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A B S T R A C T

The interactions between host and pathogen is exceedingly complex, which involves alterations at multiple
molecular layers. However, research to simultaneously monitor the alterations of transcriptome and proteome
between a bacterial pathogen and aquatic animal host through integrated dual RNA-seq and dual iTRAQ of tissue
during infection is currently lacking. The important role of a diguanylate cyclase gene (L321_RS15240) in pa-
thogenicity of Pseudomonas plecoglossicida against Epinephelus coioides was suggested by previous dual RNA-seq
of our lab. Then L321_RS15240-RNAi strains of P. plecoglossicida were constructed with pCM130/tac, and the
mutant with the best silencing effect was selected for follow-up study. The RNAi of L321_RS15240 resulted in a
significant decrease in bacterial virulence of P. plecoglossicida. The E. coioides spleens infected by wild type strain
or L321_RS15240-RNAi strain of P. plecoglossicida were subjected to dual RNA-seq and dual iTRAQ, respectively.
The results showed that: RNAi of L321_RS15240 led to 1)alterations of host transcriptome associated with
complement and coagulation cascades, ribosome, arginine and proline metabolism, and oxidative phosphor-
ylation; 2)high expression of host proteins which related to phagosome and metabolism responses (metabolism
of glutathione, amino sugar and nucleotide sugar); 3)the highly differentially expression of host lncRNAs and
miRNAs. The differentially expressed proteins and mRNAs of pathogen were different after infection, but the
functions of these proteins and mRNAs were mainly related to metabolism and virulence. This study provides a
new insight to comprehensively understand the gene functions of pathogens and hosts at multiple molecular
layers during in vivo infection.

1. Introduction

Once infection occurs, both the pathogen and the host should try to
attack each other and protect themselves [1]. Pathogen-host interac-
tions determine the course and final result of the disease [2]. Under-
standing the mechanism of pathogen-host interaction is especially im-
portant for revealing pathogenesis as well as prevention and treatment
of disease [3]. Over the past decade, omic approaches have emerged as
powerful tools for understanding pathogenesis at the molecular level
[4].

For bacterial pathogen interactions with eukaryotic host, tran-
scriptomic studies were long technically limited to analyzing gene ex-
pression in either bacteria or infected host [5,6]. To gain a deeper

understanding of the underlying pathogenic mechanisms, a thought
experiment in 2012 proposed that it's possible to simultaneously
monitor pathogen and host transcriptomes by using dual RNA-seq in
bacterial infection biology [5]. Recently, dual RNA-seq analyses for
pathogen-host interactions were used successfully in lung epithelial
cells infected with Streptococcus pneumoniae [7], tissue infected samples
[8], and the roles of a single virulence gene in host-pathogen interac-
tions [9,10].

Proteomic approaches are also introduced to the understanding of
host-pathogen interactions [4]. When studying the bacterial pathogen-
host interactions, because of overall much lower levels of bacterial
proteins in host, simultaneous analysis of both bacterial and host pro-
teomes is highly challenging during infection, especially in vivo models

https://doi.org/10.1016/j.fsi.2019.11.008
Received 5 October 2019; Received in revised form 30 October 2019; Accepted 2 November 2019

∗ Corresponding author. Fisheries College, Jimei University, Xiamen, Fujian, 361021, PR China.
E-mail address: yanqp@jmu.edu.cn (Q. Yan).

Fish and Shellfish Immunology 95 (2019) 481–490

Available online 04 November 2019
1050-4648/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2019.11.008
https://doi.org/10.1016/j.fsi.2019.11.008
mailto:yanqp@jmu.edu.cn
https://doi.org/10.1016/j.fsi.2019.11.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2019.11.008&domain=pdf


[11]. Recently, label-free quantitative MS were used successfully for
simultaneous characterization of the bacterial and host proteomes in a
small tissue [12]. The current technological advances make isobaric
tags for relative and absolute quantitation (iTRAQ)-based proteomic
analysis more accurate and sensitivity than label-free quantitative MS
[13]. The advantages of iTRAQ technique provide a potential platform
for dual characterization of the bacterial and host proteomes of in vivo.
Thus, it is possible for us to simultaneous analysis of transcript and
protein profiles of bacteria and host by using integrated dual RNA-seq
and iTRAQ of tissue.

Both the tissue dual RNA-seq and dual proteomic provide specific
insights for reflecting the complexities of the in vivo infection. While all
previous studies have their limitations. The interactive relationship
between a pathogen and its host is exceedingly complex, which involves
alterations at multiple molecular layers (e.g., RNA transcripts, proteins,
and metabolites) [2,9]. Furthermore, these layers are interconnected
and complementing each other [9]. However, all these previous studies
discussed pathogen-host interactions at a single molecular layer. The
mRNAs and proteins levels are not always in consistent, whereas pro-
teins are the direct performers of body functions and provide more
direct evidence [14,15]. Therefore, an overall association analysis of
transcriptome and proteome will deepen the understanding of pa-
thogen-host interaction. However, related research has not been re-
ported at present.

Pseudomonas plecoglossicida, a Gram-negative bacterium, has been
frequently associated with some animals of economic importance and
leads to high mortality [16–18]. Diguanylate cyclases (DGCs) con-
taining the GGDEF domain can catalyze synthesis of cyclic di-GMP (c-
di-GMP) [19]. C-di-GMP is one of the most common and important
bacterial second-messenger molecules, which has been shown to reg-
ulate the cell cycle, biofilm formation, motility, virulence, differentia-
tion, and other cellular functions [20]. In our previous study, artificial
infection of the P. plecoglossicida in Epinephelus coioides results in nu-
merous white nodules in spleen and causes high mortality about at
18 °C but not 28 °C (normal growth temperature of P. plecoglossicida).
Futher RNA-seq for the wild P. plecoglossicida cultured at the two
temperatures showed that L321_RS15240 (a diguanylate cyclase gene)
was one of the highest expression levels of all genes to strain cultured at
18 °C than 28 °C. Therefore, L321_RS15240 was hypothesized to play an
important role in the pathogenicity of P. plecoglossicida. But, there is no
report on the function of diguanylate cyclase gene in host pathogen
interaction.

This study, to the best of our knowledge, for the first time to study
the pathogen-host interaction at dual molecular layers by integrated
dual RNA-Seq and dual proteomic of tissue, and the first time in-
troducing iTRAQ to tissue dual proteomic study. The goal of this work is
to provide a novel insight truly reflecting of the complexity of host-
pathogen interaction in vivo, and elucidate the function of a diguanylate
cyclase in P. plecoglossicida.

2. Materials and methods

2.1. Bacterial strains and culture conditions

The pathogenic P. plecoglossicida (NZBD9) was isolated from the
spleen of naturally infected large yellow croaker (Pseudosciaena crocea)
[21]. The P. plecoglossicida strain was routinely grown in LB (Luria
Bertani) broth at 18 or 28 °C with shaking at 220 rpm. Escherichia coli
DH5α was obtained from TransGen Biotech (Beijing, China), which was
grown in LB broth (37 °C, 220 rpm).

2.2. Construction of P. plecoglossicida RNAi strain

RNAi strain was constructed according to methods described by
Zhang et al. [22]. Five short hairpin RNA sequences targeting the
L321_RS15240 gene were designed and synthetized ( Supplementary

Table 1). After linearizing pCM130/tac vectors with the restriction
enzymes NsiI and BsrGI (New England Biolabs), 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 vectors were trans-
formed into the competent E. coli DH5a cells by heat shock and then
were electroporated into P. plecoglossicida as described previously [23].
P. plecoglossicida with empty plasmid pCM130/tac was constructed as
the control strain. Finally, the expression level of L321_RS15240 of each
RNAi strain was detected by qRT-PCR.

2.3. Artificial infection and sampling

All animal experiments were follow 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).

Healthy E. coioides were obtained from Zhangzhou (Fujian, China)
and were acclimatized at 18 °C for one week under specific pathogen-
free laboratory conditions. For survival assays, 60 weight-matched E.
coioides were intrapleurally injected with 103 cfu/g of P. plecoglossicida
(wild-type strain with the empty plasmid or the RNAi strain). 60 in-
dividual of E. coioides that were intrapleurally injected with PBS were
used as a negative control. The water temperature during infection was
18 °C. The daily mortality of infected E. coioides was recorded. For tissue
dual RNA-seq and iTRAQ assays, the spleens of six weight-matched E.
coioides infected with wild-type P. plecoglossicida with an empty plasmid
or the RNAi strain were sampled at 24 h post infection (hpi). Every two
spleens were mixed as one sample. For the tissue distribution assays,
the spleens, livers, head kidneys, trunk kidneys and blood of three
weight-matched E. coioides were sampled at 6 and 12 hpi, and at 1, 2, 3,
4 and 5 day post injection (dpi).

2.4. DNA isolation

DNA purification from spleens, livers, head kidneys and trunk kid-
neys was accomplished with an EasyPure Marine Animal Genomic DNA
Kit (TransGen Biotech, Beijing, China) following the manufacturer's
instructions. The EasyPure Blood Genomic DNA Kit (TransGen Biotech)
was used for DNA isolation from blood samples.

2.5. Digital PCR

Digital PCR (dPCR) was performed using the QuantStudio™ 3D
Digital PCR System (Life Technologies, Carlsbad, CA, USA). Reaction
mixtures (14.5 μL/QuantStudio 3D Digital PCR 20 K Chip) were com-
prised of 7.25 μL Digital PCR Master Mix (Life Technologies), 900 nM of
the forward primer, 900 nM of the reverse primer, 250 nM TaqMan
MGB probe (Life Technologies), 3 μL diluted template DNA and 1.25 μL
of nuclease-free water. The primers and the TaqMan MGB probe se-
quences were as previously described [24]. Loaded chips were put into
a Proflex PCR System (Life Technologies) for amplification and were
imaged by the QuantStudio™ 3D Instrument (Life Technologies). The
analyses were carried out using the Quantstudio™ 3D AnalysisSuite
software (Life Technologies). The copy number of the gyrB gene was
used to estimate P. plecoglossicida abundance, which were calculated as:
(Copies/μL×14.5 μL×dilution times)/(3 μL×mg/μL).

2.6. RNA isolation

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

2.7. qRT-PCR

qRT-PCR was carried out using a QuantStudio 6 Flex (Life
Technologies). All primer sequences are provided in Supplementary
Tables 2–5. The expression of bacterial genes was normalized using
gyrB. In E. coioides, the expression of mRNA and lncRNA was normal-
ized to β-actin, and the miRNA expression was normalized by using 5S
rRNA gene [25]. The 2−ΔΔCt method was used to calculate the relative
level of gene expression.

2.8. Transcriptomic analysis

2.8.1. Library preparation and sequencing
The RNA-seq libraries were prepared using protocols supplied with

the TruSeq™ RNA sample preparation Kit (Illumina, San Diego, CA,
USA). In brief, the rRNA-depleted RNA sample was fragmented in
fragmentation buffer, and cDNA synthesis was conducted using a
SuperScript double-stranded cDNA synthesis kit (Invitrogen, Carlsbad,
CA, USA). After end reparation, phosphorylation and poly (A) addition,
the cDNA library was amplified using Phusion DNA polymerase (NEB).
Small RNA-seq libraries were built using a TruSeqTM Small RNA
Sample Prep Kit (Illumina) according to the manufacturer's instruc-
tions. An Agilent 2100 Bioanalyzer (Agilent Technologies) was used to
validate the library quality. Sequencing was performed on the Illumina
HiSeq4000 sequencing platforms at Majorbio Biotech Co., Ltd.
(Shanghai, China).

2.8.2. Processing and mapping of reads
The trimming and quality control of raw Illumina reads were per-

formed using Sickle (https://github.com/najoshi/sickle) and SeqPrep
(https://github.com/jstjohn/SeqPrep) with the default settings. For
RNA-seq, clean data were mapped to the genome of P. plecoglossicida
strain NB2011 (NCBI RefSeq accession numbers: NZ_ASJX00000000.1)
using Bowtie2 [26]. Mapped reads were classified as reads of P. ple-
coglossicida, and leftover reads were used for de novo assembly to ob-
tain the E. coioides unigenes.

2.8.3. De novo assembly, detection of lncRNAs and annotation of mRNAs
in the host

All clean reads, which were not mapped to the P. plecoglossicida
genome from the wild-type and RNAi strain infected spleens, were
treated as a pool of reads. This pool of reads was assembled de novo
into unigenes using Trinity [27]. To remove any possible prokaryote
contamination, all unigenes were first aligned to the bacterial NCBI
non-redundant (NR) protein database. Next, the detection of lncRNAs
was performed as described earlier [28]. For annotation of mRNAs, the
clean unigenes were compared against different databases, including
NCBI NR protein, STRING, SWISS-PROT and KEGG (Kyoto En-
cyclopedia of Genes and Genomes) databases using BLASTX to identify
the proteins that shared the greatest sequence similarity with the
identified unigenes. Gene Ontology (GO) annotations were conducted
using the Blast2GO software (http://www.blast2go.com/b2ghome)
[29]. Finally, KEGG was used for metabolic pathway analysis (http://
www.genome.jp/kegg/).

2.8.4. Identification of miRNAs
The raw reads were processed through quality control to obtain

clean reads. The clean reads were then blasted against the Rfam data-
base (http://Rfam.sanger.ac.uk/) to annotate the miscellaneous RNAs.
After filtering rRNA, snoRNA, scRNA, tRNA, snRNA and other non-
coding RNA, the remaining sRNAs were mapped to the zebrafish
miRNA data of miRBase version 21.0 to detect the known and new
miRNAs.

2.8.5. Analysis of differential gene expression and functional enrichment of
gene

The measurement of differential gene expression was performed
individually for libraries of P. plecoglossicida and E. coioides. Expression
analyses of transcriptome data from P. plecoglossicida and E. coioides
were performed on the basis of annotations from NCBI (NZ_
ASJX00000000.1) and the reference transcriptome annotation de-
scribed above (annotation for the host transcriptome), respectively.
After obtaining uniquely mapped read counts, the package edgeR
(targeting mRNAs of host-pathogen and lncRNAs of host) [30] and
DESeq2 (targeting miRNAs of host) [31] were used to test for differ-
entially expressed genes (DEGs), which were determined by the fol-
lowing thresholds: |log2 fold change| ≥0.6 and P-value<0.05 (for
mRNAs of pathogen and miRNAs of host) [32]; |log2 fold change| ≥1 and
a false discovery rate (FDR) ＜0.05 (for mRNAs and lncRNAs of host).
All differentially expressed mRNAs (DEMs) of host were used to for GO
and KEGG enrichment analysis.

2.9. Proteomic analysis

2.9.1. iTRAQ assays
iTRAQ assays were carried out mainly based on methods described

by Ouyang et al. [33]. In brief, total protein was extracted from spleen
tissues by using a urea lysis buffer (7M urea, 2M thiourea, and 1% SDS)
with a protease inhibitor. Protein concentrations were detected with a
BCA Protein Assay Kit (Pierce, Thermo, USA). Following reduction,
cysteine alkylation, and digestion, samples were labeled with iTRAQ
Reagents Multiplex Kits according to the manufacturer's instructions
(AB Sciex Inc., CA, USA). After being desalted with a C18 solid-phase
extraction, peptides were used for Nano Liquid Chromatography–Mass
Spectrometry/Mass Spectrometry (LC-MS/MS) analysis.

2.9.2. iTRAQ data analysis
The MS/MS data were searched using the Proteome Discoverer

software version 2.1 (Thermo Fisher Scientific, San Jose, CA, USA)
against the Uniprot database (P. plecoglossicida NB2011),and the pro-
tein database which were translated from the transcriptome data of E.
coioides in this study. False discovery rate (FDR) of peptide identifica-
tion was set as FDR≤ 0.01. A minimum of one unique peptide identi-
fication was used to support protein identification. Annotation of all
identified proteins was performed using GO (http://www.blast2go.
com/b2ghome) and KEGG pathway (http://www.genome.jp/kegg/).

The thresholds of fold change (> 1.2 or< 0.83) and P-value< 0.05
were used to identify differentially expressed proteins (DEPs) [34].
DEPs were further used to for GO and KEGG enrichment analysis.
Protein-protein interaction analysis was performed using the String
v10.0 [35]. DEPs were compared with the DEMs to identify proteins
that were consistently expressed at the mRNA level.

2.10. Statistical analyses

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

2.11. Data access

The RNA sequencing reads data were submitted to NCBI database
under the accession numbers PRJNA563518, PRJNA564900,
SRP114910 and SRP115064.

G. Luo, et al. Fish and Shellfish Immunology 95 (2019) 481–490

483

https://github.com/najoshi/sickle
https://github.com/jstjohn/SeqPrep
https://www.ncbi.nlm.nih.gov/nuccore/511762526
http://www.blast2go.com/b2ghome
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://Rfam.sanger.ac.uk/
https://www.ncbi.nlm.nih.gov/nuccore/511762526
https://www.ncbi.nlm.nih.gov/nuccore/511762526
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8
http://www.blast2go.com/b2ghome
http://www.blast2go.com/b2ghome
http://www.genome.jp/kegg/


3. Results

3.1. The effects of the L321_RS15240 gene on the pathogenicity of P.
plecoglossicida to E. coioides

The results of qRT-PCR showed that L321_RS15240 gene was sig-
nificantly high expression at 18 °C than at 28 °C, which was consistent
with the results of RNA-seq (Fig. 1a).

The stably silenced results showed that different shRNAs resulting in
different knockdown efficiencies on L321_RS15240 gene (Fig. 1b). The
strain containing pCM130/tac-L321_RS15240-shRNA-1047 (named the
L321_RS15240-RNAi strain) exhibited the best efficiency of gene si-
lencing, and was chosen for further studies.

Compared with the counterparts injected with wild-type strain, the
E. coioides injected with L321_RS15240-RNAi strain exhibited a sig-
nificantly delay in the time of first death and a significantly decrease in

mortality (Fig. 1c). At 4 dpi, the spleens of the E. coioides injected with
wild-type P. plecoglossicida appeared typical symptoms (the surface of
the spleen is covered with numerous white spots), only a small number
of spleens of the E. coioides injected with RNAi strain appeared the
typical symptoms, most spleens became red and swollen, no visible
white spots were observed (Fig. 1d). Fig. 1e shows the dynamic dis-
tribution of the RNAi strain and wild-type P. plecoglossicida in E.
coioides. The difference of abundance between wild-type strain and
mutant strain in fish varied with different organs at different times. The
abundance of RNAi strain in the spleen and blood was significantly
reduced compared with the wild-type P. plecoglossicida at most of the
time points after injection, and its abundance in the spleen was mostly
decreased from 2 to 5 dpi.

Fig. 1f shows the expression level of L321_RS15240 gene of wild-
type P. plecoglossicida in spleens at different times post-injection under
18 °C. The expression level of L321_RS15240 gene in the spleen was

Fig. 1. The effects of the L321_RS15240 gene on the pathogenicity of P. plecoglossicida in E. coioides. a, qRT-PCR validation of L321_RS15240 RNA-seq in P.
plecoglossicida cultured at 18 °C and 28 °C. b, Screening of shRNAs targeting L321_RS15240 transcript. c, E. coioides were intrapleurally injected with 103 cfu/g of P.
plecoglossicida (WT strain containing empty plasmid, RNAi strain) or PBS. Survival of E. coioides was monitored for 20 d (n=60 per group). (Mantel-Cox log-rank
test). d, Representative photographs of spleens (4dpi) in E. coioides which were intrapleurally injected with 103 cfu/g of WT, RNAi strain and PBS. e, The dynamic
distribution of RNAi strain in host. E. coioides were intrapleurally injected with 103 cfu/g of WT P. plecoglossicida strain containing empty plasmid, RNAi strain,
respectively. The E. coioides were sacrificed 6 h, 12 h, 1d, 2d, 3d, 4d and 5d post-injection, and the numbers of bacteria in spleen, liver, head kidney, trunk kidney and
blood was determined using dPCR. f, Detection of the L321_RS15240 highest expression of WT P. plecoglossicida in infected spleens at 18 °C. Data are shown as
means ± SD from three independent biological replicates. n.s., not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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higher than that in the pure culture at all sampling times, the highest
expression level was recorded at 1dpi.

3.2. L321_RS15240 influences the expression of protein and mRNA in
pathogen

The results of iTRAQ showed that seven proteins were differentially
expressed in RNAi strain compared with wild-type strain (Fig. 2a). GO
analyses showed the functional classification of differentially expressed
proteins (DEPs): biological process (including Pnp), cellular component
(including L321_RS07875) and molecular function (including HemC,
L321_RS19305, L321_RS12480, GlnE) (Fig. 2b).

Ten mRNAs were was significantly upregulated in RNAi strain
compared with wild-type strain (Fig. 3a). Among them, six differen-
tially expressed mRNAs (DEMs) obtained GO annotations (Fig. 3a).
Interestingly, 11 mRNAs was highly expressed in the wild-type strain
from infected-spleens, but their mRNAs were not detected in RNAi
strain (Fig. 3b). Furthermore, 9 of the 11 mRNAs were annotated to GO
terms (Fig. 3b). RNA-seq results of P. plecoglossicida were further con-
firmed by a qRT-PCR assay (Supplementary Fig. 1).

The above 28 genes (including 7 DEPs, 10 upregulated mRNAs and
11 undetected mRNAs in the RNAi strain infected spleens) were sub-
jected to protein-protein interaction analysis. Among these genes, 15
genes were identified in protein-protein interaction networks (Fig. 3c).
The MmsA and RpsB were identified as potentially key genes.

3.3. L321_RS15240 impacts the host response

3.3.1. mRNA expression
After de novo assembly, a total of 55597 unigenes were identified.

These unigenes were annotated to 1886 GO terms and 350 KEGG
pathways, respectively. The number and expression levels of host DEMs
are exhibited in Fig. 4a. Of profiled host mRNAs, 1454 were differen-
tially expressed. Among them, 1218 DEMs were significantly down-
regulated as a response to the RNAi strain infection, and other 236
DEMs were significantly upregulated. Fig. 4b shows the top 10 sig-
nificantly enriched GO terms in biological processes of the DEMs, which
were related to lipoprotein metabolism and ion homeostasis. The li-
poprotein metabolic process was the most significantly enriched GO
term. Most of DEMs in this 10 GO terms were significantly upregulated.
The significantly enriched pathways from these DEMs involved in im-
munity, translation and metabolism (Fig. 4c). Interestingly, most of
DEMs in all these pathways were significantly upregulated. To identify
that the L321_RS15240 mutation may have the most obvious gene, the
top 20 most significantly upregulated and downregulated DEMs were
used for protein-protein interaction analysis. The 9 of 40 DEMs were
connected to nodes in interaction network (Fig. 4d), all of the 9 DEMs

were significantly upregulated. This network was mainly associated
with coagulation process, which was consistent with the results of the
above KEGG enrichment (Fig. 4c). The F2 was identified as a potentially
key gene。

3.3.2. Protein expression
A total of 58 host DEPs were identified, the heatmap showed their

expression patterns (Fig. 5a). The DEPs and DEMs expressions of host
were not in consistent ( Supplementary Fig. 3). A total of 40 sig-
nificantly enriched GO terms from all DEPs were identified by the GO
enrichment analysis. The top 10 enriched GO terms of biological pro-
cesses were related to assembly and organization of chromatin and
metabolism (Fig. 5b), which were different from the above top 10 en-
riched GO terms from all DEMs. The results clearly indicated that these
most obvious GO terms involved in L321_RS15240 mutation were dif-
ferent between transcriptome and proteome levels. However, as the
above host DEMs, most of DEPs in this 10 GO terms were significantly
upregulated. Three KEGG pathways in these DEPs were identified as
significantly enriched (Fig. 5c), which involved in immunity and me-
tabolism. All DEPs in the phagosome pathway were significantly
downregulated. All the DEPs were used for protein-protein interaction
analysis. Among these genes, 19 DEPs were identified in protein-protein
interaction networks (Fig. 5d). The ISG15 and SPTB was identified as
candidate hub proteins affected by the L321_RS15240 mutation.

3.3.3. Expression of lncRNA and miRNA
A total of 1266 downregulated and 134 upregulated lncRNAs of E.

coioides were identified by dual RNA-seq. Fig. 6a shows the expression
signatures of these differentially expressed lncRNAs (DELs). Fig. 6c
shows the expression levels of miRNAs. The qRT-PCR results suggested
that RNA-seq data of lncRNAs (Fig. 6b) and miRNAs (Fig. 6d) were
accurate and credible.

4. Discussion

Simultaneous monitoring of the host-pathogen interactions through
transcriptome and proteome profiling during natural infections can
offer a new perspective for understanding of pathogenesis in infection
biology [2]. However, to the best of our knowledge, as the bacterial
load in infected tissues is the largest obstacle [1,36], research about
simultaneously monitor the alterations of transcriptome and proteome
of both bacterial pathogen and its host through integrated dual RNA-seq
and dual iTRAQ in infected tissue is currently lacking.

DGCs with the GGDEF domain can catalyze synthesis of c-di-GMP
[19], which has been shown to regulate the cell cycle, differentiation,
virulence, and other cellular functions [20]. In the present study, the
RNAi of L321_RS15240 gene resulted in a decrease in mortality of E.

Fig. 2. L321_RS15240 influences proteome of pathogen. a, Detection of differentially expressed proteins (DEPs) in RNAi strain compared with wild-type strain. b,
GO functional analyses of the DEPs.
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coioides infected by RNAi strain of P. plecoglossicida. The visible white
spots were not observed in most of spleens of E. coioides infected by
RNAi strain at 4 dpi. Compared with wild type strian, the bacterial load
of the RNAi strain of P. plecoglossicida in the spleens and blood declined
significantly at the most time points after injection. These results in-
dicated that the DGC gene L321_RS15240 played an important role in
pathogenicity of P. plecoglossicida against E. coioides. Similar observa-
tions have been reported by Kulasakara et al. [37], who observed that
the infection of mice with the Pseudomonas aeruginosa mutant of DGC
gene PA4332 showed a delay in time-to-death and a decline in mor-
tality. In our previous study, the spleen was observed to be the most
important target organ [3]. In the present study, the L321_RS15240
gene in wild-type P. plecoglossicida of infected spleens exhibited the
highest expression level at 1 dpi, indicating that L321_RS15240 had a
contribution at early stage of infection in pathogenicity of P. ple-
coglossicida against E. coioides. All of these results provide a solid basis
for sample selection of dual RNA-seq and dual iTRAQ of tissue and
further understanding of the molecular mechanism of L321_RS15240 in
host-pathogen interaction.

Once the pathogen invades its host, the host immune system can
rapidly detect and attempt to eliminate them [3,38]. As two closely
related and cross-regulated pathways that are responsible for compo-
nent of innate immune response and hemostasis, the complement and
coagulation cascades pathways effectively protect the host by

promoting the destruction of pathogens [39,40]. In this study, all the
DEMs in the complement and coagulation cascades pathways showing
the most significant enrichment was significantly up-regulated. The
DEMs (C8A and C8G) of the complement system were primarily con-
cerned with membrane attack complex that causes lysis of the target
cells [41]. The up-regulation of the coagulation factors and fibrinogen
in the coagulation system suggested that the RNAi strain infection
triggered the activation of the coagulation cascade. Enhanced fibrin
deposition can encase the invading bacteria to limit their spread and
enhance their clearance [42,43]. Identification of potentially key coa-
gulation factor II (F2) gene in interaction network further indicated
that, inhibition of L321_RS15240 gene on coagulation system may play
a most important role in the contribution of this gene to pathogenicity
of P. plecoglossicida. These results indicated that L321_RS15240 may
control primarily the membrane attack complex and fibrin deposition in
inhibition of the P. plecoglossicida on the host immune system, espe-
cially the inhibition of fibrin deposition. Similar results have been de-
scribed by Nuss et al. [8], who observed that the most important de-
fense mechanism of the Yersinia pseudotuberculosis was also involved
with the control of coagulative activities. Meanwhile, as a consequence
of the RNAi strain infection, the ribosome, arginine and proline meta-
bolism, and oxidative phosphorylation pathways from transcriptome
were also significantly enriched. These three pathways were mainly
related to protein synthesis and energy metabolism. The up-regulation

Fig. 3. L321_RS15240 influences transcriptome of pathogen. a,b, Detection and GO functional analyses of differentially expressed mRNAs (DEMs) in RNAi strain
compared with wild-type strain. c, Projection of all pathogen DEGs onto the STRING protein-protein interaction network (version 10). Only connected nodes are
shown.
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of large proportion genes in ribosome and oxidative phosphorylation
pathways showed that the protein synthesis and energy metabolism of
the host were effectively enhanced after the L321_RS15240 gene of the
pathogen was silenced. In general, amino acids are absorbed and used
by the host to synthesize proteins and are oxidized as a source of energy
[44]. In this study, the DEMs in arginine and proline metabolism
pathway may contribute the protein synthesis and energy metabolism.
All the evidence at the mRNA level preliminarily showed the host re-
sponse to a bacterial infectious pathogen.

Because of complicated post-transcriptional mechanisms and dif-
ferent half-lives of proteins, gene expressions at protein and mRNA
levels are not always in consistent [14,45]. In this study, the protein
and mRNA expressions of host were not in consistent ( Supplementary
Fig. 3). This finding is similar with previous observations [46]. In the
present study, the host pathways affected by the L321_RS15240 muta-
tion included in the phagosome pathway and metabolic pathways.
These pathways of protein layer were different with the above mRNA
layer. The most significant phagosome pathway is involved in phago-
cytosis, which is a central mechanism in the defense against infectious
agents, inflammation and tissue remodeling [47]. The down-regulation
of all DEPs in the phagosome pathway may be due to that spread of
RNAi strains with weakened virulence was limited by above enhanced

fibrin deposition of the extrinsic coagulation cascade. The metabolic
pathways involved in metabolism of glutathione, amino sugar and nu-
cleotide sugar. The down-regulation of most of DEPs in the metabolic
pathways may simply reflect that E. coioides infected by RNAi strain
reduced the use of these substances. In all DEPs, the identified candi-
date hub genes were the ISG15 and SPTB. ISG15 is a ubiquitin-like
protein that drives ISG15-dependent cytokine secretion in innate im-
munity [48]. In this study,the down-regulation of ISG15 may be the
result of the induction of weaker virulent RNAi strain. SPTB plays im-
portant roles in membrane stability, cell shape and endomembrane
traffic [49], its up-regulation may be one of the important reasons for
the improvement of survival rate of E. coioides infected by RNAi strain.
As a result, the integrated dual RNA-seq and iTRAQ of tissue in this
study revealed more comprehensive view of host in vivo in response to
infection. Furthermore, our data provide an overall view of the lncRNA
and miRNA expression profile within spleen tissue, which offers a un-
ique resource for the identification of important regulation factors
during infection.

The greatest barrier to pathogen transcriptome and proteome se-
quencing in dual RNA-seq and iTRAQ of in vivo for pathogen-host in-
teraction tissue samples is that the abundance of pathogens is too low
[8,37]. In this study, we detected the pathogen DEPs and DEMs affected

Fig. 4. The host's mRNAs response to RNAi strain. a, Expression levels of host DEMs. b, The top 10 significantly enriched GO terms in biological processes of the
DEMs. c, The significantly enriched pathways from all DEMs. d, Projection of the top 20 most significantly upregulated and downregulated DEMs onto the STRING
protein-protein interaction network (version 10). Only connected nodes are shown.
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by the L321_RS15240-RNAi from the infected spleen samples, which
provided a good opportunity to achieve an overall understanding of the
pathogenesis of L321_RS15240 gene during infection. The adaptation of
bacterial pathogens metabolism to the nutrients available within the
host tissue is a prerequisite of its survival [8]. In this study, most of
differentially expressed genes (including DEPs and DEMs) were asso-
ciated with metabolism. Many of these genes involved in metabolism
were strong down-regulation. Such as the porphyrin-containing com-
pound metabolism related gene (hemc) at the protein level and the TCA
cycle related genes (prpC and ccoP-I) at the transcript level. These re-
sults indicated that L321_RS15240 may contribute primarily the pa-
thogenicity of P. plecoglossicida against E. coioides by controlling me-
tabolic process of pathogen. These DEPs and DEMs of pathogen also
help to predict the key genes affected by the L321_RS15240-RNAi in the
infection process. The key gene mmsA was significantly down-reg-
ulated,which is essential for valine catabolism and associated with
central carbon metabolism [50,51]. Furthermore, the interactions be-
tween mmsA gene and TCA cycle related genes(prpC and ccoP-I)were
found. The results indicated that energy metabolism may play an im-
portant role in contribution of L321_RS15240 for P. plecoglossicida pa-
thogenicity. However, the another key gene rpsB was significantly up-

regulated, which is an essential component of translation machinery
[52]. This result showed that,for its own survival in the spleen, RNAi
strain enhanced the synthesis and utilization of some proteins under
that energy metabolism was suppressed [53]. Another, the
L321_RS15240 may contribute the pathogenicity of P. plecoglossicida by
controlling virulence genes. For example, the DEP HemC has been
shown to affect activity of mucoid phenotype (an important virulence
factor) [54]. The DEMs glpD has been also shown to regulate cytotoxic
effects, a glpD mutant exhibited a severely reduced cytotoxicity [55].
Thus, the integrated dual RNA-seq and dual iTRAQ of tissue in this
study revealed comprehensive understanding of pathogenic mechanism
of L321_RS15240 in host-pathogen interactions.

5. Conclusion

The DGC gene L321_RS15240 play an important role in pathogeni-
city of P. plecoglossicida. The L321_RS15240 affacted the expression of
metabolism and virulence related genes at mRNAs and proteins levels
of P. plecoglossicida. The RNAi of L321_RS15240 caused changes in
mRNAs, lncRNAs, miRNAs and proteins of the host. Association ana-
lysis between multiple molecular layers of the pathogen and host

Fig. 5. The host's proteome response to RNAi strain. a, Expression of all the DEPs identified by iTRAQ. b,c, GO terms from biological processes (b) and KEGG (c)
enrichment analysis of all the DEPs. d, Projection of all the DEPs onto the STRING protein-protein interaction network (version 10). Only connected nodes are shown.
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deepened the understanding of the molecular mechanism between the
pathogen-host interaction. In this study, we provide the first report, to
our knowledge, of the successful use of integrated dual RNA-seq and
dual iTRAQ of tissue to simultaneously monitor the transcript and
protein profiles changes of both pathogen and host in the context of a
prokaryotic and eukaryotic biological system.
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