared with the coun-
terpart infected with the wild strain. The KEGG enrichment analysis showed that Cytokine-cytokine receptor
interaction, Toll-like receptor signaling pathway, C-type lectin receptor signaling pathway and MAPK signaling
pathway of L. crocea were most affected by the silence of clpV in P. plecoglossicida. RNAi of clpV resulted in the
downregulation of genes in flagella assembly pathway and a weaker immune response of host.

1. Introduction

Pseudomonas plecoglossicida is known as a pathogen which can cause
epidemic of several maricultured fish and result in heavy economy
losses [1]. The epidemic of large yellow croaker (Larimichthys crocea)
associated with P. plecoglossicida is named “Visceral White Spot Dis-
ease” [2], which is the most harmful disease of cultured large yellow
croaker. In order to reveal the mechanism underlying the pathogenic,
the spleen of Epinephelus coioides infected by P. plecoglossicida were
subjected to dual RNA-seq, and the data have been deposited at the
GenBank SRA database under accession number SRP115064. The
comparative transcriptome analysis results showed that clpV gene was
significant upregulated during the infection process, and was specu-
lated to play important roles in the host-pathogen interactions.

Gene clpV encodes the ClpV1 family type VI secretion system (T6SS)
T6SS ATPase, a factor that affects the T6SS [3,4]. In bacteria, T6SS can
export macromolecules to the environment and delivers toxic effector
molecules to adjacent eukaryotic cells and/or prokaryotic cells by
forming needle-like structures [5,6]. T6SS plays an important role in
the virulence development of various pathogens [7–10], including

Escherichia coli [11], Acinetobacter baumannii [12], Edwardsiella piscicida
[13], Pseudomonas aeruginosa [14,15]. The product encoded by the clpv
gene is critical for the functioning of the T6SS system, ATPase ClpV
disassembles the contracted sheath, which resets the systems for re-
assembly of an extended sheath that is ready to eject toxin again [16].
In addition, ClpV contributes to in vitro macrophage cytotoxicity while
inducing several eukaryotic proteins associated with apoptosis [17],
and was recognized as a virulence gene of P. plecoglossicida [18].

The process of infection is a battle between the pathogen and the
host, in which both side must do their best to win [19]. Both the pa-
thogen and the host must mobilize all available resources to win this
life-and-death struggle, and all changes in pathogen and host will be
reflected in their respective transcriptome profiles [20]. Dual RNA-seq
offers a possibility to monitor host-pathogen RNA expression profiles
simultaneously [21–25].

In consideration of tenormous harmfulness of P. plecoglossicida to
maricultured fishes and the potential important role of clpV in the
virulence of P. plecoglossicida, the aim of this study is to explored the
function of clpV in the host-pathogen interaction. In the present study,
the clpV of P. plecoglossicida was knocked down by RNAi, the spleens of
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L. crocea infected by wild-type strain or clpV-RNAi strain were sub-
jected to dual RNA-seq and data of pathogen and host transcriptome
were simultaneously analyzed.

2. Materials and methods

2.1. Bacterial strains and culture conditions

The pathogenic P. plecoglossicida strain (NZBD9) was isolated from
the spleen of a large yellow croaker suffered from “Visceral White Spot
Disease” [1]. All strains of P. plecoglossicida were routinely grown in LB
(Luria Bertani) medium at 18 or 28 °C with shaking at 220 rpm. Es-
cherichia coli DH5α was obtained from TransGen Biotech (Beijing,
China) and grown in LB medium (37 °C, 220 rpm).

2.2. Construction of P. plecoglossicida RNAi strain

RNAi strain was constructed according to methods described by
Choi and Schweizer [26]and Darsigny et al. [27]. Five short hairpin
RNA sequences targeting the clpV gene were designed at Website
(http://rnaidesigner.thermofisher.com/rnaiexpress/setOption.do?
designOption=shrna&pid=708587103220684543) and synthesized
by Shanghai Generay Biotech Co., Ltd. (Shanghai, China) (Table S1 in
Supplementary Material). After linearizing pCM130/tac vectors with
the restriction enzymes NsiI and BsrGI (New England Biolabs, USA), the
oligonucleotides were annealed and ligated to the linearized pCM130/
tac vectors using T4 DNA ligase (New England Biolabs) following the
manufacturer's recommendations. The recombinant pCM130/tac vec-
tors were transformed into the competent E. coli DH5a cells by heat
shock and then were extracted and electroporated into P. plecoglossicida
as described by Luo et al. [18]. Finally, the expression level of clpV of
each RNAi strain was detected by quantitative real time polymerase
chain reaction (qRT-PCR).

2.3. Animal infection and sampling

All animal experiments were implemented stringently under the
recommendations in the “Guide for the Care and Use of Laboratory
Animals” set by the National Institutes of Health. The animal protocols
were approved by the Animal Ethics Committee of Jimei University
(Acceptance NO JMULAC201159).

Size-matched healthy L. crocea were acclimatized at 18 °C for 1
week under specific pathogen-free laboratory conditions. Each fish was
intrapleurally injected by wild-type strain or RNAi strain of P. ple-
coglossicida with a dose of 104 cfu/g. Fish that were intrapleurally in-
jected with PBS were used as negative control. Survival of fish was
monitored for 10 d. The water temperature was maintained at
18 ± 1 °C during the whole infection experiment.

For tissue dual RNA-seq, the spleens of six fish infected with injected
by wild-type strain or RNAi strain of P. plecoglossicida were sampled at
48 h post infection (hpi). Two spleens were mixed into one sample.
Spleens, livers, kidneys and bloods from 3 fish were sampled at 12, 24,
48, 72 and 96 hpi for qRT-PCR.

2.4. DNA isolation

DNA purification from spleens, livers and kidneys was accomplished
with an EasyPure Marine Animal Genomic DNA Kit (TransGen Biotech,
Beijing, China) following the manufacturer's instructions. DNA was
isolated from blood samples using an EasyPure Blood Genomic DNA Kit
(TransGen Biotech).

2.5. RNA extraction

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's protocol. RNA samples were

further purified using the Ribo-Zero rRNA Removal Kit (Epicentre,
Madison, WI, USA), followed by elimination of genomic DNA con-
tamination with the Turbo DNA-free DNase (Ambion, Austin, TX, USA).
The RNA quality was measured using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA).

2.6. Dual RNA-seq and transcriptome data analysis

Sequencing libraries were prepared using the TruSeq™ RNA sample
preparation Kit (Illumina, San Diego, CA, USA) according to the man-
ufacturer's protocol. Two Ribo-Zero rRNA Removal Kit (Epicentre) were
used to remove both pathogen and host rRNAs. An Agilent 2100
Bioanalyzer (Agilent Technologies) was used to validate the library
quality. The RNA-seq libraries were sequenced using the Illumina
HiSeq4000 sequencing platforms at Majorbio Biotech Co., Ltd.
(Shanghai, China). The trimming and quality control of raw Illumina
reads were performed using Sickle (https://github.com/najoshi/sickle)
and SeqPrep (https://github.com/jstjohn/SeqPrep) with the default
settings. The RNA sequencing reads data were deposited at the
GenBank SRA database under the accession numbers PRJNA528855
and SRP176599.

To identify the most representative biological processes, molecular
annotation of differentially expressed transcripts of L. crocea and P.
plecoglossicida was performed. Therefore, the Gene Ontology (GO) an-
notation was conducted through the BLAST2GO software (http://www.
blast2go.com/b2ghome) and the enrichment analysis was performed
using as reference the genomes of L. crocea and P. plecoglossicida [28].
In addition, for the L. crocea transcriptome data, the resulting GO en-
richment analysis and visualization was performed using the cluster-
Profiler R package [29]. As for P. plecoglossicida, use Goatools (https://
github.com/tanghaibao/GOatools) [30]. Finally, KEGG was used for
metabolic pathway analysis [31]. Furthermore, 10 genes from bacteria
and 10 genes from fish were randomly selected to verify the sequencing
results by qRT-PCR (Fig. S1).

2.7. qRT-PCR

qRT-PCR was carried out using a QuantStudio 6 Flex real-time PCR
system (Life Technologies, USA). All primer sequences are provided in
Table S2 in Supplementary Material. The expression of the pathogen
and host gene was normalized using 16s rDNA and β-actin respectively
[32]. The 2−ΔΔCt method was used to calculate the relative level of
gene expression. Three independent technical replicates were carried
out for two independent preparations of RNA.

2.8. Statistical analyses

All data are presented as the means ± standard deviation (SD)
from three sets of independent experiments at least. Data analysis was
performed by the SPSS 17.0 software (Chicago, IL, USA), while one-way
analysis of variance using Dunnett's test. P-values< 0.05 were con-
sidered statistically significant.

3. Result

3.1. Construction of the clpV-RNAi strain

The effects of the five shRNAs on clpV gene are shown in Fig. 1A. All
of the five shRNAs extremely significantly reduced the mRNA level of
clpV gene, with different efficiency (Fig. 1A). The strain containing
pCM130/tac-clpV-shRNA- 1004 (named the clpV-RNAi strain) exhibited
the best efficiency (silence efficiency: 96.1%) of gene silencing, and was
chosen for further studies. Despite clpV gene has been silenced, clpV-
RNAi strain growth rate is almost the same as wild type strain of P.
plecoglossicida (Fig. 1B).
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3.2. The effect of clpV gene on the virulence of P. plecoglossicida

Compared with the counterparts injected with wild-type strain of P.
plecoglossicida, L. crocea injected with clpV-RNAi strain exhibited 2 days
delay in the time of death and a significantly decrease in mortality
(Fig. 2A). After infection by wild type strain of P. plecoglossicida, all L.

crocea died in 5 days, while the counterpart which was infected by clpV-
RNAi strain exhibited a survival rate of 25% until 10 dpi. At 72 hpi, the
spleens of the L. crocea injected with wild type strain P. plecoglossicida
exhibited typical symptoms (the surface of the spleen is covered with
numerous white spots), however, there were only a few inconspicuous
white spots or almost no white spots on the surface of spleens of the L.

Fig. 1. Construction and growth curve of clpV-RNAi strain of P. plecoglossicida. (A) The clpVmRNA levels of 5 mutant strains and wild type strain. (B) Growth curve of
wild-type strain and clpV-RNAi strain.

Fig. 2. The virulence of wild type strain and clpV-RNAi strain of P. plecoglossicida to L. crocea. (A) Survival rate of L. crocea post infection.(B)Symptoms of spleens of L.
crocea infected by different strains of P. plecoglossicida. (C) mRNA level of clpV gene of P. plecoglossicida in the spleen of L. crocea during infection process. (D) The
relative load of clpV-RNAi strain P. plecoglossicida in different tissues of L. crocea compared to wild-type strain.
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crocea infected with clpV-RNAi strain (Fig. 2B).
Fig. 2C exhibits the mRNA level of clpV gene in clpV-RNAi strain and

wild type strain of P. plecoglossicida in vitro and spleens at different
times post-injection under 18 °C. The mRNA level of clpV gene of both
strains were always tens of times higher in the spleens than those in
vitro. The mRNA level of clpV gene of wild type strain were always tens
of times higher than those of RNAi strain.

The relative pathogen load in different tissues of the L. crocea in-
fected with clpV-RNAi strain compared with wild type strain are
showed in Fig. 2D. The pathogen load of clpV-RNAi strain in each tissue
at each time was lower than that of wild type strain. Among them, the
ratio in blood is closest to 100%, and the ratio in other organs is less
than 50% (Fig. 2D).

3.3. clpV effects on host gene expression in spleen

The spleens of L. crocea which infected with clpV-RNAi strain or
wild type strain were subjected to dual RNA-seq. When comparing the
transcriptome data of host infected by different strains of pathogen,
there were statistically significant differences in the expression of 1138
mRNAs (FDR<0.05 & |log2FC|≥1), out of which 482 genes were
upregulated in case of infected by clpV-RNAi strain (Fig. 3A). According

to logFC, the top 50 up-regulated DEGs (exclude unnamed genes) were
picked out and shown in Fig. 3B.

3.3.1. Differentially expressed genes
Functional annotation of significantly differentially expressed genes

in L. crocea spleen was performed to define the transcriptome profile
more precisely. Gene ontology (GO) and KEGG pathway enrichment
analyses were conducted for differentially expressed genes (DEGs).
Gene ontology (GO) analysis of the differentially expressed genes
(Fig. 4A and B) recapitulated many of the findings from the enrichment
analysis of dual RNA-seq data. Fig. 4A shows the top five significant GO
terms with the most relevant genes and they all belong to molecular
function. The more genes were associated with the node, the more
important of potential roles of the network. GO classification (Fig. 4B)
indicated that immune/defense response-related genes were enriched,
specifically under GO terms “defense response”, “inflammatory re-
sponse”, and “immune response”. The genes that enriched in the de-
fense response and inflammatory response terms are all down-regu-
lated. Subsequently, we found that the top 4 kegg pathway involved in
immune response (Fig. 4C). Including Cytokine-cytokine receptor in-
teraction, Toll-like receptor signaling pathway, C-type lectin receptor
signaling pathway and MAPK signaling pathway. These pathways play

Fig. 3. The comparative analysis of host's transcriptome response to different strains of P. plecoglossicida.(A)Volcano plot obtained from edgeR analysis of L. crocea's
spleen RNA pools (clpV-RNAi strain infection group/wild type strain infection group). The up-regulated genes are shown as red dots, the down-regulated genes are
shown as blue dots and the normal genes are shown as black dots.(B) Heat map of the top 50 enriched and depleted host transcripts. (FDR<0.05,|log2FC|≥1). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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an important role in the host's defense against foreign enemies and
regulating immune responses. Similarly, KEGG enrichment analysis also
indicated that infection with different strains affects the host's immune
respons.

The Cytokine-cytokine receptor interaction pathway is involved in
adaptive inflammatory host defenses [33], and the gene expression heat
map enriched in this pathway is shown in Fig. 5A. The C-type lectin
receptor signaling pathway plays an important role in inducing the
production of inflammatory cytokines and chemokines [34]. Most of
the genes enriched by C-type lectin receptor signaling pathway are
products of expression regulation, and Fig. 5A shows the expression of
genes which are enriched in this pathway. Interestingly, most of genes
are shown in blue which means down-regulated.

The enrichment of the Toll-like receptor signaling pathway is shown
in Fig. 5B and MAPK signaling pathway is shown in Fig. 5C. Toll-like
receptor signaling pathway is central to the innate immune system and
the mediator proteins are related mainly to the induction of proin-
flammatory cytokines. In Toll-like receptor signaling pathway, genes,
TIR domain-containing adaptor protein (TIRAP), toll-like receptor 7
(TLR7),mitogen-activated protein kinase kinase 3 (MKK3), respectively,
were up-regulated. However, the inflammatory cytokines genes that are
significantly enriched in this pathway are all down-regulated, and
proto-oncogene protein c-fos (AP-1) and NF-kappa-B inhibitor alpha
(IκBα) genes are also down-regulated. Currently, based on sequence
homology and functional differences, 4 MAPK signaling pathway

distinct cascades have been identified: ERK1/2, JNK/MAPK, p38-MAPK
and ERK5. The data obtained indicate that DEG were seldom enriched
in the ERK5 pathways, and just a few DEG were enriched in p38-MAPK
and JNK/MAPK pathway. In contrast, many DEG were enriched in
ERK1/2 pathway (Fig. 5C).

3.4. Analysis of pathogen transcriptome in infected spleen of L. crocea

The pathogen gene expression profile was calculated by edgeR, and
the changes in the expression level met FDR<0.05 & |log2FC|≥1 were
considered statistically significant different. 4988mRNAs were identi-
fied from profiled transcripts of the spleen infected by the clpV-RNAi
strain. Compared with the spleen infected by the wild-type strain, 82
mRNAs from the spleen infected by the clpV-RNAi strain exhibited
significant difference in abundance with 78 mRNAs down-regulated
and 4 mRNAs up-regulated (Fig. 6A). The expression of all DEGs is
shown in Fig. 6B

The DEGs of pathogen transcriptome were subjected to GO enrich-
ment analysis, the top three predominant terms for ‘biological process’
were cellular process, cellular component organization or biogenesis,
cellular component biogenesis, and ribonucleoprotein complex bio-
genesis; for ‘cellular component’ they were cytoplasmic part, cell part,
and intracellular part; and for ‘molecular function’ they were RNA
binding, structural molecule activity, and structural constituent of ri-
bosome (Fig. 6A).

Fig. 4. Differentially expressed genes (DEGs) analysis of L. crocea infected by different strains of P. plecoglossicida (clpV-RNAi strain infection group/wild type strain
infection group).(A)GO enrichment analysis for DEGs. (B) Biological Process. The plot depicts the connections for GO terms and their genes. Each yellow circle
represents gene pathways and circle's size indicates gene count. (C) KEGG pathway enrichment analysis of the DEGs. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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The KEGG enrichment analysis is shown in Fig. 7B. The most sig-
nificant pathway for enrichment is Flaagellar assembly. Fig. 7C shows
the genes involved in the construction and regulation of the flagellum,
with blue lettering indicating those genes were downregulated in the
data of comparative dual RNA-seq, including L321_RS13260,
L321_RS13325, L321_RS13370, L321_RS13425, L321_RS13340, flgD,
L321_RS13405, L321_RS13380, flgE, L321_RS13385, L321_RS13270,
L321_RS13355 and L321_RS13360.

4. Discussion

Toxicity and invasiveness are critical to the pathogenicity of pa-
thogens and have been reported to be controlled by different genes. So
far, many genes have been shown to have a strong relationship with the
virulence regulation of aquatic pathogens by knockout or knockdown
techniques, such as flgE to Aeromonas hydrophila [35]; hcp1 and vgrG1 to
Aeromonas hydrophila [36]; secA and cheB to Vibrio alginolyticus [37,38];
and ssaV to Edwardsiella piscicida [39]. As for P. plecoglossicida which is
the pathogen of large yellow croaker, some studies have mentioned that
its virulence will be regulated by some genes [40,41]. However, there is
no reports on the effect of clpV gene to host host immune response.

RNAi is a highly efficient and specific tool for studying gene func-
tion [42]. In this study, five shRNAs were designed for five different
targets of the clpV gene. All 5 shRNA significantly reduced the expres-
sion of clpV gene, and the shRNA with target started at 1004 had a
silencing efficiency of 96.1%. Moreover, clpV gene in clpV-RNAi strain
of P. plecoglossicida was persistently silented during the infection pro-
cess. These results indicated the stable silencing technique in this study
was reliable and laid the foundation for subsequent research.

Spleen is the main target organ of P. plecoglossicida infection and
presents typical symptoms. Therefore, the spleen was used as the main

research object for studying bacterial infection of L. crocea. Compared
with the wild strain, the survival rate of L. crocea infected by clpV-RNAi
strain was significantly increased, and the onset time was also delayed.
Moreover, the symptoms of the spleen also changed. The white spots on
the spleen of L. crocea infected with the silent strain were less than
those of the wild-type group, some were not even observed, and the
swelling of the spleen was less likely to occur. At the same time, the
pathogen load of P. plecoglossicida in large yellow croaker was also
significantly reduced. These results indicated that clpV gene was a key
virulence gene for P. plecoglossicida to infect L. crocea. It was reported
that inactivation of clpV reduces the ability of pathogenic bacteria such
as Salmonella typhimurium or Yersinia pseudotuberculosis to invade epi-
thelial cells [43].

RNAi of clpV gene significantly affects the transcript data of pa-
thogens during infection. GO enrichment analysis showed that patho-
gen's DEGs were mainly involvedin cell part, ribosomes, and energy
metabolism. The clpV gene in enteroaggregative Escherichia coli encodes
an ATPase for the Type VI secretion system (T6SS) which is an im-
portant machine for transporting toxins into host cells [3]. The patho-
genesis of P. aeruginosa is related to T6SS,which consists of about 15
conserved components, including the AAA + ATPase, ClpV [44]. The
Flaagellar assembly pathway is most significant in KEGG enrichment
analysis. All of the modules enriched in this pathway are down-regu-
lated, thereby inferring that the clpV gene is involved in flagella as-
sembly and affecting the virulence of the strain. The clpV deletion
mutant strain of Citrobacter freundii has less motility, cell adhesion and
cytotoxicity than wild strains [45].

It is well known that infection with pathogens can cause dramatic
changes in the host transcriptome [46–49]. Recently, it has been found
that changes of single virulence gene can also cause significant changes
in the host transcriptome [19,20]. In this research, clpV-RNAi strain

Fig. 5. Visualization of gene expression changes by pathview. Colors represent the scaled relative abundances of log2-transformed RPKM ratio (clpV-RNAi/WT)
values. Up-regulated genes appear in red, and down-regulated genes appear in blue. (A) Differentially Expressed Genes of Cytokine-cytokine receptor interaction
pathway and C-type lectin receptor signaling pathway.(B) Schematic overview of Toll-like receptor signaling pathway.(C) MAPK signaling pathway overview. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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infected group showed significant changes compared to the wild-type
infected group of large yellow croaker transcriptome. The results of GO
enrichment analysis show that the most important GO terms in network
relationships are GO:0070011 (peptidase activity, acting on L-amino
acid peptides), GO:0008233 (peptidase activity), GO:0004180 (car-
boxypeptidase activity), GO:0008238 (exopeptidase activity) and
GO:0003700 (DNA binding transcription factor activity). Most of them
are related to peptidase activity, and many peptidases are currently
considered to be associated with immune responses [51–53]. It has
been reported that carboxypeptidase has immune-related functions in
various aquatic organisms, such as Oplegnathus fasciatus [54]. In addi-
tion, carboxypeptidase plays an immune role in the complement de-
fense mechanism of red lip mulle [55]. All genes in defense response
(GO: 0006952) and inflammatory response (GO: 0006954) were down-
regulated, indicating that the immune response of the L. crocea to clpV-
RNAi strain infected group was relatively weak. KEGG enrichment
analysis exhibited similar results of GO enrichment analysis. The top
four pathways of KEGG enrichment are related to the immune response,
they are Cytokine-cytokine receptor interaction, Toll-like receptor sig-
naling pathway, C-type lectin receptor signaling pathway and MAPK
signaling pathway. Notably, some classical proinflammatory genes, e.g.
C-type lectin receptor signaling pathway (IL-12, IL-1β, Cox-2, TNF, IL-
6), Toll-like receptor signaling pathway (TNFα, IL-1β, IL-6, IL-12, MIG),
are all down-regulated. Cytokines are involved in inflammatory host
defense and key modulators of inflammation. It participates in acute
and chronic inflammation through a complex network of interactions
[56–58]. Toll-like receptors (TLR) play a central role in the host's ability

to recognize pathogens and produce immune responses, it uses proin-
flammatory cytokines to regulate immune responses [59–61]. C-type
lectin receptors (CLRs) induced intracellular signal cascades are indis-
pensable for the initiation and regulation of antifungal immunity
[62–64]. Upon pathogen binding, CLRs trigger distinct signalling
pathways that can help to activate the innate immune system, whereas
some CLRs affect signalling by Toll-like receptors [65]. Many cytokine
showed down-regulation in the MAPK signaling pathway. MAPK sig-
naling pathway is crucially involved in inflammation and the regulation
of cytokine production and is associated with multiple immune path-
ways [66]. Changes in the expression levels of these pathways in the
spleen infected by the clpV-RNAi strain indicate that immune response
of the large yellow croaker is weaker to clpV-RNAi strain than the wild
type strain of P. plecoglossicida. This corollary based on bioinformatics
data was consistent with the results of pathogen load. RNAi of clpV gene
resulted in less virulence of P. plecoglossicida and lower pathogen load
in host tissues, and lower pathogen load resulted in a weaker immune
response of host.

In conclusion, clpV was a pathogenic gene of P. plecoglossicida and
contributed to the pathogenicity of P. plecoglossicida to L. crocea. RNAi
of clpV resulted in the downregulation of genes in flagella assembly
pathway and lower pathogen load in host tissues as well as a weaker
immune response of host.
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After careful examination, we found a few mistakes in the original
paper. Some supplemental materials in original submission were used
only for the review of manuscript and not for publication. These sup-
plemental materials are no longer included in the revised submission.

List of changes:

Line 108. “103 cfu/g” was changed to “104 cfu/g”.
Line 138. “Sequencing statistics for each RNA-seq data are presented
in Supplementary Table S2.” was deleted.
Line 154. “(Fig. S1)” was added.
Line 158. “S3” was changed to “S2”.
Line 218. “The results showed that the base distribution was bal-
ance, and N% was within the reasonable range (Fig. S1 in Supple-
mentary Material). The reproducibility of the three biological du-
plicates was satisfactory (Fig. S2 in Supplementary Material).” was
deleted.
Line 241. “(B) Biological Process.” was added.
Line 243. “(B)” was changed to “(C) “. The “(C)” at the end of the
sentence was deleted.
Line 280. “In Supplementary Fig. 3, the picture of this two kegg
pathways are presented.” was deleted
Line 303. “The reproducibility of the three biological duplicates is
satisfactory (Fig. S2 in Supplementary Material).” was deleted.
Line 447. Most of supplemental materials were deleted. Only two
supplemental tables are retained. “Supplementary Table 3” renamed

as “Supplementary Table 2”. “Supplementary Fig. 4” renamed as
“Supplementary Fig. 1”. The number of the corresponding supple-
mentary material file has also changed.
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