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Abstract 

Recently, bacterial small RNA (sRNA) has been shown to be involved as a key regulator in stress responses. sRNAs of 
Edwardsiella piscicida, an important aquatic pathogen, are not well characterized to date. In this study, using RNA-
seq technology, we globally found and identified sRNA candidates expressed from E. piscicida grown in normal LB 
medium, acid pressure, iron deficiency stress, and oxidation pressure. A total of 148 sRNAs were found, including 19 
previously annotated sRNAs and 129 novel sRNA candidates by searching against the Rfam database. Compared in 
normal condition, the expression of 103 sRNAs (DEsRNA, differentially expressed sRNA) and 1615 mRNAs (DEmRNAs, 
differentially expressed mRNA) showed significant differences in three stress sample. Based on the prediction by 
IntaRNA and relational analysis between DEsRNAs and DEmRNAs, 103 DEsRNAs were predicted to regulate 769 target 
mRNAs. Pleiotropic function of target DEmRNAs indicated that sRNAs extensively participated in a variety of physi‑
ological processes, including response to adversity and pathogenicity, the latter was further confirmed by infection 
experiment. A large number transcription factors appeared in target genes of sRNAs, which suggested that sRNAs 
likely deeply interlaced within complex gene regulatory networks of E. piscicida. Moreover, 49 Hfq-associated sRNAs 
were also identified in this study. In summary, we globally discovered sRNAs for the first time in pathogenic bacteria 
of fish, and our findings indicated that sRNAs in E. piscicida have important roles in adaptation to environmental stress 
and pathogenicity. These results also provide clues for deciphering regulation mechanism of gene expression related 
to physiological response and pathogenicity.
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Introduction
Edwardsiella piscicida  (formerly included in  E. tarda) 
[1, 2], one family member of Enterobacteriaceae, is a 
Gram-negative, motile, rod-shaped bacterium. It is a 
serious fish pathogen and infects a wide range of host 
that includes multiple species of economically impor-
tant fish such as Japanese flounder (Paralichthys oli-
vaceus), turbot (Scophtalmus maximus), eel (Anguilla 
japonica), striped bass (Morone saxatilis), red sea 
bream (Pagrus major), tilapia (Oreochromis niloticus), 
and channel catfish (Ictalurus punctatus) [3–5]. Fish 

infected by E. piscicida frequently develop a systemic 
disease called edwardsiellosis, which in Japanese floun-
der is often manifested in hemorrhage, septicemia, 
skin lesions, and necrosis of liver, gut, and kidney [4, 
6]. Heavy economic losses due to E. piscicida-related 
edwardsiellosis have been reported to occur in the 
Asia, United States, and Europe. Currently, control of 
E. piscicida in aquaculture relies chiefly on antibiotics 
in most countries including China. In recent years, a 
large number of studies have been carried out to exam-
ine the virulence mechanism of E. piscicida in different 
fish models. Many virulence factors/systems, such as 
type III (T3SS) and type VI (T6SS) secretion systems, 
two-component regulatory system, hemolysin, LuxS/
AI-2 quorum sensing system, molecular chaperons 
and RNA-binding protein Hfq, ferric uptake regula-
tor, lysozyme inhibitors, and so on, are known to be 
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involved in E. piscicida stress resistance or pathogenic-
ity [7–16]. However, the regulation of stress resistance 
and pathogenicity in E. piscicida is largely unknown so 
far.

Bacteria are constantly exposed to stressful and chal-
lenging environment. To cope with adverse environment 
and to survive, bacteria have evolved intricate mecha-
nisms to sense the surrounding milieu and to adequately 
respond by changing their gene expression patterns and 
thus phenotypes [17]. Among various regulatory factors, 
small RNA (sRNA) of bacteria have attracted more and 
more attention in recent years. The majority of sRNAs 
function as regulators of gene expression at the post-tran-
scriptional level and play critical regulatory roles in major 
biological processes, such as adaptation to various envi-
ronmental stresses, quorum sensing, biofilm formation, 
motility, and pathogenicity [17–24]. Bacterial sRNAs are 
usually untranslated transcripts with length ranges from 
50 to 500 nucleotides. Almost all of the so far character-
ized sRNAs regulate their target mRNA’s translation and/
or stability by the way of base pairing [25]. Binding of 
sRNA with ribosome-binding sites (RBSs) blocks initiat-
ing ribosomes and then inhibit translation initiation. As 
positive regulators, they can either stabilize the mRNA 
by interfering cleavage of RNase or enhance translation 
by sRNA-binding-induced structure modulation to ren-
der translation initiation sites available [17, 26, 27]. Bac-
terial sRNA can be divided into two types: cis-encoded 
and trans-encoded sRNA. The former is expressed from 
the same locus as their sole target with which they share 
full complementarity. The latter is expressed from loci 
elsewhere sharing only partial complementarity with 
their targets and target multiple mRNAs with specific 
seed sequences [28, 29]. In many bacteria, trans-encoded 
sRNAs often need the help of Hfq, a close relative of the 
Sm/Lsm family of proteins involved in splicing and RNA 
decay. The important homohexameric helper protein has 
multiple effects on mRNA translation by protection and 
stabilization of sRNAs from degradation, by facilitat-
ing its interaction with the target mRNA, or by increas-
ing the rate of sRNA–mRNA annealing [17, 23, 30]. On 
the contrary, cis-encoded sRNAs do not require Hfq for 
stability and regulation. Deleting Hfq, which has pleio-
tropic effects on the stability of several sRNAs, results in 
numerous phenotypes, including resistance to environ-
mental stresses and pathogenicity [31, 32]. Our previ-
ous study showed that Hfq played an important role in 
responding to adversity and pathogenicity of E. piscicida 
[13], but its mechanism remains unknown.

Currently, the study about sRNA in the pathogenic bac-
teria of teleost fish was very scarce. Only several sRNAs 
were identified in E. tarda [33]. Information about 
the number and function of sRNAs in E. piscicida is 

unknown. In this present study, we discovered and iden-
tified sRNAs in E. piscicida globally and analyzed their 
functions in the pathogenicity of E. piscicida.

Materials and methods
Bacteria and growth conditions
Edwardsiella piscicida TX01 was isolated from diseased 
fish [34]. Escherichia coli DH5α and S17-1λpir were pur-
chased from Tiangen (Beijing, China) and Biomedal (Sevilla, 
Spain), respectively. Bacteria were cultured in Luria–Bertani 
broth (LB) at 37  °C (for E. coli) or 28  °C (for E. piscicida). 
Where indicated, 2,2′-dipyridyl (DP), chloramphenicol, and 
polymyxin B were supplemented at the concentration of 
100 μM, 30 μg/mL, and 100 μg/mL, respectively.

Edwardsiella piscicida  TX01 was cultured in normal 
LB medium or stress condition, i.e., in LB medium with 
pH = 5.0 (acid stress, Ac), in LB medium with 100  μM 
dipyridyl (iron deficiency, Dp), and in LB medium with 
500 μM hydrogen peroxide (oxidation pressure, Pe). 
Bacteria were cultured to exponential phase and col-
lected. Then the bacteria were used for subsequent RNA 
sequencing. The experiment was performed three times.

RNA isolation and RNA sequencing
sRNA isolation, library construction, and high-through-
put sequencing were carried out by Beijing Genomics 
Institute (BGI), Shenzhen, China. Total RNA was isolated 
using TRIzol Reagent according to the manufacturer’s 
instructions (Invitrogen). The RNA samples were treated 
with DNaseI to remove residual genomic DNA. The 
quantity and purity of the RNA were monitored using a 
NanoDrop™ 1000 spectrophotometer and agarose gel 
electrophoresis. RNA fragments with length of 50  nt to 
500 nt were isolated following gel filtration and purifica-
tion. A total of four small RNA libraries were constructed 
and single-end sequencing was performed on an Illumina 
Hiseq  4000 by BGI. At the same time, the total RNA 
libraries of four samples were prepared and sequenced.

Analysis of sequencing reads
The reads were processed by filtering low quality reads, 
removing adapter and impurity sequence, then the clean 
reads were obtained. After assembling the clean reads, 
the full-length tags were obtained. The tags were mapped 
with genome of E. piscicida, which produce bioinfor-
matics of sequence alignment. Among these informa-
tion, the tags within intergenic or intragenic region of 
genes were chosen to the candidate sRNAs. Analysis of 
the follow-up biological information of these candidate 
sRNAs included: (1) sRNA annotation, (2) prediction of 
promoter and Rho-independent transcription termina-
tors, (3) prediction of secondary structure, (4) predic-
tion of target genes by IntaRNA, (5) GO annotation of 



Page 3 of 12Du et al. Vet Res          (2018) 49:120 

target genes, (6) differential expression analysis of sRNA 
and mRNA. The relative transcript abundance was 
measured by reads per kilobase of transcript per mil-
lion (RPKM) mapped sequence reads. The differential 
expression analysis of sRNA and mRNA was performed 
using the DEGseq package. The sequences of sRNAs 
were extracted and searched against the sRNAMap, Rfam 
database, sRNATarBase, SIPHI, and BSRD.

Northern blot analysis
Northern blot analysis was carried out using a DIG 
Northern Starter Kit (Roche) following the manufactur-
er’s protocol as described by Yan et al. [35].

Quantitative real‑time reverse transcription‑PCR (qRT‑PCR)
qRT-PCR were carried out as reported previously [14].

sRNAs knockout
The primers used in this study were listed in Table 1. To 
construct the sRNA knockout mutant, in-frame deletion 
of segment of sRNA was performed by overlap exten-
sion PCR as follows: the first overlap PCR was performed 
with the primer pair KOF1 and KOR1, the second over-
lap PCR was performed with the primer pair KOF2 and 
KOR2, and the fusion PCR was performed with the 
primer pair KOF1 and KOR2. The PCR products were 
inserted into the suicide plasmid pDM4 at the BglII site, 
resulting in pDMsRNA. S17-1λpir was transformed with 
pDMsRNA, and the transformants were conjugated with 
TX01 as described previously [13]. The transconjugants 
were selected on LB agar plates supplemented with 10% 
sucrose. One of the colonies that were resistant to sucrose 
and sensitive to chloramphenicol (marker of pDM4) was 
analyzed by PCR, and the PCR products were subjected 
to DNA sequencing to confirm in-frame deletion.

Identification of Hfq‑associated sRNAs
To identify the Hfq-associated sRNAs, a markerless hfq 
in-frame deletion mutant TXhfq [13], was used this 
study. After culturing to exponential phase, TX01 and 
TXhfq were collected and RNA isolation were conducted 
as describe as above. sRNAs expressions were analyzed 
by RNA sequencing.

Cellular infection and pathogenicity analysis
FG-9307 cells were cultured at 23 °C in 96-well cell cul-
ture plates (~105 cells/well) with L-15 medium (Gibco, 
USA) as described previously [36]. The cells were infected 
with TX01 or sRNA mutants at a MOI of 10:1 for 2  h. 
After washing with PBS three times, the cells were lysed 
with 1% Triton X-100, and the lysate was plated on LB 

agar plates. After incubation at 28 °C for 24 h, the colony 
number was counted.

Statistical analysis
All statistical analyses were performed with SPSS 18.0 
software (SPSS Inc., Chicago, IL, USA). Data were ana-
lyzed with analysis of variance (ANOVA), and statistical 
significance was defined as P < 0.05.

Table 1  Primers used in this study 

Primer Sequences (5′ → 3′)

sR012KOF1 GGA​TCC​AGT​CCC​TCT​CTT​CGCA (BamHI)

sR012KOR1 AGG​CAA​GTT​ACG​ACG​CAA​GTA​TTG​CA

sR012KOF2 GCG​TCG​TAC​TTG​CCT​GTC​GGC​AGG​T

sR012KOR2 GGA​TCC​GCG​CAG​CAA​ATC​GTCGT (BamHI)

sR043KOF1 GGA​TCC​TCG​AGC​CGT​GAA​CTGTT (BamHI)

sR043KOR1 ATA​GAT​CGC​TGC​GTA​AAA​AAT​GCG​CA

sR043KOF2 TTA​CGC​AGC​GAT​CTA​TTT​GGT​GAA​TGGT​

sR043KOR2 GGA​TCC​ATT​CAA​ACT​CGC​TCA​GGT​ (BamHI)

sR082KOF1 GGA​TCC​GCC​TTT​GCT​CCA​GAT​AAT​ (BamHI)

sR082KOR1 CAA​ATA​CCC​GGA​AAA​GCC​CAT​ACA​AT

sR082KOF2 CTT​TTC​CGG​GTA​TTT​GCT​GGC​CTA​TCCT​

sR082KOR2 GGA​TCC​AGC​CAC​TGA​ATA​GCG​AAG​ (BamHI)

SR084KOF1 GGA​TCC​TGG​AAC​GAG​ATC​GAGAT (BamHI)

SR084KOR1 ACG​CAA​AAA​GCA​ATG​GGG​ATA​TTG​TCT​

SR084KOF2 CCA​TTG​CTT​TTT​GCG​TCC​GCG​TTC​T

SR084KOR2 GGA​TCC​ATC​CCG​ATA​CCC​GACAA (BamHI)

SR114KOF1 GGA​TCC​GGT​GTC​GTG​GCT​TGA​AGT​ (BamHI)

SR114KOR1 TTT​ACC​AAA​GCT​CAT​TGC​CTA​TTT​GGAT​

SR114KOF2 AAT​GAG​CTT​TGG​TAA​ACA​GGT​GGT​GTTT​

SR114KOR2 GGA​TCC​CAC​AAA​CCC​AGC​AAG​CGC​T (BamHI)

SR145KOF1 GGA​TCC​CTG​CGA​CCT​TGT​CCGTT (BamHI)

SR145KOR1 CGC​ACA​GAA​CGC​TAT​TCT​GAC​GCA​TT

SR145KOF2 AAT​AGC​GTT​CTG​TGC​GAC​ATG​TCG​TT

SR145KOR2 GGA​TCC​TGG​ATT​TCG​AAC​TCT​ACG​T (BamHI)

SR274KOF1 GGA​TCC​TCA​TCC​GTA​AAT​GGG​TGA​T (BamHI)

SR274KOR1 CCG​AAA​AGG​CAA​TCA​GCG​CTA​CGC​AT

SR274KOF2 CTG​ATT​GCC​TTT​TCG​GCC​TGG​TTC​T

SR274KOR2 GGA​TCC​CAC​AGG​AAG​GGC​GAT (BamHI)

SR318KOF1 GGA​TCC​CTG​GTA​GGT​CGT​GCCA (BamHI)

SR318KOR1 AAT​GAG​CCA​TCC​CCT​GTC​GTC​TTC​CT

SR318KOF2 CAG​GGG​ATG​GCT​CAT​TAT​CTC​ACA​GGCA​

SR318KOR2 GGA​TCC​CTT​CTA​CCT​GGC​GCT​GAT​ (BamHI)

SR355KOF1 GGA​TCC​TGT​GGC​GGT​GCA​GCATT (BamHI)

SR355KOR1 TCG​CAC​TTG​AAC​GTG​CAC​CGG​CCT​

SR355KOF2 GCA​CGT​TCA​AGT​GCG​AGC​CGC​GCA​AT

SR355KOR2 GGA​TCC​GTC​ATG​CGC​AGG​GTTT (BamHI)
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Results
Sequencing of RNA from E. piscicida
To identify globally sRNAs and investigate the sRNA 
transcriptome profiles of E. piscicida, total RNA 
was separately isolated from bacteria grown in nor-
mal media (Con) and three adverse conditions, i.e., 
acidic condition (Ac), iron deficiency (Dp), and oxida-
tion pressure (Pe). Small-fragment RNAs with length 
of 50 to 500  nt were gel-purified and subjected to 
deep sequencing. Removing reads of poor quality and 
N > 10%, a total of 26 765 798 reads was obtained. After 
splicing, a total of 1 622 257 unique tags from four sam-
ples were mapped to E. piscicida genome. After remov-
ing tRNAs, rRNAs, and repeated tags, 5663 tags as 
candidate sRNA were produced.

Discovery of the sRNAs in E. piscicida
We extracted sRNA transcripts with sequential bases 
forming peaks of high-level expression which are dis-
tinct from those of its flanking regions. A total of 148 
sRNAs with predicted promoter or Rho-independent 
terminator were finally identified (Additional file  1). 
Against the Rfam database and sRNAMap, 19 anno-
tated sRNA homologs were detected. The remaining 
129 sRNAs appeared to be novel sRNA candidates. The 
most highly expressed sRNAs (> 10 000 RPKM in four 
samples) include sR176, sR318, sR100, sR065 (RsmY), 

sR111, sR214. The expression of 26 sRNAs distribute 
among 1000–9999 RPKM in four samples.

Validation and characterization of selected sRNA 
candidates
To check whether the boundaries of sRNAs transcripts 
were in accordance with those predicted by our methods, 
the sizes of one annotated sRNA (sR084) and six novel 
sRNAs (sR042, sR069, sR176, sR205, sR214, and sR274) 
were determined by Northern blot, and 5S rRNA as a 
control. The results showed that the transcript lengths 
of seven sRNAs detected by Northern blot analysis were 
approximately consistent with the lengths observed by 
deep sequencing (Figure 1).

sRNAs expression in different conditions
The expression profiles of the 148 sRNAs were normal-
ized with RPKM and then tested for significant difference 
among different samples with Bonferroni correction. 
The results showed that 90 sRNAs were expressed in all 
examined sample (Con, Ac, Dp, and Pe) (Figure 2). Ten 
sRNAs were specifically expressed in Pe sample. One, 
eighteen, four, and four sRNAs were expressed in Con 
and Ac, Con and Pe, Dp and Pe, and Ac and Pe, respec-
tively. One sRNA was expressed in three sample of Con, 
Ac, and Dp. Two sRNAs were expressed in Con, Dp, and 
Pe. Eighteen sRNAs were expressed in Con, Pe, and Ac. 
No sRNA was specifically expressed in Con, Ac, or Dp. 

Figure 1  Validation of selected sRNA candidates by Northern blot analysis. A Edwardsiella piscicida TX01 were cultured in normal LB medium, 
RNA was isolated and used to Northern blot analysis. 5S rRNA as positive control. B The length, upstream gene, and downstream gene of RNA.
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No sRNA was specifically expressed in Con and Dp, Dp 
and Ac, Dp and Ac and Pe (Figure 2).

Differentially expressed sRNAs (DEsRNAs) during stress 
condition
Compared to Con, 103 sRNAs showed significant differ-
ences (> twofold and P < 0.05) in three stress sample (Ac, 
Dp, and Pe) (Figure 3 and Additional file 2). For conveni-
ence, these differentially expressed sRNAs were named 
DEsRNAs. Facing acid pressure (Ac), 15 sRNAs were sig-
nificantly upregulated and 26 sRNAs were significantly 
downregulated. In iron deficiency (Dp), 13 sRNAs were 
significantly upregulated and 13 sRNAs were signifi-
cantly downregulated. When bacteria grew in medium 
with hydrogen peroxide (Pe), 67 sRNAs were significantly 
upregulated and 15 sRNAs were significantly downregu-
lated. There are 15, 20, 19 sRNAs showed significant dif-
ferences in both Ac and Dp, both Dp and Pe, and both 
Ac and Pe, respectively. Ten sRNAs expressions showed 
significant differences in all three adverse environments, 
most of them were downregulated. Specifically, four 
sRNAs (sR162, sR165, sR188, and sR231) were consist-
ently downregulated and two sRNAs (sR230 and sR355) 
were consistently upregulated, four sRNAs (sR040, 
sR214, sR281, sR365) were downregulated in Ac and Dp 
but upregulated in Pe (Figure 3 and Additional file 2).

Differentially expressed mRNAs (DEmRNA) during stress 
condition
In order to investigate the effect of the sRNA on target 
gene, global change in gene expressions associated with 

stress condition was examined. Based on the RNA-Seq 
data, it was found that the expressions of 1615 genes 
were significantly (> twofold and P < 0.01) altered during 
stress condition (Figure  4). Compared to Con, 55 genes 
expressions were significantly upregulated and 99 genes 
were significantly downregulated in Ac, 278 genes were 
significantly upregulated and 408 genes were signifi-
cantly downregulated in Dp, 916 genes were significantly 
upregulated and 626 genes were significantly downregu-
lated in Pe (Additional file 3). For convenience, these dif-
ferentially expressed mRNAs were named DEmRNAs. Of 
these DEmRNAs, 20 DEmRNAs were existed in all three 

Figure 2  Venn diagram of sRNA expression during four different 
conditions. Edwardsiella piscicida TX01 was culture in normal LB 
medium (Con), in LB medium with pH = 5.0 (acid stress, Ac), in 
LB medium with 100 μM dipyridyl (iron deficiency, Dp), and in LB 
medium with 500 μM hydrogen peroxide (oxidation pressure, Pe). The 
numbers inside the diagram stand for the numbers of sRNA.

Figure 3  Differential expression of sRNAs during three stress 
condition. Scatter plot of the sRNA expression levels in acid stress 
(Ac) (A), iron deficiency (Dp) (B), and oxidation pressure (Pe) (C) in 
comparison with that in normal LB medium (Con). Red and green 
spots represent sRNAs significantly upregulated and downregulated, 
respectively.
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sample, 29, 16, and 198 DEmRNAs were found in Ac and 
Dp, Ac and Pe, and Dp and Pe, respectively (Additional 
file 3).

Prediction of DEsRNA target genes among DEmRNA
Based on the prediction of DEsRNA target genes by 
IntaRNA and relational analysis between DEsRNA and 

DEmRNA, 103 DEsRNAs were predicted to regulate 769 
target mRNAs (Additional file 4). Of these sRNAs, sR225 
have only one predicted target mRNA. However, sR226 
was predicted 19 target mRNAs. Of 769 target mRNAs, 
LysR family transcriptional regulator (ETAE_0919) was 
predicted to be regulated by 15 sRNAs. A total of 31 tran-
scriptional regulator were predicted to be regulated by 
45 sRNAs, forming 60 sRNA–mRNA pairs (Additional 
file 4). These transcriptional regulators include a variety 
of types, such as GntR family, TetR family, AraC fam-
ily, ArsR family, DeoR family, GntR family, LysR family, 
LuxR family, AHL-dependent regulator, and two-com-
ponent transcriptional regulator. A total of 68 hypotheti-
cal proteins were predicted to be regulated by 96 sRNAs, 
forming 282 sRNA–mRNA pairs (Additional file  4). In 
addition, there are 48 sRNA–mRNA pairs involved in 
transporter, 14 sRNA–mRNA pairs involved in acid/
cold/heat shock protein, 32 sRNA–mRNA pairs involved 
in iron/ferredoxin/ferrous/hemin/hemagglutinin, 13 
sRNA–mRNA pairs involved in type III/VI secretion 
system, and 4 sRNA–mRNA pairs involved in universal 
stress protein.

Enrichment analysis of DEsRNA target genes
The DEsRNA target genes identified above were sub-
jected to gene ontology (GO) analysis. As shown in Fig-
ure  5, GO annotation of the 769 target genes indicated 
that they were grouped into three major categories: 
Biological process, Cellular component, and Molecular 
function. In the group of “Biological process”, the largest 
number of genes belong to metabolic process term. In 
the group of “Cellular Component”, the term of cell and 
cell part make up the main part. In the group of “Molec-
ular function”, the largest number of genes is catalytic 
activity term. In particular, some genes involved acid 
tolerance were observed among the target genes, includ-
ing genes coding acid shock protein, putrescine trans-
port protein PotE, NADH dehydrogenase, and succinate 
dehydrogenase. Iron uptake and transport related genes, 
such as genes coding siderophore biosynthesis protein, 
hemin transport, hemin uptake protein, hemin receptor, 
ion transport protein, and ferrous iron transport pro-
tein, were among the target genes. Genes participating 
response to oxidation pressure, such as superoxide dis-
mutase SodB, fumarate reductase, cytochrome D ubiqui-
nol oxidase, methionine-R-sulfoxide reductase, and 
NADH:ubiquinone oxidoreductase appeared in the tar-
get genes. Moreover, there are a large number of genes 
that play an important role in virulence among these 
DEsRNA target genes, for example, heat shock protein, 
molecular chaperone, invasion, adhesin, methyl-accept-
ing chemotaxis protein, regulator of cell autolysis, tem-
perature sensitive hemagglutinin, type III secretion, type 

Figure 4  Effect of stress on the expression of Edwardsiella 
piscicida genes. MA-plots show differentially expressed genes in acid 
stress (Ac) (A), iron deficiency (Dp) (B), and oxidation pressure (Pe) (C) 
in comparison with that in normal LB medium (Con). Red and green 
spots represent genes significantly upregulated and downregulated, 
respectively.
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VI secretion system protein, and so on. Target genes of 
sRNAs appear versatile.

Hfq‑associated sRNAs
Since Hfq is an important RNA chaperone protein, many 
sRNAs are Hfq-dependent [32]. Our previous study 
showed that Hfq mutation attenuated remarkably bac-
terial virulence [13], which suggested Hfq-associated 
sRNAs maybe play an important role in pathogenicity 
of E. piscicida. To identify the Hfq-associated sRNAs, 
the different expression of sRNAs between TX01 and 
TXhfq, a markerless hfq in-frame deletion wild type, was 
analyzed by RNA-seq. The results showed that 19 sRNAs 
expression were significantly upregulated and 30 sRNAs 
expressions were significantly downregulated when Hfq 
was inactivated (Figure  6). qRT-PCR was conducted to 
examine the mRNA levels of 5 upregulated sRNAs and 
14 downregulated sRNAs. The results showed that, of 5 
upregulated sRNA identified by RNA-seq, 4 sRNAs were 
significantly upregulated by qRT-PCR, of 14 downregu-
lated sRNAs identified by RNA-seq, 12 sRNAs expres-
sion were significantly downregulated or undetectable by 
qRT-PCR (Additional file 4).

sRNAs potentially involved in E. piscicida pathogenicity
Since sRNAs widely participate in bacterial pathogenic-
ity, we investigated the potential roles of different kinds 
of sRNAs in E. piscicida pathogenicity. Six Hfq-asso-
ciated sRNAs (sR012, sR043, sR082, sR084, sR145, and 
sR355) were chosen to perform the pathogenicity experi-
ment. Meanwhile, three Hfq-nonassociated sRNAs, such 
as high expression sRNA (sR318, see Additional file  5), 
moderate expression sRNA (sR274), and low expression 

sRNA (sR114), were also included. These nine sRNAs 
mutants were constructed and their pathogenicity were 
examined. The results showed that the ability of four 
sRNAs to infect host cell declined significantly, and the 
ability of two sRNAs to infect host cell enhanced signifi-
cantly, compared to wild strain TX01 (Figure 7). Among 
the six Hfq-associated sRNAs, only one sRNA (sR355) 
was not related to pathogenicity. Among the three Hfq-
nonassociated sRNAs, only one sRNA (sR274) was 
related to pathogenicity.

Discussion
During the last decade, sRNAs have emerged as essen-
tial post-transcriptional regulators in bacteria. Nearly all 
important physiological and stress responses are modu-
lated by these sRNAs regulator. Researchers have suc-
cessfully predicted, identified, and characterized sRNAs 
in a large number Gram-negative and Gram-positive 
species. It is assumed that an average bacterial genome 
encodes about 100–300 sRNAs [20]. Currently, sRNAs 
in many human pathogen and plant pathogen, such as 
Yersinia pestis, Yersinia pseudotuberculosis, Streptococcus 
pneumoniae, and Agrobacterium tumefaciens, have been 
identified [35, 37–39]. In this study, 148 candidate sRNAs 
in fish pathogen E. piscicida were identified, including 19 
annotated sRNA homologs. As far as we know, our study 
is the first report about systematic identification of sRNA 
in fish pathogen.

Homohexameric RNA chaperone Hfq has been shown 
to play a critical role in sRNA-mediated gene regula-
tion. In many bacteria, besides playing a role in protec-
tion of sRNAs from RNase E-mediated degradation, Hfq 
has been considered to a key factor in sRNA-mediated 

Figure 5  Gene ontology categories of differentially expressed genes in acid stress (Ac), iron deficiency (Dp), and oxidation pressure (Pe) 
based on Go analysis. Green: molecular function, blue: cellular component, red: biological process.
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gene regulation and efficient base pairing between trans-
encoded sRNA and its target mRNA [40, 41]. For exam-
ple, CyaR and RprA interaction with their targe mRNA 
required Hfq [42]. Deleting Hfq predictably resulted in 

numerous phenotypes, mainly consisting of resistance 
to various environmental stresses [31, 43]. In our previ-
ous report, we found that deletion of Hfq in E. piscicida 
exhibited multiple effects, including retarding retarded 

Figure 6  Identification of Hfq-dependent sRNAs. Edwardsiella piscicida TX01 and TXhfq, a markerless hfq in-frame deletion mutant were 
collected and RNA isolation were conducted. sRNA expression was analyzed by RNA sequencing. sRNAs showed significant difference expression 
(> two fold and P < 0.05) were identified to Hfq-dependent sRNA.
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planktonic and biofilm growth, decreased resistance 
against oxidative stress, and attenuated virulence, and 
Hfq exerted a regulatory effect on a wide range of genes 
[13]. In this study, deficiency of Hfq influenced the 
expression of 49 sRNAs, of which 30 sRNAs expressions 
were downregulated, several sRNAs expression even 
could not be detected in hfq mutant by qRT-PCR. These 
results indicated that a great many of sRNAs were Hfq-
associated sRNA in E. piscicida, and the regulatory effect 
of Hfq on target genes were likely achieved by sRNAs.

In their natural habitats, bacteria are constantly 
exposed to stressful and even challenging conditions. 
Studies have shown that bacterial sRNAs play important 
roles as regulators in coping with stress and survival. For 
example, sRNA DsrA and RprA both confer acid resist-
ance [44]. RyhB is a key actor of iron homeostasis regula-
tion [45]. MicF and OxyS are related to oxidative stress 
[46, 47]. In this study, during acid condition, 41 sRNA 
expressions were significantly affected, and upregulated 
sRNAs were more than downregulated sRNA among the 
DEsRNAs expressions. Especially, sRNA004, sRNA050, 
sRNA040, and sRNA371 displayed extremely remarkable 
difference expression. These findings suggested that mul-
tiple sRNAs in E. piscicida deeply participated in resist-
ing to acid pressure. sRNA040 is homologous with sraG, 
which was reported to participates in PNPase homeo-
stasis [48], but there is no report of sraG about acid 
tolerance to the present. During iron deficiency stress, 
the expressions of 26 sRNAs changed significantly in E. 
piscicida, the amount of upregulated sRNAs were basi-
cally equal to those of downregulated sRNA among the 
DEsRNAs expressions. These DEsRNAs include some 
annotated sRNA such as RyhB (sR355) and CyaR (sR103), 
and many novel sRNA such as sRNA043 and sRNA300. 
It is well known that RyhB was involved in regulating 
iron homeostasis [45]. It was reported that CyaR in E. 

coli participated in regulating an acid-resistance mem-
brane protein HdeD [42], and its regulation of target 
genes assisted bacterial survival in the face of envelope 
stress [49]. However, in E. piscicida, we observed that 
the expression of CyaR was regulated by iron deficiency 
stress, but not by acid stress. Unlike the expression of 
sRNA in acid stress and iron deficiency stress, when fac-
ing with the stress of hydrogen peroxide, more sRNAs 
(82 sRNAs) expression were affected, and the vast major-
ity of sRNAs (about 3/4) exhibited upregulated expres-
sion upon oxidative stress. These DEsRNAs included 
some annotated sRNA such as GlmZ_SraJ, rhyA, csrB, 
csrC, and a lot novel sRNA such as sR073, sR147, and 
sR370. Amongst the three different kinds of adversity 
stress, the sum of DEsRNAs, and the number of upreg-
ulated sRNA or downregulated sRNA showed distinct 
difference, which indicated that sRNAs possessed diver-
sity of function. Facing adversity stress, many signifi-
cantly upregulated sRNAs have target mRNAs that were 
downregulated. On the other hand, some downregulated 
sRNAs have upregulated target genes. These results indi-
cated that sRNAs could potentially negatively regulate 
target genes, which was similar to other studies [50].

Except as an important regulator of adaptation to 
adversity, sRNAs also play a key role in bacterial patho-
genesis. The role of bacterial sRNAs in virulence has 
received more and more attention in recent years. It was 
reported that many of the identified sRNAs in human 
pathogen S. pneumoniae have important global and 
niche-specific roles in virulence [38]. In many other path-
ogens, a large number sRNAs, such as Rli27, LhrC, teg49, 
RsmY, AsdA, were reported to participate in regulation of 
virulence [51–53]. Lately, several sRNAs were identified 
in E. tarda and speculated to play a regulatory role of vir-
ulence [33]. Consistently, in this study, a large number of 
target genes of sRNAs were virulence-associated genes, 
such as temperature sensitive hemagglutinin, invasion, 
heat shock protein, cell autolysis factor, type III secretion 
system protein, type VI secretion system protein, and so 
on. And we also examined the role of several sRNAs in 
virulence. Of the nine sRNAs used to detect pathogenic-
ity, 6 sRNAs were found to involve in infection of host 
FG cell. It is known E. piscicida can invade and survive 
in FG-9307 cells, which often used as an in  vitro infec-
tion model of E. piscicida [54]. However, in  vitro cell 
infections are different from in vivo animal infection and 
partially address the pathogenicity. In vivo animal experi-
ments are needed to confirm the role of these sRNAs in 
the pathogenesis of the infection.

As regulator, the function of sRNA is reflected by its 
target genes. In E. piscicida, we found that sRNAs could 

Figure 7  Pathogenicity analysis of sRNA mutants. FG-9307 cells 
were infected with TX01 or sRNA mutants. At 2 h post-infection, 
bacterial numbers were determined by plate count. The experiment 
was performed three times, and values are shown as mean ± SEM. 
*P < 0.05, **P < 0.01.
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target a large number transcription factors, including 
LysR family transcriptional regulator, GntR family tran-
scriptional regulator, two-component transcriptional 
regulator, phage transcriptional regulatory, transcrip-
tional repressor, transcriptional activator, and so on. 
These discoveries provided obvious evidence that sRNA 
likely deeply interlaced within complex gene regula-
tory networks of E. piscicida. Except transcriptional 
regulator, various types of functional target genes of 
sRNAs appeared. For example, dps, which was involved 
in iron limitation and acid stress [55], showed differen-
tially expression in acid and oxidation pressure and was 
predicted to be regulated by sR031. atoE, which might 
be required for the resistance to prolonged acid expo-
sure [56], displayed downregulated expression in acid 
stress and was predicted to be regulated by sR084 and 
sR177. During iron deficiency, the target genes of sRNAs 
included many iron uptake and transport genes, such as 
genes encoding ferrous iron transport protein A, iron 
transporter, periplasmic ferric iron-binding protein, ABC 
transporter. In our previous study, we found Fur showed 
a very close relationship with iron homeostasis in E. pis-
cicida, and regulated a lot of proteins including PotE, 
SpeF, SpeF2, Ndh, ompF, and napA, which play impor-
tant role in helping bacterial adapt adverse circumstance 
[14]. Similarly, in this study, these genes were found to be 
among targets of sRNAs and showed differently expres-
sion in iron deficiency environment. Compared the 
acid stress and iron deficiency, much more sRNA target 
genes were found in oxidation pressure condition. A lot 
of genes directly related to oxidation stress, such as gene 
encoding alkyl hydroperoxide reductase, thiol peroxidase 
[57], chaperonin GroEL and GroES [58], superoxide dis-
mutase SodB and SodC [14, 59], thioredoxin TrxA and 
TrxH [60], were among target DEmRNAs. Moreover, 
many mRNA targets of DEsRNAs code hypothetical 
proteins, including some very significant differentially 
expressed hypothetical proteins, which indicate that 
many unknown things remain to be elucidated in this 
organism.

In conclusion, we globally discovered candidate sRNAs 
for the first time in pathogenic bacteria of fish. Many 
novel sRNAs were identified and expression patterns of 
DEsRNAs and DEmRNAs in E. piscicida during adver-
sity condition growth were revealed. DEsRNA target 
genes among DEmRNAs were predicted. The role of 
sRNAs in E. piscicida pathogenicity was characterized. 
Hfq-associated sRNAs were also identified. Our findings 
showed that sRNAs in E. piscicida have important func-
tions in adaptation to environmental stress and patho-
genicity. These results also provide clues for deciphering 

regulation mechanism of gene expression related to 
physiological response and pathogenicity in E. piscicida.
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