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Edwardsiella tarda Hfq: impact on host infection
and global protein expression
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Abstract

Hfq is an RNA-binding protein that plays an important role in many cellular processes. In this study, we examined
the biological effect of the Hfq of Edwardsiella tarda, a severe fish pathogen with a broad host range that includes
humans. To facilitate the study, a markerless hfq in-frame deletion wild type, TXhfq, was constructed. Compared to
the wild type TX01, TXhfq exhibited (i) retarded planktonic and biofilm growth, (ii) decreased resistance against
oxidative stress, (iii) attenuated overall virulence and tissue dissemination and colonization capacity, (iv) impaired ability
to replicate in host macrophages and to block host immune response. Introduction of a trans-expressed hfq gene into
TXhfq restored the lost virulence of TXhfq. To identify potential Hfq targets, comparative global proteomic analysis was
conducted, which revealed that 20 proteins belonging to different functional categories were differentially expressed in
TXhfq and TX01. Quantitative real time RT-PCR analysis showed that the mRNA levels of two thirds of the genes of the
identified proteins were consistent with the proteomic results. Since TXhfq is dramatically attenuated in virulence, we
further examined its potential as a naturally delivered vaccine administered via the immersion route in a flounder
model. The results showed that TXhfq induced effective protection against lethal E. tarda challenge. Taken together,
our study indicated that Hfq is required for the normal operation of E. tarda in multiple aspects, and that Hfq probably
exerts a regulatory effect on a wide range of target genes at both transcription and post-transcription levels.
Introduction
Edwardsiella tarda is a Gram-negative, motile, rod-
shaped bacterium belonging to the family of Enterobac-
teriaceae. It is a serious fish pathogen that causes
edwardsiellosis, a systematic disease that affects a wide
range of farmed fish species including Japanese eel
(Anguilla japonica, Temminck & Schlegel, 1847), Japanese
flounder (Paralichthys olivaceus, Temminck & Schlegel
1846), turbot (Scophtalmus maximus, Linnaeus 1758), red
sea bream (Pagrus major, Temminck & Schlegel 1843), til-
apia (Oreochromis niloticus, Linnaeus 1758), and channel
catfish (Ictalurus punctatus, Rafinesque 1818) [1]. Heavy
economic losses due to E. tarda-related edwardsiellosis
have been reported in aquaculture industries worldwide
[2]. In addition to fish, E. tarda is also a human pathogen
and known to cause gastroenteritis and extraintestinal in-
fections [3]. Recent studies indicate that E. tarda possesses
numerous virulence factors, which participate in different
aspects of host infection [2,4]. Currently, owing to the lack
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of effective vaccines, control of E. tarda in aquaculture de-
pends mainly on the use of antibiotics in most countries
including China.
Hfq was originally identified as a host factor required

for RNA replication of phage Qβ in Escherichia coli [5],
and was classified into the conserved RNA-binding Lsm
(like-Sm)/Sm-like protein family found in both eukary-
otes and prokaryotes [6]. Accumulating evidences have
shown that Hfq is an RNA chaperone involved in post-
transcriptional gene regulation via several mechanisms,
including interaction with small RNAs (sRNAs) and fa-
cilitating their binding to target mRNA, modulating
mRNA degradation, and regulating the process of
mRNA translation [7]. For pathogenic bacteria such as
Brucella abortus, E. coli, Legionella pneumophila,
Pseudomonas aeruginosa, Salmonella Typhimurium,Vib-
rio cholerae, Yersinia enterocolitica, and Klebsiella pneu-
moniae, Hfq is known to be a virulence factor [8-18].
Inactivation of the hfq gene leads to defect in a variety of
biological aspects, notably cellular growth and motility,
quorum sensing, stress tolerance, and infectivity [19,20].
However, to date very little study has been documented
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Table 1 Primers used in this study

Primer Sequences (5′→ 3′)a

F1 ATGGCTAAGGGGCAATCT

R1 TTATTCAGCGTCATCACTGC

F2 GGATCCGGATTGATCCGGTCGCC (BamHI)

R2 CTGCCTGCTTGCCCCTTAGCCATTCT

F3 GGCAAGCAGGCAGCAGCTACCA

R3 GGATCCCGGTCGGTCTCCAACTG (BamHI)

F4 GATATCATGGCTAAGGGGCAATC (EcoRV)

R4 GATATCTTCAGCGTCATCACTGC (EcoRV)

HP1-F CCCGGGATGCGAGCTGAAACCATTCTG (SmaI)

HP1-R CCCGGGTTTTAAGCATGATGCGCT (SmaI)

HP2-F TACGTAATGCTGATAATGCAAATATCAACT (SnaBI)

HP2-R TACGTACAGGTGCGCGTTAAACCACG (SnaBI)

DPFP-F GATATCATGTCTCAGCCTCAGAGCG (EcoRV)

DPFP-R GATATCCAGCGTCAGCAAACGCGT (EcoRV)
aItalicized nucleotides are restriction sites of the enzymes indicated in the
brackets at the ends.
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on the Hfq of fish pathogens, and for E. tarda, the role
of Hfq is entirely unknown.
In the present study, we aimed to investigate the bio-

logical property of Hfq in E. tarda and, in particular,
whether Hfq plays any role in E. tarda infection. For this
purpose, we compared the effect of an hfq wild type,
TXhfq, to that of the wild type strain. We found that de-
letion of hfq in E. tarda had pleiotropic effects on bac-
terial growth, infection, and global protein expression.
Additionally, we also observed the potential of TXhfq as
a naturally delivered vaccine to elicit protective immun-
ity in host against E. tarda. Our results provide the first
insight to the biological function of E. tarda Hfq as well
as its applicability in the control of edwardsiellosis in
aquaculture.

Materials and methods
Ethics statement
Experiments involving live animals were conducted in
accordance with the “Regulations for the Administration
of Affairs Concerning Experimental Animals” promul-
gated by the State Science and Technology Commission
of Shandong Province. The study was approved by the
ethics committee of Institute of Oceanology, Chinese
Academy of Sciences. Efforts were taken to ensure that
all research animals received good care and humane
treatment as stipulated in the above regulations.

Bacterial strains and growth conditions
Escherichia coli BL21(DE3) was purchased from Tiangen
(Beijing, China). E. coli S17-1λpir was purchased from
Biomedal (Sevilla, Spain). E. tarda TX01 was isolated
from diseased fish [21]. Bacteria were cultured in Luria-
Bertani broth (LB) at 37 °C (for E. coli) or 28 °C (for
E. tarda). Where indicated, chloramphenicol, polymyxin B,
and 2,2’dipyridyl were supplemented at the concentration
of 30 μg/mL, 100 μg/mL, and 100 μM respectively. Biofilm
growth on polystyrene surface was conducted as reported
previously [22].

Fish
Clinically healthy Japanese flounder (Paralichthys oliva-
ceus) (average 11.9 g) were purchased from a local com-
mercial fish farm. The fish were maintained at ~19 °C
in aerated seawater that was changed twice daily. The
seawater was sand-filtered and activated carbon-
absorbed, with pH of 8.1, oxygen > 6 mg/L, and ammo-
nia < 0.1 mg/L. Fish were acclimatized in the laboratory
for two weeks before experimental manipulation. Fish
were fed daily with commercial dry pellets (purchased
from Shandong Sheng-suo Fish Feed Research Center,
Shandong, China) at the amount of ~1.2% body weight.
Before experiment, fish (6%) were randomly sampled
and examined for the presence of bacteria in blood,
liver, kidney, and spleen, and no bacteria were detected
from the sampled fish. For tissue collection, fish were
euthanized with an overdose of MS222 (tricaine metha-
nesulfonate) (Sigma, USA) as described previously [23].

Sequence analysis
hfq was cloned from E. tarda TX01 with primers F1/R1
(Table 1), which were designed based on the known hfq se-
quence of E. tarda EIB202 and E. tarda FL6-60 (GenBank
accession nos. ACY83199.1 and ADM40428.1 respect-
ively). The sequence of Hfq was analyzed using the BLAST
program at the National Center for Biotechnology Infor-
mation (NCBI) and the Expert Protein Analysis System.

hfq knockout
The primers used in this study are listed in Table 1. To
construct the hfq knockout wild type TXHfq, in-frame
deletion of a 222 bp segment (residues 6 to 79) of hfq
was performed by overlap extension PCR as follows: the
first overlap PCR was performed with the primer pair
F2/R2, the second overlap PCR was performed with the
primer pair F3/R3, and the fusion PCR was performed
with the primer pair F2/R3. The PCR products were
inserted into the suicide plasmid pDM4 [24] at the BglII
site, resulting in pDMHfq. S17-1λpir was transformed
with pDMHfq, and the transformants were conjugated
with TX01 as described previously [21]. The transconju-
gants were selected on LB agar plates supplemented with
10% sucrose. One of the colonies that were resistant to su-
crose and sensitive to chloramphenicol (marker of pDM4)
was analyzed by PCR, and the PCR products were sub-
jected to DNA sequencing to confirm in-frame deletion.
This strain was named TXHfq.
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Complementation of hfq mutation
The plasmid pJTHfq, which expresses hfq constitutively,
was created as follows. hfq was amplified by PCR with
primers F4/R4; the PCR product was ligated with the T-
A cloning vector pBS-T (Tiangen, Beijing, China), and
the recombinant plasmid was digested with SmaI. The
fragment containing hfq was retrieved and inserted into
plasmid pBT3 [25] at the EcoRV site, resulting in
pBT3Hfq. pBT3Hfq was digested with SwaI, and the
fragment carrying hfq was inserted into plasmid pJT [26]
at the SwaI site, resulting in pJTHfq. S17-1λpir was
transformed with pJT, and the transformants were con-
jugated with TXHfq. The transconjugants were selected
on LB agar plates supplement with tetracycline (resist-
ance marker of pJT) and polymyxin B. One of the trans-
formants was named TXHfqC.

H2O2 survival analysis
H2O2 survival analysis was performed as reported previ-
ously [27].

Virulence analysis
The median lethal dose (LD50) of TX01, TXHfq, and
TXHfqC was determined as described previously [23]. For
tissue dissemination and colonization analysis, TXHfq and
TX01 were cultured in LB medium at 28 °C for different
times until OD600 of 0.8. The cells were washed with PBS
and resuspended in seawater to 1 × 108 CFU/mL. Floun-
der were immersed in seawater containing TXHfq or
TX01 or PBS (control) for 2 h. The fish were then moved
to 58-liter tanks containing fresh seawater and reared nor-
mally as described above in the section of “Fish”. At 1,
2, 3, 4, 5, and 7 days post-infection (dpi), blood, kidney,
liver, and spleen were taken aseptically from the fish
(five/time point). The tissues were homogenized in a
glass homogenizer containing PBS (100 μL/mg tissue).
The homogenates and blood were diluted serially and
plated in triplicate on LB agar plates. The plates were
incubated at 28 °C for 48 h, and the colonies that ap-
peared on the plates were enumerated. The genetic
identity of the colonies was verified by PCR with spe-
cific primers [27] and sequence analysis of selected
PCR products. The experiment was conducted in three
replicates at the same time, and the mean values were
given in the results.

Bacterial replication in macrophages
Flounder head kidney (HK) macrophages were prepared
as described previously [28]. The macrophages were cul-
tured in L-15 medium (Thermo Scientific HyClone,
Beijing, China) in 96-well culture plates (~105 cells/well).
TXHfq, TX01, and TXHfqC suspensions in PBS were
prepared as described above and added to macrophages
(106 CFU/well). The cells were incubated at 25 °C for
0.5 h. After incubation, the cells were washed with PBS
for three times and added with fresh L-15 containing 100
U/mL penicillin and streptomycin (Thermo Scientific
HyClone, Beijing, China), followed by incubation at 25 °C
for 1.5 h to kill extracellular bacteria. The plates were then
washed three times with PBS and incubated at 28 °C for
1 h, 2 h, 4 h, and 8 h. After incubation, the plates were
washed with PBS, and the cells were lysed with 100 μL 1%
Triton X-100. The cell lysate was serially diluted and
plated in triplicate on LB agar plates. The plates were in-
cubated at 28 °C for 48 h, and the colonies that emerged
on the plates were counted. The identities of the colonies
were verified as described above.

Reactive oxygen species (ROS) production
ROS production was determined as follows. Flounder HK
macrophages in a 96-well microplate (~105 cells/well)
were incubated with TXhfq, TX01, or TXhfqC (106 CFU/
well) for 1 h or 2 h. The plate was washed with PBS for
three times. One hundred microliters of 1 mg/mL nitro-
blue tetrazolium (Sangon, Shanghai, China) in L-15 was
added to the cells. After incubation at 25 °C for 2 h, the
reaction was stopped by adding 100% methanol. The plate
was washed with 70% methanol, and the reduced forma-
zan was solubilized in 100 μL of 2 M KOH and 120 μL of
dimethyl sulfoxide. The plate was read at 630 nm with a
microplate reader.

Nitric oxide (NO) assay
NO production was determined as follows. Flounder HK
macrophages in a 96-well microplate (~105 cells/well)
were incubated with TXhfq, TX01, or TXhfqC (106 CFU/
well) for 1 h or 2 h. The supernatants were removed to a
separate 96-well plate (50 μL/well), followed by adding
into each well 100 μL of 1% sulphanilamide and 100 μL of
0.1% N-naphthylethylene-diamine (Sigma, St. Louis, MO,
USA). The plate was read at 540 nm, and the molar con-
centration of nitrite was determined from standard curve
generated using known concentrations of sodium nitrate.

Two-dimensional gel electrophoresis (2-DE)
TX01 and TXhfq were cultured in LB medium at 28 °C
and collected at OD600 0.8 by centrifugation at 4000 g
for 15 min at 4 °C. The cells were washed with PBS for
three times and resuspended in extraction solution (7 M
urea, 2 M thiourea, 4% CHAPS, 40 mM DTT, 2% IPG
buffer). The cells were disrupted by intermittent sonic
oscillation for a total of 15 min on ice with intervals of
30 s. Unbroken cells and cellular debris were removed
by centrifugation at 20 000 g for 60 min. The proteins in
the supernatant were purified with 2D-Clean-Up Kit
(GE Healthcare, Piscataway, NJ, USA) and resuspended
in IEF sample loading solution (7 M urea, 2 M thiourea,
2% CHAPS, 40 mM DTT, 0.5% IPG buffer, 0.002%
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bromophenol blue). Protein concentration was deter-
mined using the BCA Protein Assay Kit (Sangon Biotech,
Shanghai, China). Two-DE was performed as reported
previously [29]. The gel images were acquired using Ima-
geScanner III (GE healthcare, Piscataway, NJ, USA) and
analyzed with ImageMaster 2D Platinum 6.0 (GE health-
care, Piscataway, NJ, USA). Triplicate runs were made for
each sample to ensure gel reproducibility. For comparative
analysis, the percentage intensity volume (%vol) of each
spot was used for comparison of matched spots between
TXhfq and TX01. To reduce potential errors, a ratio of ≥
2 (or ≤ 0.5) and analysis of variance (ANOVA) < 0.05 were
taken as a threshold for differential expression.

In-gel enzymatic digestion and matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass
spectrometry analysis
The differentially expressed protein spots were picked
from the gels and washed once with 500 μL water and
three times with 500 μL 25 mM ammonium bicarbonate
in 50% acetonitrile for 60 min. The gel spots were dehy-
drated by addition of 500 μL acetonitrile, and the samples
were then incubated in 200 μL 10 mM DTT at 56 °C for
60 min to reduce disulfide bonds. Alkylation of cysteines
was performed by adding 200 μL 55 mM iodoacetamide,
and the samples were incubated at room temperature for
45 min in the dark. The samples were washed with PBS
and dehydrated with 500 μL acetonitrile. The samples
were incubated in trypsin solution (10 μg/mL in PBS) for
30 min on ice. After incubation, the remaining trypsin so-
lution was removed, and 25 μL of PBS was added to the
samples. Proteolysis was performed at 37 °C overnight
and stopped by adding 5% formic acid. MALDI-TOF mass
spectrometry (MS) analysis was performed with ultrafleX-
treme (Bruker, Germany) as follows. One microliter pep-
tide solution was dripped onto the Anchorchip target
plate and allowed it to dry at room temperature. Matrix
solution (CHCA) was added to the plate, and the plate
was loaded into the spectrometer. The mass range was
from 500 to 3500 Da, and the scan resolution was 50 000.
After the scan, five most abundant MS peaks were se-
lected for MS/MS scan. Protein identification was as de-
scribed previously [29].

Quantitative real-time reverse transcription-PCR (qRT-PCR)
TXhfq and TX01 were cultured in in LB medium to an
OD600 of 0.8. Total RNA was extracted with EZNA Total
RNA Kit (Omega Bio-tek, Doraville, GA, USA). The
RNA was treated with RNase-free DNaseI (TaKaRa,
Dalian, China). One microgram of RNA was used for
cDNA synthesis with the Superscript II reverse tran-
scriptase (Invitrogen, Carlsbad, CA, USA). qRT-PCR was
carried out in an Eppendorf Mastercycler (Eppendorf,
Hamburg, Germany) using SYBR ExScript qRT-PCR Kit
(Takara, Dalian, China) as described previously [30].
Melting curve analysis of amplification products was
performed at the end of each PCR to confirm that only
one PCR product was amplified and detected. The ex-
pression level of the target genes was analyzed using
comparative threshold cycle method (2−ΔΔCT) with 16 s
rRNA as an internal control. The data are given in terms
of mRNA levels relative to that of 16 s rRNA and
expressed as means plus or minus standard errors of the
means (SE).

Antibody preparation and Western blot
To obtain antibodies against hypothetical protein 1
(HP1), hypothetical protein 2 (HP2), and the dyp-type
peroxidase family protein (DPFP), His-tagged recombin-
ant proteins of HP1, HP2, and DPFP were prepared. For
this purpose, the plasmids pHP1, pHP2, and pDPFP,
which express HP1, HP2, and DPFP respectively, were
constructed as follows. The coding sequences of HP1,
HP2, and DPFP were amplified by PCR with primer
pairs HP1-F/HP1-R, HP2-F/HP2-R, and DPFP-F/DPFP-
R, respectively (Table 1). The PCR products were ligated
with the pEASY-E2 (TransGen, Beijing, China), resulting
in pHP1, pHP2, and pDPFP. For protein preparation,
Escherichia coli BL21(DE3) (Tiangen, Beijing, China)
was transformed separately with the plasmids. The trans-
formants were cultured in LB medium at 37 °C to mid-log
phase, and expression of recombinant proteins was in-
duced by adding isopropyl-β-D -thiogalactopyranoside to
a final concentration of 0.4 mM. Growth was continued at
37 °C for 5 h, and recombinant proteins were purified
using Ni-NTA agarose (QIAGEN, Valencia, CA, USA) as
recommended by the manufacturer. The purified proteins
were dialyzed for 24 h against PBS, and protein concentra-
tions were determined using BCA Protein Assay Kit
(Sangon Biotech, Shanghai, China). Rat antibodies against
the recombinant proteins were prepared as described pre-
viously [31]. For Western blot, equal amounts of proteins
from TXhfq and TX01 prepared above were resolved in
12% SDS-PAGE and transferred onto nitrocellulose mem-
branes (Amersham, Cambridge, UK). Immunoblot was
performed as reported previously [32] using rat polyclonal
antibodies against recombinant HP1, HP2, and DPFP pre-
pared above. Densitometry was performed using the
Sensiansy gel analysis system (Shanghai Peiqing Science &
Technology. Co., Ltd, China).

Vaccination
TXhfq was cultured in LB medium as described above
and resuspended in seawater to 108 CFU/mL. Japanese
flounder were divided into two groups (150 fish/group)
named A and B. Group A was immersed in TXhfq bath
for 1 h; group B (control) was similarly immersed in sea-
water containing PBS. After immersion treatment, fish



Figure 1 Growth analysis of TX01 and TXhfq. TX01 and TXhfq
were cultured in LB medium supplemented with or without 2,2′
dipyridyl (DP), and cell density was measured at different time
points by determining absorbance at OD600. Data are presented as
means ± SE (N = 3).
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were placed into new 660-liter tanks and washed with
fresh seawater to remove any bacteria that had been car-
ried over from the immersion seawater. The fish were
then reared under normal conditions as described above
in the section of “Fish”. At one month post-vaccination,
50 fish from each group were taken and challenged via
intraperitoneal injection with TX01. Similarly, at two
months post-vaccination, 50 fish from each group were
taken and challenged with TX01. Mortality was moni-
tored over a period of 20 days after challenge. Three
dying fish were randomly selected for the examination
of bacterial recovery from liver, blood, and spleen as
described above. Relative percent of survival (RPS)
was calculated according to the following formula:
RPS = {1 – (% mortality in vaccinated fish/% mortality
in control fish)} × 100. The vaccination experiment
was performed in duplicate at the same time.

Enzyme-linked immunosorbent assay (ELISA)
Sera were taken from vaccinated fish and control fish at
one- and two-month post-vaccination and diluted seri-
ally in two-fold in PBS. Serum antibody against rEta1
was determined by ELISA analysis as described previ-
ously [33]. The assay was conducted with sera from five
fish (each as an individual sample), and the mean values
were given in the results.

Statistical analysis
Statistical analyses were performed with the SPSS 18.0
package (SPSS Inc., Chicago, IL, USA). Chi-square test
with Yates’ correction was used for mortality analysis, and
analysis of variance (ANOVA) was used for all other ana-
lyses. Except where otherwise indicated, all in vitro experi-
ments were performed at a single time in three replicates,
and the results are shown as means plus or minus stand-
ard errors of the means (SE). For in vivo experiments, the
number of replicate was indicated in the respective
methods. In all cases, significance was defined as P < 0.05.

Results
Construction of an E. tarda Δhfq wild type
Hfq of E. tarda is composed of 102 residues and shares
100% and 83.5% overall sequence identities with the Hfq
of Edwardsiella ictaluri and E. coli respectively. To
examine its functional importance, the hfq gene of E.
tarda TX01, a highly pathogenic strain, was knocked out
by markerless in-frame deletion of a region encoding
amino acid residues 6 to 76. The resulting wild type was
named TXhfq.

Mutation of hfq has multiple effects

(i.)Effect on growth and survival under different
conditions
Growth analysis showed that when cultured in LB
medium, TXhfq exhibited a slower generation time than
TX01 at the logarithmic phase but reached similar cell
densities as TX01 at the stationary phase (Figure 1).
When cultured in LB medium supplemented with the
iron chelator 2,2’dipyridyl, the growths of both TX01
and TXhfq were retarded; however, compared to TX01,
TXhfq exhibited a much slower growth rate and a much
lower maximum cell density at the stationary phase.
Examination of biofilm growth on polystyrene surface
indicated that TXhfq produced significantly less (3.1
fold) biofilm than TX01 (see Additional file 1). In the
presence of H2O2, which damages bacterial cells via its
oxidizing effect, the survival rate of TXhfq (2.8% ± 1.1)
was significantly lower than that of TX01 (21.8% ± 2.2).

(ii.)Effect on overall bacterial virulence

Comparative LD50 analysis showed that TXhfq exhib-
ited a LD50 (1.31 × 108 CFU/fish) that is more than 600
fold higher that of TX01 (1.9 × 105 CFU/fish). When
flounder were infected with the same dose of TX01 and
TXhfq via immersion, TX01 recoveries from the blood,
kidney, liver, and spleen of the infected fish increased
from 1, 2, and 3 dpi, and mortality began to occur at 4
dpi (Figure 2A). In contrast, TXhfq recoveries from
blood, kidney, liver, and spleen decreased with time and
became undetectable after 7 dpi (Figure 2B).

(iii.) Effect on resistance against the immune response
of host macrophages

To examine whether hfq mutation affected the ability
of E. tarda to block activation of host phagocytes, floun-
der HK macrophages were infected with TXhfq or
TX01, and cellular productions of ROS and NO were



Figure 2 Invasion of TX01 (A) and TXhfq (B) into fish tissues
following infection. Flounder were infected via immersion with the
same dose of TX01 or TXhfq. Bacterial recovery from the liver,
spleen, kidney, and blood of the infected fish was determined at
different time points (no data on the group of TX01-infected fish at
7 dpi, because no fish survived to this point). The results are the
means of three replicates and shown as means ± SE. CFU: colony
forming unit. The Y-axis represents the CFU number per mg of tissue
(or per mL of blood) expressed in logarithmic form.

Figure 4 Multiplication of TXhfq, TX01, and TXhfqC in host
macrophages. Flounder head kidney macrophages were infected
with TXhfq, TX01, or TXhfqC. After removing uninfected bacteria, the
cells were incubated at 28 °C for different hours, and intracellular
bacterial recovery was determined by plate count. Data are presented
as means ± E (N = 3).
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determined. The results showed that both ROS and NO
levels in TXhfq-infected cells were significantly higher than
those in TX01-infected cells (Figure 3). Intracellular bacter-
ial recovery analysis showed that after invasion into HK
macrophages, TX01 multiplied inside the cells and increased
in number as the time progressed, whereas the intracellular
number of TXhfq declined with time (Figure 4).

Genetic complementation of hfq deletion and its effect
on virulence
To examine whether the virulence defect observed with
TXhfq was indeed due to hfq deletion, the strain
TXhfqC was created, which is a genetic variant of TXhfq
that expresses hfq in trans from a plasmid. In contrast to
TXhfq, TXhfqC exhibited a LD50 (1.2 × 105 CFU/fish)
comparable to that of TX01. Following infection of
Figure 3 Effect of TXhfq, TX01, and TXhfqC on the immune
response of macrophages. Flounder head kidney macrophages
were infected with TXhfq, TX01, or TXhfqC, and reactive oxygen
species (A) and nitric oxide (B) productions in the cells were
determined at 1 h and 2 h post-infection. Data are presented as
means ± E (N = 3). *P < 0.05, **P < 0.01.
flounder HK macrophages, TXhfqC-induced productions
of ROS and NO were similar in levels to those induced by
TX01 infection (Figure 3). Likewise, the intracellular
multiplication capacity of TXhfqC was comparable to that
of TX01 (Figure 4).

Comparative analysis of the protein expression profiles in
TXhfq and TX01

(i.)Two-DE protein maps of TXhfq and TX01

To examine whether there was any difference in the
protein profiles of TXhfq and TX01, whole cell proteins
of the two strains were subjected to 2-DE analysis. Pro-
teins whose expressions differed by more than 2-fold
were further analyzed and listed as putative targets of
Hfq regulation. The results showed that 20 protein spots
exhibiting apparently differential expressions in TXhfq
and TX01 were identified (Figure 5). Of these proteins,
eight were significantly upregulated (ratio of TXhfq/
TX01 ≥ 2, P ≤ 0.05) and twelve were significantly down-
regulated (ratio of TX01/TXhfq ≥ 2, P ≤ 0.05).

(ii.)Mass spectral identification of differentially
expressed proteins

The 20 differentially expressed protein spots were sub-
jected to MALDI-TOF/TOF analysis. Fifteen protein
spots were successfully identified and grouped into seven
functional categories (Table 2). Three proteins (rpsA, Tuf2,
and Tsf) belong to the translation group, five proteins



Figure 5 Representative 2-DE maps showing the protein profiles of TX01 and TXhfq. Whole cell proteins prepared from TX01 (A) and
TXhfq (B) were subjected to 2-DE analysis. Numbers indicate protein spots with differential expression.
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(YgeW, ybaS, cysteine synthase, putative iron-containing
alcohol dehydrogenase, and dyp-type peroxidase) belong to
the metabolism group, one protein (Mrp) is involved in
transport, one protein (FkpA) is a putative chaperone, two
proteins (OmpR and YqjD) belong to membrane proteins,
and one protein (IscU) plays a role in iron-sulfur cluster
assembly. The remaining two proteins are hypothetical
proteins with unknown functions.

(iii.) Validation of differential expression of selected
proteins at mRNA level

qRT-PCR (which determines the mRNA level) (Table 3)
showed that the genes encoding Mrp, Dyp-type peroxidase,
hypothetical protein 2, and FkpA were upregulated in
TXhfq, while the genes encoding hypothetical protein 1,
YgeW, ybaS, OmpR, YqjD and cysteine synthase were
downregulated in TXhfq, which is consistent with the 2-
DE protein profiles. The expressions of the genes encoding
RpsA, Tuf2, Tsf, IscU, and the putative iron-containing al-
cohol dehydrogenase were comparable in the wild type
and wild type strains. Three proteins were selected for fur-
ther analysis by Western blot. The results showed that
hypothetical protein 1, which was downregulated in TXhfq
by 2-DE and qRT-PCR analysis, was apparently detected in
TX01 but was undetectable in TXhfq, while hypothetical
protein 2 and the dyp-type peroxidase family protein, both
were upregulated in TXhfq by 2-DE and qRT-PCR, were
produced more abundantly in TXhfq than in TX01 (fold
difference ~2.8 and 4.1 respectively) (Figure 6).

The potential of TXhfq as an immersion vaccine
Since TXhfq is dramatically decreased in virulence, we ex-
amined its potential as a live attenuated vaccine delivered
via the natural route. For this purpose, flounder were immu-
nized with live TXhfq via bath immersion. The fish were
challenged with TX01 at one month and two months post-
vaccination and monitored for mortality. The results
showed that mortality began to occur at 4 days and 3 days
post-challenge for TXhfq-vaccinated fish and control fish re-
spectively, and that mortality stopped at 14 days and 12 days
post-challenge for TXhfq-vaccinated fish and control
fish respectively. The accumulated mortalities of TXhfq-
vaccinated fish were 24% and 32% at one month and two
months post-vaccination respectively, while the accumulated
mortalities of the control fish (mock vaccinated with PBS)
were 100% and 92% at one month and two months post-
vaccination respectively. Based on these results, the protec-
tion rates, in terms of PRS, of TXhfq as an immersion
vaccine were 76% and 65% respectively at one month and
two months post-vaccination. The two protection rates were
statistically comparable. Comparable results were obtained
in the duplicate vaccination trial, in which the accumulated
mortalities of TXhfq-vaccinated fish were 20% and 30% at
one month and two months post-vaccination respectively,
while the accumulated mortalities of the control fish were
96% and 98% at one month and two months post-
vaccination respectively. Examination of moribund fish indi-
cated that TX01 was the only type of bacterium isolated
from the liver, spleen, and blood, suggesting that mortality
was caused by the experimental challenge. ELISA analysis
showed that specific serum antibodies (titers 26 and 25 re-
spectively) were produced in TXhfq-vaccinated fish at one
month and two months post-vaccination.

Discussion
It has been observed that for many bacterial species,
mutation of hfq has a profound effect on cell growth,



Table 2 Summary of the differentially expressed proteins

Spot no.a NCBI no. Protein name Abrr. MASCOT
scoreb

Theoretical
pI/Mr (kD)

Coverage (%)c Fold ratio
wild type/wild type
(mean ± SD)d

Translation

1e gi|269139520 rpsA gene product [Edwardsiella tarda EIB202]:
30S ribosomal protein S1

RpsA 351 4.61/61.17 41.65 0.42 ± 0.05

3 gi|18858425 tuf2 gene product [Edwardsiella tarda EIB202]:
elongation factor Tu

Tuf2 381 4.91/43.43 54.31 0.35 ± 0.09

6 gi|269138094 tsf gene product [Edwardsiella tarda EIB202]:
translation elongation factor Ts

Tsf 223 5.3/30.70 36.84 0.45 ± 0.07

Metabolism

4 gi|294637737 Putative carbamoyltransferase YgeW
[Edwardsiella tarda ATCC 23685]

YgeW 65.1 6.07/44.38 17.97 0.21 ± 0.12

7 gi|269138485 Dyp-type peroxidase family protein
[Edwardsiella tarda EIB202]

260 5.76/33.27 38.46 3.62 ± 0.78

8 gi|269140209 ybaS gene product [Edwardsiella tarda EIB202]:
glutaminase

YbaS 362 4.83/33.06 81.35 -∞

14 gi|387866356 Putative iron-containing alcohol dehydrogenase
[Edwardsiella tarda FL6-60]

218 5.73/42.61 74 0.27 ± 0.06

15 gi|469762796 Cysteine synthase [Edwardsiella tarda C07-087] 199 6.03/33.99 77 0.46 ± 0.05

Transport

5 gi|387867244 Mrp (Multiple resistance and pH adaptation)
protein [Edwardsiella tarda FL6-60]

Mrp 340 6.22/39.70 26.76 2.81 ± 1.11

Chaperones

10 gi|269140581 fkpA gene product [Edwardsiella tarda EIB202]:
FKBP-type peptidyl-prolyl cis-trans isomerase

FkpA 425 8.7/28.76 58.39 4.24 ± 1.35

Membrane proteins

11 gi|269140620| ompR gene product [Edwardsiella tarda EIB202]:
osmolarity response regulator

OmpR 127 6.31/27.41 38.91 -∞

13 gi|304557842 Uncharacterized membrane protein YqjD
[Edwardsiella tarda FL6-60]

YqjD 600 6.26/10.94 82.18 0.25 ± 0.04

Cellular processes

12 gi|269140157 iscU gene product [Edwardsiella tarda EIB202]:
FeS cluster assembly scaffold

IscU 102 4.74/13.86 55.47 2.23 ± 0.62

Unknown function and hypothetical protein

2 gi|269139286 Hypothetical protein 1 [Edwardsiella tarda EIB202] 153 5.64/58.02 29.04 -∞

9 gi|269140100 Hypothetical protein 2 [Edwardsiella tarda EIB202] 318 5.33/33.70 54.90 3.21 ± 1.28

16e NA NA NA NA NA NA 5.21 ± 1.25

17 NA NA NA NA NA NA 0.31 ± 0.05

18 NA NA NA NA NA NA 2.94 ± 0.85

19 NA NA NA NA NA NA 4.22 ± 1.77

20 NA NA NA NA NA NA 0.32 ± 0.06
aSpot ID represents the number on the 2-DE gels (Figure 5).
bMOWSE score is −10 log (p), where p is the probability that the observed match is a random event. Based on the NCBInr database using the MASCOT searching
program as MS/MS data. Scores greater than 65 are significant (p < 0.05).
cNumber of amino acids spanned by the assigned peptides divided by the protein sequence length.
dMean, the average protein abundance ratio for three paired samples. SD means the standard deviation of protein abundance ratios of one certain spot of three
paired samples.
eNot analyzed.
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while in other bacteria, such as Haemophilus influenzae
and Serratia sp, growth is hardly impaired by hfq dele-
tion [19,34,35]. In this study, we found that compared to
the wild type TX01, the Δhfq wild type TXhfq exhibited
a slight growth difference when cultured in rich
medium. However, TXhfq growth was severely retarded
when the bacterium was cultured in iron-depleted
medium. This result is in agreement with the reports



Table 3 Summary of mRNA expression in TXhfq (in comparison with that in TX01) as determined by qRT-PCR

Spo no. Description Protein level
(by 2-DE)

mRNA level
(by qRT-PCR)

1 rpsA gene product [Edwardsiella tarda EIB202]: 30S ribosomal protein S1 Down (0.42 ± 0.05) Unchanged

2 hypothetical protein1 [Edwardsiella tarda EIB202]: Down (−∞) Down (0.38 ± 0.06)

3 tuf2 gene product [Edwardsiella tarda EIB202]: elongation factor Tu Down (0.35 ± 0.09) Unchanged

4 Putative carbamoyltransferase YgeW [Edwardsiella tarda ATCC 23685] Down (0.21 ± 0.12) Down (0.42 ± 0.09)

5 Mrp(Multiple Resistance and pH adaptation) protein [Edwardsiella tarda FL6-60] Up (2.81 ± 1.11) Up (4.11 ± 0.85)

6 tsf gene product [Edwardsiella tarda EIB202]: translation elongation factor Ts Down (0.45 ± 0.07) Unchanged

7 Dyp-type peroxidase family protein [Edwardsiella tarda EIB202] Up (3.62 ± 0.78) Up (7.72 ± 1.08)

8 ybaS gene product [Edwardsiella tarda EIB202]: glutaminase Down (−∞) Down (0.20 ± 0.07)

9 Hypothetical protein [Edwardsiella tarda EIB202]: lysophospholipase Up (3.21 ± 1.28) Up (5.10 ± 0.84)

10 fkpA gene product [Edwardsiella tarda EIB202]: FKBP-type peptidyl-prolyl cis-trans isomerase Up (4.24 ± 1.35) Up (7.54 ± 1.21)

11 ompR gene product [Edwardsiella tarda EIB202]: osmolarity response regulator; cytoplasmic Down (−∞) Down (0.18 ± 0.04)

12 iscU gene product [Edwardsiella tarda EIB202]: FeS cluster assembly scaffold Up (2.23 ± 0.62) Unchanged

13 Uncharacterized membrane protein YqjD [Edwardsiella tarda FL6-60] Down (0.25 ± 0.04) Down (0.54 ± 0.05)

14 Putative iron-containing alcohol dehydrogenase [Edwardsiella tarda FL6-60] Down (0.27 ± 0.06) Unchanged

15 Cysteine synthase [Edwardsiella tarda C07-087] Down (0.46 ± 0.05) Down (0.33 ± 0.08)
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that Hfq plays a critical role in the regulation of iron
homeostasis [36-40]. Biofilm growth is a dynamic
process with multiple factors involved [41]. Recent stud-
ies showed that the major biofilm regulator CsgD was
regulated by Hfq-dependent sRNAs in E. coli and Acti-
nobacillus pleuropneumoniae [42,43], and that in E. coli,
Pseudomonas fluorescens,Vibrio alginolyticus, and Steno-
trophomonas maltophilia, biofilm development was re-
duced in the absence of Hfq [20,44-46]. Likewise, in our
study we found that TXhfq was impaired in the capacity
of biofilm production. These results indicate that in
E. tarda, Hfq is required for both planktonic and biofilm
growth. Since for bacterial pathogens, biofilm produc-
tion is often associated with infectivity, these observa-
tions suggest that Hfq possibly plays a role under both
physiological conditions and during bacterial infection.
Reports have shown that Hfq is essential to cellular

tolerance of various stresses, such as oxidative damage,
high salt, and heat shock, in a variety of bacteria includ-
ing Serratia sp, E. coli, Francisella tularensis, K. pneumo-
niae, and V. alginolyticus [19,47]. However, in other
bacteria such as Listeria monocytogenes, Haemophilus
influenzae, and Staphylococcus aureus, Hfq has no effect
on resistance to oxidative stress [34,48]. In the case of
E. tarda, we found that in the presence of the strong
oxidizer H2O2, the survival rate of TXhfq was signifi-
cantly lower than that of TX01, suggesting that Hfq is
required for coping with oxidative stress in E. tarda.
Given the fact that production of reactive oxygen spe-
cies, which induces a state of oxidative stress, is a key
defense mechanism in fish as well as mammals against
bacterial pathogens, these results indicate a potential in-
volvement of Hfq in the virulence E. tarda.
A large amount of evidences have indicated that Hfq

plays a role in pathogenicity. For example, mutation of hfq
affects the ability of Brucella melitensis and Salmonella
enterica serovar Typhimurium to invade and proliferate
inside host cells [49,50]. Similar to these observations, we
found that TXhfq exhibited a dramatically increased LD50,
and, consistently, the ability of TXhfq to disseminate in
flounder tissues and replicate in HK macrophages was sig-
nificantly impaired. In addition, we found that HK macro-
phages infected with TXhfq produced much higher levels
of ROS and NO than macrophages infected with TX01,
suggesting that TXhfq was defective in blocking macro-
phage activation. In agreement with these results, TXhfq
exhibited reduced capacity to survive and replicate inside
HK macrophages. These results indicate that Hfq is essen-
tial for effective repression of the bactericidal immune
response of host cells. Previous studies have shown that
E. tarda is an intracellular pathogen that can escape host
immune defense and replicate in host phagocytes [51-53];
however, the mechanism behind this phenomenon is un-
clear. Our results confirm previous observations and sug-
gest a close link between immune evasion and E. tarda
virulence. More importantly, our results, together with
those of previous reports, point to a possibility that the
intracellular replication capacity of E. tarda is not due to
the action of a single bacterial factor but more likely to
the combined effects of multiple factors.
Hfq is known to regulate gene expression and mRNA

stability in post-transcription level, resulting in changes



Figure 6 Immunoblot analysis of differentially expressed
proteins. Equal amounts of proteins prepared from TX01 and TXhfq
(lanes 2 and 3 of all panels) were subjected to SDS-PAGE (A). After
SDS-PAGE, the proteins were blotted with antibodies against
hypothetical protein 1 (B), hypothetical protein 2 (C), or dyp-type
peroxidase family protein (D).
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in protein production. Hence, proteomics is an appropri-
ate strategy to detect putative targets of Hfq. Using this
approach, Hfq regulons have been identified in Salmon-
ella, Sinorhizobium meliloti, and Neisseria meningitides
[39,54-57]. In this study, global proteomic analysis
identified 15 proteins differentially expressed between
TXhfq and TX01. Of these proteins, YgeW is a carba-
moyltransferase that is likely involved in the biosynthesis
of antibiotic [58], YbaS is a glutaminase known to con-
tribute to acid resistance [59,60], iron-containing alcohol
dehydrogenase and cysteine synthase have been reported
to participate in regulation of ethanol utilization and
production of antioxidant respectively [61,62], YqjD is
an inner membrane protein associated with stationary-
phase ribosomes [63], and OmpR is an outer membrane
protein that is essential for low pH adaptation and regu-
lates the virulence-associated type VI secretion system
[64]. The downregulated expression of these proteins
observed in TXhfq may account in part for the defect-
iveness of TXhfq in growth and in coping with stress
conditions. qRT-PCR analysis of the genes encoding the
15 differentially expressed proteins showed that for ten
genes, the mRNA levels were consistent with the 2-DE
results, while for five genes, the mRNA levels were com-
parable between TXhfq and TX01. These results suggest
that in most cases Hfq regulates the target genes at the
transcription level, while in some cases Hfq regulates the
target genes at the posttranscriptional level. It will be in-
teresting for future studies to delineate the detail process
of Hfq regulation of different types of targets. In
addition, since none of the differentially expressed pro-
teins has been studied in E. tarda, works may be carried
out in the future to inactivate these proteins (e.g. by
gene knock-out) and investigate the potential signifi-
cance of these proteins in E. tarda survival under differ-
ent conditions.
Since Hfq wild types usually exhibit vitiated virulence,

they are ideal targets for the development of attenuated
live vaccines. This idea has been exploited by researchers
with different pathogenic species such as S. enterica ser-
ovar Typhimurium, Brucella melitensis, and V. alginoly-
ticus [45,65,66]. In our study, we found that flounder
immunized with live TXhfq via bath immersion exhib-
ited high levels of survival rates at one- and two-month
post-vaccination after lethal E. tarda challenge, suggest-
ing that TXhfq confers effective protection against
E. tarda. Given the fact that TXhfq, though highly atten-
uated in virulence, is still capable of transient infection
into flounder via immersion as observed in the tissue
dissemination analysis, it is likely that TXhfq mimics
natural infection after immersion vaccination and thus
induces strong protective immunity in the host. The ad-
vantage of TXhfq as a vaccine lies not only in its protec-
tivity but also in its immersion delivery, which for fish is
a natural approach. Compared to the commonly used in-
jection method of vaccine delivery, immersion is of low
cost and inflicts no stress upon the animals.
In conclusion, we demonstrate in this study that hfq

knockout affects multiple aspects of E. tarda, which
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results in dramatic attenuation of infectivity. Hfq is re-
quired for the expression of a wide range of proteins
belonging to different functional categories, and the regu-
latory effects of Hfq likely exert at both transcription and
post-transcription levels. In addition, the Δhfq wild type as
an immersion vaccine induces effective immunoprotec-
tion, a property that may be exploited for the control of
E. tarda in aquaculture.
Additional file

Additional file 1: Biofilm production of TX01 and TXhfq. TX01 and
TXhfq were grown in polystyrene plates for 24 h and then assayed for
biofilm production. Data are presented as means ± E (N = 3). **, P < 0.01.
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