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A B S T R A C T

Pseudomonas plecoglossicida is an important and highly pathogenic bacterium for aquaculture and causes serious
losses. The expression level of flgM was found to be significantly upregulated post-infection compared with in
vitro results, which was confirmed by quantitative real-time PCR. RNAi significantly reduced the expression level
of flgM mRNA of P. plecoglossicida. Compared with infection with the wild-type strain, infection with the flgM-
RNAi strain resulted in a delay in death and a 75% reduction in the mortality of Epinephelus coioides, followed by
alleviation of the symptoms in E. coioides spleen. Moreover, compared with infection with the wild-type strain,
infection with the flgM-RNAi strain of P. plecoglossicida resulted in a significant change in the transcriptome of
the spleens of infected E. coioides and P. plecoglossicida. KEGG analysis for E. coioides showed that genes of 17
immune pathways were most affected by flgM-RNAi of P. plecoglossicida. Among them, the expression of mhc2,
zap70, rhoh, tlr2, ca79a, hcst and cd32 in E. coioides spleen was predicted to be negatively related to flgM in P.
plecoglossicida but positively related to genes involved in communication, metabolism and motility.

1. Introduction

All bacterial pathogens must adapt to sudden environmental
changes in the host for survival [1]. Infection triggers a series of events
that result in dynamic changes in the gene expression profiles in the
pathogen and host [1]. Thus, simultaneous monitoring of the RNA ex-
pression profiles of the two interacting species during infection is im-
portant to obtain a comprehensive understanding of pathogenic me-
chanisms and the host's immune response [2]. As a sensitive tool for
studying global gene expression of the host or pathogen in infection
biology, RNA-seq has identified many important functional genes [3,4].
For a better understanding of the host-pathogen interaction, dual RNA-
Seq was introduced to simultaneously profile host and pathogen tran-
scriptomes for the first time in 2012 [3]. Recently, dual RNA-seq ana-
lyses were performed successfully in Salmonella typhimurium with HeLa
cells [4] and Streptococcus pneumonia with lung epithelial cells for pa-
thogen-host interactions [5].

Pseudomonas plecoglossicida is a gram-negative aerobic rod-shaped
bacterium that is associated with epidemics of several marine fish such
as Oncorhynchus mykiss and Pseudosciaena crocea [6]. In our previous
work, the dual RNA-Seq transcriptome of P. plecoglossicida-infected E.
coioides spleen at 1, 2, 3, and 4 days post-infection was sequenced and
deposited in the NCBI Sequence Read Archive (SRA); the accession

number is SRP115064. The comparative transcriptome analysis showed
that flgM was significantly highly expressed at 2 days post infection.

The assembly of flagella is a precise and complex process in which
at least 30 genes are coordinated, including flgM [7]. flgM is a flagellar
biosynthesis anti-sigma factor that prevents flagellar class Ⅲ promoter
transcription by binding to σ28 [8]. σ28 is a flagellum-specific tran-
scription factor that is transcribed from the flagellar class Ⅲ promoter
by RNA polymerase [9]. Until now, the function of flgM in pathogeni-
city has been very limited; meanwhile, no research has been reported
about the roles of flgM during pathogen infection.

Considering the high mortality of P. plecoglossicida to economically
cultured fish and the potential significant role of flgM in the virulence of
P. plecoglossicida, flgM of P. plecoglossicida was silenced by RNAi. Then,
the virulence to E. coioides was compared between the wild-type and
flgM-RNAi strains of P. plecoglossicida. The spleens of E. coioides infected
by the flgM-RNAi or wild-type strain of P. plecoglossicida were subjected
to dual RNA-seq. The purpose of this paper is to uncover the immune
response of E. coioides to the flgM gene of P. plecoglossicida by dual RNA-
seq.
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2. Materials and methods

2.1. Bacterial strains and culture conditions

P. plecoglossicida (NZBD9) was isolated from a naturally infected
spleen of P. crocea [6]. The pathogen was grown in Luria-Bertani (LB)
medium routinely at 18 °C with shaking at 220 rpm. Escherichia coli
strain DH5α was acquired from TransGen Biotech (Beijing, China) and
cultured in LB medium at 37 °C at 220 rpm. For the two strains, 10 μg/
mL tetracycline was added to the medium when appropriate.

2.2. Construction of the P. plecoglossicida RNAi strain

The plasmid pCM130 was used for silencing target mRNA in P.
plecoglossicida [10], as the plasmid was an effective carrier (named
pCM130/tac) for expressing siRNA through the following design. After
generating a specific oligonucleotide fragment by annealing a pair of
synthetic shRNAs (synthetized by Generay Biotech Co., Ltd, Shanghai,
China), the fragment was ligated between the BamHI and SphI (New
England Biolabs, Ipswich, USA) restriction sites of the plasmid
pCM130/tac.

The method of constructing the RNAi strain was carried out based
on Darsigny et al. [11] and Choi and Schweizer [12]. Five siRNA se-
quences targeting 13–33 bp, 14–34 bp, 15–35 bp, 18–38 bp and
214–234 bp downstream from the translation initiation site of the flgM
gene were designed and synthesized from Shanghai Generay Biotech
Co., Ltd. (Shanghai, China; Supplementary Table 1). After linearizing
pCM130/tac vectors with the restriction enzymes BsrGI and NsiI (New
England Biolabs), the shRNAs were annealed and ligated to the line-
arized pCM130/tac vectors by T4 DNA ligase (New England Biolabs) in
accordance with the manufacturer's recommendations. Then, re-
combinant pCM130/tac vectors were transformed into competent E.
coli DH5α by heat shock and electroporated into competent P. ple-
coglossicida [13]. The tetracycline resistance marker was used for
screening for stably silenced clones. After acquiring the five RNAi
strains, these strains were cultured under the same conditions to extract
RNA for reverse transcription. Finally, qRT-PCR was used for expression
level detection of flgM to identify the best silencing site for subsequent
experiments.

2.3. Epinephelus coioides infection experiments

All fish experiments were put into practice strictly under the re-
commendations of the ‘National Institutes of Health Guide for the Care
and Use of Laboratory Animals’. The animal protocols were carried out
according to the Animal Ethics Committee of Jimei University
(Acceptance NO JMULAC201159).

E. coioides infection was conducted by a modified version of pro-
tocols described earlier [6]. E. coioides in good health were obtained
from Zhangzhou (Fujian, China) and were adaptively cultured at 18 °C
under specific pathogen-free laboratory conditions for one week. In-
fection strains were cultured in LB medium to an OD600 of approxi-
mately 0.5 (24 h, 18 °C) and then washed and re-suspended in PBS at
18 °C.

Sixty size-matched E. coioides were injected intrapleurally with
103 colony-forming units of P. plecoglossicida (wild-type strain or the
RNAi strains) per gram (cfu/g). E. coioides injected intrapleurally with
PBS were used as a negative control. The water temperature was
maintained at 18 °C during infection. The mortality of injected fish was
recorded daily, and dead fish were cleared away in a timely manner.
For the tissue distribution assays, several size-matched E. coioides were
infected with the wild-type strain or the flgM-RNAi strain of P. ple-
coglossicida; then, three fish were sampled randomly at 24, 48, 72, 96
and 120 h post infection (hpi) for spleens, livers, blood, head kidneys
and trunk kidneys.

For tissue dual RNA-seq assays, six size-matched E. coioides spleens

infected with the wild-type strain or the flgM-RNAi strain of P. ple-
coglossicida were sampled at 48 hpi. Two spleens were mixed as one
independent sample. Spleens of E. coioides infected with PBS were used
as negative controls.

2.4. DNA extraction

DNA purification from spleens, livers, head kidneys and trunk kid-
neys was accomplished by an EasyPure Marine Animal Genomic DNA
Kit (TransGen Biotech, Beijing, China) in accordance with the manu-
facturer's instructions. DNA purification from blood was accomplished
by an EasyPure Blood Genomic DNA Kit (TransGen Biotech, Beijing,
China).

2.5. RNA extraction

Total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) in accordance with the manufacturer's instructions, while
genomic DNA was digested using Turbo DNA-free DNase (Ambion,
Austin, TX, USA). The quality of RNA was assessed by an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and rRNA
was removed by a Ribo-Zero rRNA Removal Kit (Epicentre, Madison,
WI, USA) in accordance with the manufacturer's instructions.

2.6. Quantitative real-time PCR (qRT-PCR)

qRT-PCR was performed by a QuantStudio 6 Flex (Life
Technologies). All designed primer sequences are provided in
Supplementary Table 2. The gene expression levels of P. plecoglossicida
were normalized to that of 16S rDNA. The gene expression levels of E.
coioides were normalized to that of β-actin. The 2−ΔΔCt method was used
to calculate the relative gene expression level.

2.7. cDNA library preparation and Illumina sequencing

The dual RNA-seq cDNA library was prepared using the TruSeq™
RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). Briefly,
the rRNA-depleted RNA samples were fragmented in fragmentation
buffer, and cDNA synthesis was conducted using the SuperScript
Double-Stranded cDNA Synthesis kit (Invitrogen, Carlsbad, CA, USA).
After that, phosphorylation and poly (A) addition were carried out for
end reparation, and the cDNA library was amplified by Phusion DNA
polymerase (New England Biolabs). An Agilent 2100 Bioanalyzer
(Agilent Technologies) was used to validate the library quality.
Sequencing was carried out on an Illumina HiSeq4000 sequencing
platform from Majorbio Biotech Co., Ltd. (Shanghai, China).

2.8. Processing and mapping of reads

The processing and quality control analysis of raw Illumina reads
were performed by SeqPrep (https://github.com/jstjohn/SeqPrep) and
Sickle (https://github.com/najoshi/sickle) with the default settings.
Then, clean data were mapped to the NyZ12 strain genome of P. ple-
coglossicida (NCBI RefSeq accession numbers: NZ_ASJX00000000.1) by
Bowtie2 [14]. Mapped reads were first classified as P. plecoglossicida
reads, and leftover reads were used to obtain the E. coioides unigenes by
de novo assembly.

2.9. de novo assembly and annotation of the E. coioides transcriptome

All clean reads, which were not mapped to the P. plecoglossicida
genome, were treated as the reads pool. This reads pool was assembled
into unigenes de novo using Trinity [15]. The clean unigenes were
compared against four databases including STRING, SWISS-PROT, NCBI
non-redundant (NR) protein and KEGG (Kyoto Encyclopedia of Genes
and Genomes) databases by blastx to identify the proteins. Gene
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Ontology (GO) annotations were conducted by the Blast2GO software
(http://www.blast2go.com/b2ghome) [16]. Finally, KEGG was used for
pathway analysis (http://www.genome.jp/kegg/) [17].

2.10. Analysis of differential gene expression

The measurement of differentially expressed genes was performed
for libraries of P. plecoglossicida and E. coioides. Expression analyses of
genes from the pathogen and host were based on annotations from
NCBI (NZ_CP010359.1) and the reference transcriptome annotation for
the E. coioides described above, respectively. After obtaining unique
mapped read counts, the R package edgeR (version 3.10.2) [18] was
used for testing differentially expressed genes, which met the following
thresholds: ≥log2 1fold change as well as false discovery rate (FDR)
˂0.05.

2.11. KEGG enrichment analysis

KEGG pathway enrichment was carried out by KOBAS (KEGG
Orthology-Based Annotation System) [19]. Fisher's exact test (adjusted
p value≤ 0.05) was used to test differentially expressed KEGG path-
ways. Genes in co-expression modules were enriched with Metascape
(http://metascape.org) [20], and visualization was conducted with the
“GOplot” package in R [21].

2.12. Weighted gene co-expression network analysis

R package weighted gene co-expression network analysis (WGCNA)
[22] was used to predict the interaction between P. plecoglossicida and
E. coioides. After calculating a pair-wise correlation matrix, the ad-
jacency matrix was calculated by raising the correlation matrix ac-
cording to a power β, which was selected in accordance with the scale-
free topology criterion. Then, topological overlap was constructed. The
cluster tree branch (the gene co-expression module) was constructed
according to average linkage hierarchical clustering. Finally, module
eigengenes were statistically classified, and highly similar modules
were merged. The analytic results were visualized by Cytoscape soft-
ware (http://www.cytoscape.org/).

2.13. Statistical analyses

All data are presented as the mean ± standard deviation (SD) from
at least three sets of independent experiments. Data analysis was per-
formed by SPSS 17.0 software (Chicago, IL, USA), while one-way ana-
lysis of variance was performed using Dunnett's test. p-Values< 0.05
were considered statistically significant.

2.14. Data access

The RNA sequencing read data were deposited in the GenBank SRA
database under the accession numbers SRP115064 and SRP162281.

3. Result

3.1. The role of the flgM gene of P. plecoglossicida during infection

Fig. 1A shows the result of flgM gene expression of P. plecoglossicida
in vitro and 48 h post-infection by qRT-PCR. The results showed that the
expression level of the flgM gene was significantly higher at 48 hpi than
in vitro (Fig. 1A), which was in accordance with the result of previous
RNA-seq experiments.

Five shRNAs targeted on the sequence of the flgM gene were de-
signed, and all of them significantly reduced the mRNA expression of
the flgM gene with different efficiencies (Fig. 1B). The strain containing
pCM130/tac-flgM-shRNA-18 (named the flgM-RNAi strain) exhibited
the best silencing efficiency for the flgM gene and was selected for

further studies. Although flgM was silenced, the growth of the flgM-
RNAi strain was almost the same as that of the wild-type strain
(Fig. 1C).

The spleens from the fish injected with the wild-type strain dis-
played typical symptoms (numerous white spots covered the spleen
surface) at 96 hpi; however, no obvious white spots appeared on the
spleen surface of E. coioides injected with the flgM-RNAi strain (Fig. 1D).
Compared with their counterparts infected with the wild-type strain,
the E. coioides infected with the flgM-RNAi strain exhibited a significant
decrease in mortality and a significant delay in the time of death
(Fig. 1E).

Fig. 1F shows the difference in the dynamic distribution of P. ple-
coglossicida between E. coioides infected with the flgM-RNAi strain and
the wild-type strain. The percentage abundance of the flgM-RNAi strain
compared to the wild-type strain varied over time and across different
organs and increased over time post-infection, except in spleens. The
percentage of the flgM-RNAi strain abundance compared to the wild-
type strain abundance in the blood, head kidney and trunk kidney rose
slightly at 72 hpi, and in the spleen and liver, the abundance declined
from beginning to end, especially in the spleen.

3.2. Differentially expressed genes (DEGs) in the E. coioides transcriptome

The foundation of the RNA-seq approach is high-quality reads. The
base distribution was balanced, while N% was in the reasonable range
(Supplementary Fig. 1). The sequence data quality met the require-
ments of the subsequent analysis (Supplementary Fig. 2). The average
distribution of the base error rate in the sequencing reads was less than
0.1% which was in the acceptable range (Supplementary Fig. 3). The
reproducibility of the three biological duplicates was satisfactory
(Supplementary Fig. 4). edgeR was used to calculate the gene expres-
sion profile; if the expression of a gene satisfied FDR<0.05 and
|log2FC|≥1 at the same time, the gene was considered a differently
expressed gene. In the present study, a total of 121,675 mRNAs were
identified from the spleen infected by the flgM-RNAi strain. Compared
with the mRNAs in the spleens infected by the wild-type strain, 24,563
mRNAs in the spleens infected by the flgM-RNAi strain were identified
as significantly different in abundance, with 18,808 mRNAs down-
regulated and 5755 mRNAs upregulated (Fig. 2A); the expression level
is shown in Fig. 2B. Some genes were selected from the transcriptome
and confirmed by qRT-PCR (Supplementary Fig. 5).

According to the KEGG database, 16 immune-related KEGG path-
ways were enriched by all differentially expressed genes (DEGs).
Compared with the genes in the spleen infected by the wild-type strain,
a total of 258 DEGs were enriched in immune-related pathways, of
which 159 were upregulated and 99 were downregulated. The che-
mokine signalling pathway was enriched and had 20 upregulated DEGs
and 14 downregulated DEGs. The T cell receptor signalling pathway
was enriched and had 18 upregulated DEGs and 8 downregulated DEGs.
The Toll-like receptor signalling pathway was enriched and had 18
upregulated DEGs and 3 downregulated DEGs. The natural killer cell-
mediated cytotoxicity pathway was enriched and had 12 upregulated
DEGs and 6 downregulated DEGs. The Fc gamma R-mediated phago-
cytosis pathway was enriched and had 10 upregulated DEGs and 12
downregulated DEGs. The haematopoietic cell lineage pathway was
enriched and had 10 upregulated DEGs and 5 downregulated 5 DEGs.
The antigen processing and presentation pathway was enriched and had
10 upregulated DEGs and 1 downregulated DEGs. The leukocyte
transendothelial migration pathway was enriched and had 8 upregu-
lated DEGs and 12 downregulated DEGs. The NOD-like receptor sig-
nalling pathway was enriched and had 8 upregulated DEGs and 2
downregulated DEGs. The RIG-I-like receptor signalling pathway was
enriched and had 8 upregulated DEGs and no downregulated DEGs. The
intestinal immune network for IgA production pathway was enriched
and had 8 upregulated DEGs and no downregulated DEGs. The platelet
activation pathway was enriched and had 7 upregulated DEGs and 16
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Fig. 1. The pathogenicity of flgM of P. plecoglossicida to E. coioides (A): The expression level of flgM mRNA at 48 hpi and in vitro. (B): The flgM mRNA levels of the 5
flgM-RNAi silencing strains. (C): Growth curve of the flgM-RNAi strain and wild-type strain. (D): Symptoms of E. coioides spleen infected by the wild-type or flgM-
RNAi strain of P. plecoglossicida. (E): Survival curve of E. coioides infected by the wild-type or flgM-RNAi strain of P. plecoglossicida. ★★★p≤ 0.001. (F): Spatial and
temporal distribution of the flgM-RNAi strain compared to the wild-type strain of P. plecoglossicida.
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downregulated DEGs. The complement and coagulation cascades
pathway was enriched and had 7 upregulated DEGs and 12 down-
regulated DEGs. The B cell receptor signalling pathway was enriched
and had 6 upregulated DEGs and 4 downregulated DEGs. The cytosolic
DNA-sensing pathway was enriched and had 5 upregulated DEGs and
no downregulated DEGs. The Fc epsilon RI signalling pathway was
enriched and had 4 upregulated DEGs and 4 downregulated DEGs
(Fig. 2C).

3.3. Differentially expressed genes (DEGs) of the P. plecoglossicida
transcriptome

The foundation of the RNA-seq approach is high-quality reads. The
base distribution was balanced, while N% was within the reasonable
range (Supplementary Fig. 6). The sequence data quality met the re-
quirements of the subsequent analysis (Supplementary Fig. 7). The
average distribution of the base error rate in the sequencing reads was

less than 0.1%, which is in the acceptable range (Supplementary Fig. 8).
The reproducibility of the three biological duplicates was satisfactory
(Supplementary Fig. 9). The gene expression profile was calculated by
edgeR, and the changes in the expression level that met FDR<0.05 and
|log2FC|≥1 were considered statistically significant differences. A total
of 2322 mRNAs were identified from the spleens infected by the flgM-
RNAi strain. Compared with the mRNAs in the spleens infected by the
wild-type strain, 63 mRNAs in the spleens infected by the flgM-RNAi
strain were identified as significantly different in abundance, with 13
mRNAs downregulated and 50 mRNAs upregulated (Fig. 3A); the ex-
pression levels are shown in Fig. 3B. Some genes were selected from the
transcriptome and confirmed by qRT-PCR (Supplementary Fig. 10).

3.4. Prediction of the interaction between DEGs in P. plecoglossicida and
immune pathway genes in E. coioides

The interaction between DEGs in P. plecoglossicida and immune

Fig. 2. Differentially expressed genes of spleens of E. coioides infected by P. plecoglossicida and KEGG analysis. (A): Volcano plot of all differentially expressed genes;
the X-axis indicates the fold change values of spleens of E. coioides infected by the flgM-RNAi strain/spleens of E. coioides infected by the wild-type strain, the Y-axis
indicates the statistical test value (FDR), and higher FDR values represent more significant differences. Each dot represents a gene: each red dot represents an
upregulated gene; each blue dot represents a downregulated gene; and each black dot represents a non-significant difference gene. (B): Heat map of all differentially
expressed genes. Values represent log2 fold changes. Colours are based on log-transformed FPKM mean values. Red and blue indicate increased and decreased
expression, respectively. (C): The enrichment of immune-related KEGG pathways. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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pathway genes in E. coioides was predicted by the R package “WGCNA”,
with a power value of 18 (Supplementary Fig. 11 A, B) and a threshold
of 0.6. Four modules were clustered: blue, brown, turquoise, and grey
modules (Fig. 4A). flgM belonged to the brown module, and it had a
negative correlation with mhc2, zap70, rhoh, tlr2, cd79a, hcst, cd32,
itga3, thfsf6, and arcC and interacted with mhc2, zap70, rhoh, tlr2,
cd79a, hcst, and cd32 (Fig. 4B). These 7 immune genes were enriched in
8 pathways: mhc2 was enriched in the antigen processing and pre-
sentation and intestinal immune network for IgA production pathways;
zap70 was enriched in the natural killer cell-mediated cytotoxicity and
T cell receptor signalling pathways; hcst was enriched in the natural

killer cell-mediated cytotoxicity pathway; rhoh was enriched in the
leukocyte transendothelial migration pathway; tlr2 was enriched in the
Toll-like receptor signalling pathway; cd79a was enriched in the B cell
receptor signalling pathway; and cd32 was enriched in the Fc gamma R-
mediated phagocytosis pathway (Fig. 4C).

3.5. The co-expression modules in E. coioides

The co-expressed DEGs in E. coioides were calculated by the R
package “WGCNA”, with a power value of 18, an experience value
according to tutorials (Supplementary Fig. 11 C, D) and a threshold of

Fig. 3. P. plecoglossicida differentially expressed genes during infection of E. coioides. (A): Volcano plot of all differentially expressed genes; the X-axis indicates the
fold change values of the flgM-RNAi strain/wild-type strain, the Y-axis indicates the statistical test value (FDR), and higher FDR values represent more significant
differences. Each dot represents a gene: each red dot represents an upregulated gene; each blue dot represents a significantly downregulated gene; and each black dot
represents a non-significant difference gene. (B): Heat map of all differentially expressed genes. Values represent log2 fold changes. Colours are based on log-
transformed FPKM mean values. Red and blue indicate increased and decreased expression, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. Prediction of the gene regulatory network between all differentially expressed genes in P. plecoglossicida and immune pathway genes in E. coioides. (A): A
hierarchical cluster tree conducted by WGCNA showed co-expression modules. Each leaf represents a gene, and each module corresponds to branches marked by
different colours. (B): Gene co-expression network of the brown module. Circle nodes represent pathogen genes, while rhombi represent host genes. The red frame is
flgM, and the blue frame indicates genes that interact with flgM. (C): Chordal graph of 7 immune genes to KEGG pathways. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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0.7. Nine modules were clustered: black, green, green-yellow, grey,
light cyan, light green, pink, red, and tan modules (Fig. 5A). The en-
richment of genes is shown in Fig. 5B; zap70, rhoh, tlr2, cd79a, hcst,
cd32, and mhc2 belong to the green module. Genes belonging to the
green module were enriched in KEGG pathways. Ranking by p-value,
the top 10 KEGG pathways were the focal adhesion pathway, hedgehog
signalling pathway, adherens junction pathway, cytokine-cytokine re-
ceptor interaction pathway, vascular smooth muscle contraction
pathway, tryptophan metabolism pathway, adrenergic signalling in
cardiomyocytes pathway, regulation of actin cytoskeleton pathway,
lysine degradation pathway, and MAPK signalling pathway. The focal
adhesion pathway and adherens junction pathway belong to cellular
communication; the hedgehog signalling pathway and MAPK signalling
pathway belong to signal transduction; the cytokine-cytokine receptor
interaction pathway belongs to signalling molecules and interactions;
the vascular smooth muscle contraction pathway and adrenergic sig-
nalling in cardiomyocytes pathway belong to the circulatory system;
the tryptophan metabolism pathway and lysine degradation pathway
belong to amino acid metabolism; and the regulation of the actin cy-
toskeleton pathway belongs to cell motility (Fig. 5C).

4. Discussion

Numerous genes are involved in the virulence regulation of patho-
gens by regulating toxicity and invasiveness [23]. Up to now, by
knockdown or knockout technology, it has been verified that the ability
of aquatic pathogenic bacteria to cause disease is regulated by different
genes, such as flgE in Aeromonas hydrophila [24]; oppABCDF, secA, secD,
secF, yajC, and yidC in Vibrio alginolyticus [25](13); and sigX,
L321_RS19110, L321_03626 and L321_18122 in P. plecoglossicida
[26–28]. However, no studies on the contribution of the P. plecoglossi-
cida flgM gene to virulence have been reported.

Gene expression levels are regulated dynamically at different stages
of pathogen infection of hosts [29]. The expression of flgM in P. ple-
coglossicida was significantly higher at 48 hpi than in vitro, which in-
dicated that flgM might be involved in the virulence regulation of P.
plecoglossicida. Compared with infection with the wild-type strain, in-
fection with the flgM-RNAi strain caused the symptoms of E. coioides
spleen to be alleviated and death was delayed, with a 75% reduction in
E. coioides mortality. The results indicated that gene silencing of flgM
resulted in a decrease in P. plecoglossicida virulence. Compared with

Fig. 5. Co-expressed genes with genes directly related to flgM in E. coioides. (A): A hierarchical cluster tree conducted by WGCNA showed all host differentially
expressed gene co-expression modules. Each leaf represents a gene, and each module corresponds to branches marked by different colours. (B): Genes in each module.
(C): KEGG pathways that were enriched with green module genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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infection with the wild-type strain, infection with the flgM-RNAi strain
caused the symptoms of E. coioides spleen to differ significantly; E.
coioides spleen was the target organ of P. plecoglossicida [6], suggesting
that E. coioides spleen is a good model to study the immune response of
E. coioides to P. plecoglossicida infection.

It is well known that pathogen infection can cause great changes in
both the host and pathogen transcriptomes [2,30]. Recently, it has been
found that the change of a single virulence gene can also cause sig-
nificant changes in the transcriptome [26,27]. In the present study,
compared with the wild-type strain, the gene silencing of flgM in P.
plecoglossicida resulted in a significant change in the transcriptomes of
the infected spleen and invading P. plecoglossicida. There were 24,563
and 63 mRNAs differentially expressed in infected spleen and invading
P. plecoglossicida, respectively. The results indicated that flgM of P.
plecoglossicida had an important effect when invading E. coioides. The
results of KEGG analysis of infected spleen showed that 16 immune-
related pathways were significantly enriched, while the number of
upregulated genes enriched in these pathways was 60 more than the
number of downregulated genes, nearly 60% of the downregulated
genes, in addition to the number of upregulated genes being over 10 in
the chemokine signalling pathway, T cell receptor signalling pathway,
Toll-like receptor signalling pathway and natural killer cell mediated
cytotoxicity pathway. All of these genes belong to the innate immune
pathway, except the T cell receptor signalling pathway, which belongs
to the acquired immune pathway. This result suggested that innate
immune pathways of E. coioides played an important role when flgM-
RNAi strain infection occurred and that acquired immune pathways of
E. coioides began to be activated at the same time. After pathogen in-
vasion, leukocytes are delivered to the injury site and then trigger the
immune response [31,32], including phagocytosis mediated by the Fc
gamma receptor [33]. The Toll-like receptor signalling pathway is a
well-known pathway for sensing pathogen invasion and activating the
acquired immune system [34] via regulation of antigen processing and
presentation [35]. The IgA generated is the first line of defence to pa-
thogen invasion [36]. Natural killer cells circulate through the tissues,
blood and lymphatics to identify and kill infecting microorganisms
[37].

Through physical contact, organisms interact with other species
constantly, which results in changes at the molecular level, such as in
the transcriptome [38]. Faced with pathogen invasion, the host has to
mobilize a series of immune mechanisms to resist [39]. In the present
study, the results showed that 16 immune pathways changed when
responding to flgM-RNAi strain invasion, and 7 immune genes in these
immune pathways had a negative correlation with flgM, while these 7
immune genes were enriched in 8 immune pathways. When the host
defends against pathogens, the immune pathways cooperate not only
with each other but also with signal transduction and energy metabo-
lism [40]. In the present study, the results showed that genes co-ex-
pressed with the 7 immune genes were enriched in 10 pathways, which
belong to cellular communication, signal transduction, signalling mo-
lecules and interaction, circulatory system, amino acid metabolism, and
cell motility. These pathway changes in the spleen of infected E. coioides
were caused by the lack of flgM in P. plecoglossicida. The difference in
these pathways in spleens infected with the flgM-RNAi strain indicated
that E. coioides was more likely to kill the flgM-RNAi strain than the
wild-type strain of P. plecoglossicida. These results also partly explain
why the flgM-RNAi strain was less virulent and less abundant in E.
coioides.

5. Conclusion

In conclusion, flgM was a pathogenic gene of P. plecoglossicida and
contributed to the pathogenicity of P. plecoglossicida in E. coioides.
Compared to infection with the wild-type strain, infection of E. coioides
with the flgM-RNAi strain resulted in differences in the chemokine
signalling pathway, T cell receptor signalling pathway, Toll-like

receptor signalling pathway, natural killer cell-mediated cytotoxicity
pathway, Fc gamma R-mediated phagocytosis pathway, haematopoietic
cell lineage pathway, antigen processing and presentation pathway,
leukocyte transendothelial migration pathway, NOD-like receptor sig-
nalling pathway, RIG-I-like receptor signalling pathway, intestinal im-
mune network for IgA production pathway, platelet activation
pathway, complement and coagulation cascades pathway, B cell re-
ceptor signalling pathway, cytosolic DNA-sensing pathway, Fc epsilon
RI signalling pathway, focal adhesion pathway, hedgehog signalling
pathway, adherens junction pathway, cytokine-cytokine receptor in-
teraction pathway, vascular smooth muscle contraction pathway,
tryptophan metabolism pathway, adrenergic signalling in cardiomyo-
cytes pathway, regulation of actin cytoskeleton pathway, lysine de-
gradation pathway, and MAPK signalling pathway.
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