Received: 4 May 2018

Revised: 13 October 2018

Accepted: 16 October 2018

DOI: 10.1002/mbo3.766

ORIGINAL ARTICLE

WILEY MicrobiologyOpen

Open Access,

Immunogenicity of a bivalent protein as a vaccine against
Edwardsiella anguillarum and Vibrio vulnificus in Japanese eel

(Anguilla japonica)

Songlin Guo™? | Linlin Hu'? | Jianjun Feng®? | PengLin®? | Le Hel? |

Qingpi Yan'?2

!Fishery College of Jimei University/
Engineering Research Center of Modern
Eel Industrial Technology of the Ministry of
Education, PRC, Xiamen, China

2Jimei University, Fujian, Xiamen, China

Correspondence

Qingpi Yan, Fishery College of Jimei
University, Xiamen, China.

Email: yangp@jmu.edu.cn

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 31001136
and 31272685; Fujian province, Grant/
Award Number: 2015J01143; Regional
development project of science and
Technology Department of Fujian Province,
Grant/Award Number: 2016N3002

1 | INTRODUCTION

Abstract

The OMPs A (OmpA)—of Edwardsiella anguillarum and OmpU of V. vulnificus have
been proven to be good antigens. In this study, after construction of a vector, a new
recombinant Omp (rOMP) containing both OmpA and OmpU was expressed and pu-
rified. Then, the Japanese eels (Anguilla japonica) were intraperitoneally (i.p.) injected
with the phosphate-buffered saline (PBS group), formalin-killed-cell (FKC group) or
the recombinant Omp (rOMP group). The stimulation index of the whole blood cells
in eels from FKC group was significantly higher than the eels from PBS and rOMP
groups at 28 dpi; serum titers of anti-E. anguillarum and anti-V. vulnificus antibody of
eels from FKC and rOMP group increased significantly at 21 and 28 dpi; in the rOMP
group, eels serum titer stayed at a high level on 42 dpi. The activities of lysozyme in
skin mucus, liver, kidney, and serum in three groups exhibited considerable changes.
The relative percent survival (RPS) rate of eels from rOMP group were 100% and
83% when challenged with V. vulnificus or E. anguillarum. These results indicated that
inoculation of rOMP would protect Japanese eels against the infection by E. anguil-

larum and V. vulnificus.
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Vibrio vulnificus

important bacterial pathogens in eels farming, and cause serious dis-
ease and high levels of mortality in cultured eels resulting in consid-

Japanese eel (Anguilla japonica), a freshwater fish with high eco-
nomic value, is widely cultured in large areas in China in recent
20 years. The occurrence of bacterial diseases is the common factor
that affects Japanese eel production in China. Edwardsiella anguilla-
rum, identified as Edwardsiella tarda before 2015 (Bujan et al., 2018;
Shao et al.,, 2015) and Vibrio vulnificus (Esteve-Gassent, Nielsen, &
Amaro, 2003; Haenen et al., 2014; Reichley et al., 2017) are two

erable economic losses in Chinese aquaculture (Guo, 2006; Guo et
al., 2013; 2015). These two pathogens are also recognized as causing
serious diseases in a variety of fish species globally (Griffin et al.,
2013; Jheng et al., 2015; Lee et al., 2014; Shao et al., 2015; Tsao et
al., 2013).

At present, there are limited therapeutants available for use in
aquaculture in China, which poses challenges to the prevention and
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treatment of aquaculture diseases. Vaccination is an important tool
inthe prevention of infection diseases in aquaculture. Several studies
have described the effectiveness of vaccines in eels and other fish-
eries, such as formalin-killed-cells (FKC) (Bastardo, Ravelo, Castro,
Calheiros, & Romalde, 2012; Esteve-Gassent, Fouz, & Amaro, 2004;
Shoemaker, LaFrentz, & Klesius, 2011), live attenuated vaccine (Guo
et al.,, 2014; Loessner et al., 2008), and subunit vaccines (Tang, Zhan,
Sheng, & Chi, 2010; Tian, Xu, Lin, Gong, & Lin, 2010) for the control
of Edwardsiella and Vibrio species. Outer membrane proteins (OMPs)
are considered to be good vaccine candidates for the protection
against infection (Cheng, Chu, Wang, Peng, & Li, 2018; Guan, Xiong,
Huang, & Guo, 2011; Kawai, Liu, Ohnishi, & Oshima, 2004; Li et al.,
2013; Tang et al.,, 2010; Tian et al., 2010). Studies on the immuno-
genicity of the two proteins, OmpA from E. anguillarum and OmpU
from V. vulnificus had been previously evaluated in the Japanese eel
(Duan, 2016; Duan et al., 2018; He, Duan, Feng, Peng, & SonglLin,
2018). Experimental vaccines based on these antigens were demon-
strated to have good immunogenicity after the vaccinated Japanese
eels were challenged by E. anguillarum or V. vulnificus, but the im-
mune effects of a fusion OMP from the two pathogens had not been
described. The advantage of a combination of the two OMPs would
be to protect animals against two pathogens, as well as to reduce the
workload of expression and purification of multiple proteins (Guo et
al., 2013; 2015).

The immunogenicity of bivalent Ompll-OmpS2 (Ompll from
Aeromonas hydrophila and OmpS2 from E. anguillarum) and OmplI-
OmpU (Ompll from A. hydrophila and OmpU from V. vulnificus) were
firstly evaluated (Guo et al., 2013; 2015). The result showed immuno-
genicity of OmpS2 was relatively weak since the relative protection
rate (RPS) against E. anguillarum challenge was only 37.5%. Compare
with two previous studies, OmpA instead of OmpS2 of E. anguillarum
was used, and fish used in this study was local eels (Japanese eel) in-
stead of exotic eels (American eel). Freund'’s incomplete adjuvant was
added only in the OMP group in two previous studies, which could
not remove differences of immune protection caused by adjuvant.

In order to develop a new recombinant OMP (rOMP) vaccine to
protect Japanese eels from infection of E. anguillarum and V. vulnifi-
cus, we vaccinated eels with an expressed fusion of two OMPs that
includes both OmpA (E. anguillarum) and OmpU (V. vulnificus). The
immunogenicity of our vaccine preparation and its effectiveness
with respect to protection of Japanese eels against ip challenge with
these two bacteria was demonstrated via live bacterial challenge
post vaccination. This work is unique and advances the field of aqua-
culture vaccination as a means of protection against economically

damaging common pathogens.

2 | MATERIALS AND METHODS

2.1 | Fish, bacteria strains, and plasmid

Healthy Japanese eels (A. japonica) with a mean body mass of 50 g
were obtained from Fugin, China. The fish were randomly assigned

into three groups of 60 fish and maintained in 1,000-L tanks. Fish
were allowed to adapt to experimental conditions (aerated, 26°C) for
7 days before immunization. Fish were fed with pellets (Tianma Feed
Co., Ltd. in China) daily, fish feces and feed remnants were removed
within 3 hr of feeding.

Pathogenic of E. anguillarum B79 isolated from the kidney of
infected eels with ulcers (Guo et al.,, 2013) and V. vulnificus B88
isolated from the infected liver (Guo et al., 2015) were used in this
study. The bacterial strains were stored at =70°C in saline containing
20% glycerol. The TA Cloning Vector pMD™19-T (Simple) was ob-
tained from TaKaRa Biotechnology Dalian Co., Ltd. (China), and the
reformed expression vector pGex-2T-His was obtained from “Third
Ocean Research Institute of the State Oceanic Administration” and
adding six-His tag to the C terminal end of the plasmid, and the re-

striction endonuclease of BamHI was substitute by Sall.

2.2 | Preparation of FKC of E. anguillarum and
V. vulnificus

Edwardsiella anguillarum and V. vulnificus were incubated in Tryptone
soya broth (TSB) at 28°C for 24 hr. The bacterial cells were harvested
by centrifugation at 5,000x g for 10 min. After washing 3 times with
PBS (10 mmol/L, pH 7.4, NaCl 8 g; KCI 0.2 g; Na,HPO,e12H,0
3.63 g; KH,PO, 0.24 g; H,0 1,000 ml), the bacterial cells were re-
suspended in PBS to a concentration of 1.0 x 107 cfu/ml. Cells were
inactivated by the addition of formaldehyde 0.4% (v/v), followed by
incubation at 28°C for 24 hr. The inactivation of FKC was confirmed

by plating method.

2.3 | Construction of the expressed vector of
pGex-2T-OmpU-OmpA-His

DNA was extracted from fresh overnight culture of V. vulnificus and
E. anguillarum using a conventional phenol-chloroform DNA extrac-
tion method (Mata et al., 2004). DNA purity was confirmed by aga-
rose gel electrophoresis. The extracted DNA was used as a template
to amplify the OmpU and OmpA from V. vulnificus and E. anguillarum,
respectively. The forward primers used to amplify OmpU and OmpA
gene were F1 (5’ACT AAC CCATCATGG AACTTT GG3') and F2 (5’
ACA CCT ATC ATT AGG GCG TGC3'), respectively, and the reverse
primers were R1 (5’AGC TCG ATG TGA AAA GTG AAG CG 3') and
R2 (5" GAA CTC GGC GTG AGA CAG A 3'), respectively. The ampli-
fication protocol for OmpU and OmpA were referenced as Guo et al
(2015).

Primers to amplify a 657-bp DNA fragment of OmpU of V. vulnifi-
cus (307-963 bp, GenBank accession number: KY072957, 1,023 bp)
were F3 (5" CCG GAA TTC TAC GCA GGT CTA GGC GGC AAGT 3/,
adding a 6-bp restriction site for EcoRIl and a 3-bp protective base
at the 5" end) and R3 (5’ACC CGA GCC ACC ACC GCC CGA GCC
TAT ACG AGC GTA GCC AGC ACC GCC AAC T 3', adding a 21-bp
DNA adapter and a 9-bp protective base at the 5’ end). Primers for
amplification of a 687 bp fragment of OmpA from E. anguillarum
(364-1,050 bp, GenBank accession number: KY072958, 1,056 bp)


info:ddbj-embl-genbank/KY072957
info:ddbj-embl-genbank/KY072958
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were F4 (5" TCG GGC GGT GGC GGC TCG GGT GGC GGATCA GTA
TGG CGT TCT GAT ATC CAC GG 3', adding a 21-bp DNA adapter
and 9-bp protective base at the 5’ end) and R4 (5" CGC GTC GAC
CTG CGG CTGAGAAACTTCTTCTT, adding a 6-bp restriction site
for Sall and a 3-bp protective base at the 5 end).

The 696 bp (657 + 2149 + 6+3 = 696) OmpU fragment from
V. vulnificus was ligated with the 726 bp (687 + 21+9 + 6+3 = 726)
OmpA fragment from E. anguillarum, and cloned into the pMD19-T
vector, both the pMD19-T vector (containing the ligated 1,401 bp
[696 + 726-21 = 1,401] OmpU-OmpA DNA sequence) and the plas-
mid vector pGex-2T-His were simultaneously digested by EcoRI and
Sall. The fusion OmpA-OmpU DNA fragment and the linearized ex-
pression plasmid were gel purified with a gel extract kit (Qiagen) and
subsequently ligated with T4 DNA ligase (a molar ratio of 4:1) at 4°C
for 12 hr. The sequence of the pGex-2T-OmpU-OmpA-His plasmid
was confirmed through enzyme digestion, colony PCR, and subse-
quent DNA sequencing (Invitrogen).

2.4 | Expression, purification, and theoretical
immunogenicity analysis

The summary of the preparation of the rOMP was given as fol-
lows: the pGex-2T-OmpU-OmpA-His plasmid was transformed into
E. coli BL21 for expression (DE3, Novagen), as described by Guo et
al (2015). The rOMP was purified using Ni?*-NTA resin, followed by
renaturation and lyophilization. SDS-PAGE gel electrophoresis was
used to determine the purity and the molecular mass of the lyophi-
lized protein. Prior to SDS-PAGE analysis, the lyophilized rOMP was
resuspended in PBS (10 mmol/L, pH 7.4) in a final concentration of
1 mg/ml rOMP. The theoretical antigen epitops of the rOMP were
predicted by Jameson-Wolf method (1988) of the Protean program
using DNAstar software (Ahmad, Eweida, & Sheweita, 2016).

2.5 | Vaccination and sampling

One mg/ml rOMP, 1.0 x 10 cfu/ml FKC (50/50 mix of the two
bacterial strains) and sterile PBS were mixed with the same vol-
ume of Freund’s incomplete adjuvant, respectively. Fish in each
treatment group were immunized by intraperitoneal (i.p.) injec-
tion with 0.2 ml recombinant protein (OMP group), 5.0 x 108 cfu/
ml FKC (FKC Group), and PBS (Control group). At 14, 21, 28, and
42 days post immunization (dpi), five eels from each group were
sampled at random and euthanized with a lethal dose of Eugenol
(10 ppm). Samples of blood, liver, kidney, and skin mucus were ob-
tained from each fish by aseptic techniques (Esteve-Gassent et al.,
2003). Each blood sample was collected in two centrifuge tubes.
One tube containing 10 pl heparin (1 iu/pl)was used to collect
blood cells; another tube was used to collect serum for determi-
nation of antibody titers and lysozyme activity (Guo et al., 2014).
Samples of skin mucus, kidney, and liver tissue (100 mg/sample)
were homogenized in 0.5 ml of PBS (10 mmol/L, pH 7.4), centri-
fuged at 10,000 g for 15 min. The final supernatant was collected
for determination of lysozyme activity.
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2.6 | Bacterial challenge and determination of
relative percent survival (RPS)

Twenty fish from each group were intraperitoneal injection with
0.2ml of either 2.0 x 10°cfu/ml of E.anguillarum (10 fish) or
6.0 x 108 cfu/ml of V. vulnificus (10 fish) on 28 dpi and then main-
tained in six tanks at 26°C. The cumulative mortality of the eels (%)
was recorded daily for 14 days. The RPS rate of groups OMP and FKC
was calculated as: RPS = (1 - mortality of vaccinated group + mor-
tality of control group) x 100% (Amend, 1981).

2.7 | Proliferation assay of whole blood cells

The WBC suspension was prepared as previously described (Guo et
al., 2015). For each sample, 200 ul of WBC suspension was distrib-
uted into 4 wells (50 ul/well), two of these wells received 50 ul of
culture solution A (containing 100 ug/ml ConA) and the other two
received 50 pl of culture solution B (added no ConA). After incubat-
ing at 25°C for 66 hr, 15 pl of MTT (5 mg/ml, dissolving 0.1 g of 3-
(4, 5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide [MTT,
Biomal] in 20 ml of 10-mmol/L PBS [pH = 7.4]) was added to each
well, and then incubated at 25°C for 4 hr, centrifuged at 2,500 g for
15 min and discarded the supernatant. To each well, 200 ul of DMSO
(dimethylsulfoxide, Sigma) was then added with sufficient mixing.
The plate was read with a microplate reader (Synergy™ HT, BIO-TEK)
at 570 nm. The value of the stimulation index (Sl) of each sample was
calculated as: Sl = (optical density of one sample with ConA + optical

density of one sample without ConA) - 1 (Guo et al., 2015).

2.8 | Determination of antibody titer

The antibody titer against different antigens of five fish collected
from each group at 14, 21, 28, and 42 dpi were assayed by ELISA. In
short, 96-well plates were coated with either purified recombinant
proteins (OmpA and OmpU) for the OMP group or a boiled suspen-
sion of E. anguillarum and V. vulnificus (1.0 x 102 cfu/ml) for the FKC
and PBS groups (Mao, Yu, You, Wei, & Liu, 2007). Twofold serial dilu-
tions of the sera were added to duplicate wells of the plates with the
first dilution of 1:16. Antibodies binding to the antigen were detected
using rabbit-anti-eel polyclonal antibody (1:400 dilution), followed
by goat-anti-rabbit 1gG conjugated with horse-radish peroxidase
(HRP, Thermo, 1:2000 dilution). Color development was facilitated
by the addition of O-phenylenediamine (OPD, Sigma) for 10 min and
followed by deactivation with 2.0 mol/L H,SO,,. Plates were read on
a microplate reader (Synergy™ HT) at 492 nm. The Log2 was used to
convert the value of the serum titer. Five fish were bled prior to im-

munization to obtain sera for use as a negative control.

2.9 | Determination of the lysozyme activity

The lysozyme activities in the liver, skin mucus, serum, and kidney
were examined following the manufacture’s recommended procedure
for the Lysozyme Activity Kit (Nanjin Jianchen Ltd.; Guo et al., 2013).
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FIGURE 1 Amplified and combined of partial sequences of OmpU and OmpA. (a) The full-length gene sequences of OmpU (lane 1) and
OmpA (lane 2). (b) The partial gene sequences of 696 bp OmpU (lane 3) and 726 bp OmpA (lane 4). (c) The ligation fragment (lane 5) of OmpU-
OmpA. (d) The digestion fragment (digested by EcoR | and Sal |) of the ligated OmpU-OmpA gene after it cloned into pMD19-T vector (lane 6).

(e) The digested pGex-2T-His vector (lane 7). M: DNA Marker

2.10 | Statistical analysis

Data are shown as the means + SE Statistical analysis was conducted
using SPSS 13.0 software for windows 7. The significance (p < 0.01
or <0.05) is measured by ANOVA (Duncan method). The RPS be-
tween samples of different groups at each time point post immuniza-
tion were analyzed using 42 test (chi-square).

3 | RESULTS

3.1 | Construction of the expressed vector

The full-length gene sequences of OmpU and OmpA were successfully
amplified from the genomic DNA of V. vulnificus B88 and E. anguillarum
B79 (Figure 1a, lane 1 and 2). The partial gene sequences of OmpU
(696 bp) and OmpA (726 bp) were successfully amplified from the puri-
fied PCR products of the full-length gene sequences (Figure 1b, lane
3 and 4). The two partial sequences were ligated through the DNA
adapter (Figure 1c, lane 5) and cloned onto the pMD19-T vector. The
ligated OmpU-OmpA gene was cut from the pMD19-T vector by EcoR
| and Sal | (Figure 1d, lane 6), and cloned into the pGex-2T-His vector
(Figure 1e, lane 7), resulting in the new recombinant pGex-2T-OmpU-
OmpA-His plasmid. The restriction enzyme digest, colony PCR assay,
and DNA sequencing results showed that the expression plasmid
pGex-2T-OmpU-OmpA-His was successfully constructed.

3.2 | Expression, purification, and immunogenicity
analysis of the rOMP

The expression plasmid pGex-2T-OmpU-OmpA-His was trans-
formed into E.coli (BL21, DE3), and the recombinant protein of
OmpU-OmpA was successfully expressed. The lysis of the ex-

pressed cells of E. coli resulted in the acquisition of rOMP (Figure 2:

lane 1). Through the process of balance, adsorption, and elution, the
rOMP was purified using NiZ*-NTA agarose resin. After a sonication
process of the expressed cells, this purified rOMP was renatured
and then lyophilized. Purification of the lyophilized protein was as-
certained using the SDS-PAGE gel electrophoresis (Figure 2: lane 2),
and the molecular mass of the rOMP was determined as 77.6 kD.
Immunogenicity prediction of the rOMP by the Jomeson-Wolf
method showed that approximately 98% of the antigen was greater
than the critical value of 0, indicating that the recombinant protein
has good immunogenicity. According to its main peaks, it could be
inferred that the protein had at least 15 strong epitopes (Figure 3).

3.3 | RPSrate

After infection by V. vulnificus on 28 dpi, the mortality rate in the
OMP, FKC, and PBS groups was 0%, 10%, and 50%, respectively,
and the RPS rate of the OMP and FKC groups, in comparison to the
PBS group, were 100% and 80%. Based on the results of a chi-square
test, the survival rate in the OMP group was found to be significantly
higher than that in the PBS group (p < 0.05) in the period between 5
and 14 dpc (Figure 4a). The infection of counterpart A. japonica with
E. anguillarum showed a similar result, the mortality of 10%, 30%, and
60% were recorded for OMP, FKC, and PBS groups, respectively. The
corresponding RPS of the OMP and FKC groups infected by E. anguil-
larum were 83% and 50%, which were lower than those of V. vulnificus
infection. The survival rate in the OMP group was significantly higher
(p < 0.05) than that of the PBS group from 12 to 14 dpc (Figure 4b).

3.4 | Proliferation of the whole blood cells

At 14 dpi, proliferation of whole blood cells in the two test groups
was a little higher (p > 0.05) than that in the PBS control group. The
average Sl in WBC of eels in three groups kept at the same level at
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21 and 42 dpi although the SI was lower at 42 dpi. Significant dif-
ferences (**p < 0.01) were found between fish in the PBS and FKC
groups and between the two treatment groups (##p < 0.01) at 28 dpi
(Figure 5).

3.5 | Antibody titers in response to the
immunization with rOMP

When compared to the control group, the immunized groups
showed higher antibody responses (**p < 0.01 or p < 0.05; Figure 6)
at 14, 21, 28, and 42 dpi. However, antibody titers in the rOMP and
FKC groups did not display any significant changes except at 42 dpi
(**p < 0.01). Within the period of 14-28 dpi, the log 2 titers of the
eels in two immunized groups reached above 6.0, which was higher
than those of the PBS group. Serum titers in the OMP group showed
an increase in the period between 14 and 42 dpi, while in the FKC
group, they showed a decrease in the period from 28 to 42 dpi. The
difference was not prominent in the PBS group, although it increased
during the period between 28 and 42 dpi.

3.6 | Lysozyme activity of serum, skin mucus,
liver, and kidney

Figure 7 shows the values of lysozyme activity found in serum, skin

mucus, and liver and kidney lysates of vaccinated eels during the

/

OS%ak  @Antigenic Index - Jameson-Wolf

period of experimentation. The lysozyme activities in the serum
of eels in the FKC group were observed to be significantly lower
(*p < 0.05) than those of the control group at 14 dpi. Lysozyme activ-
ity in serum showed a definite increase (*p < 0.05) upon treatment
with rOMP when compared to the other two groups at 21 dpi. At 28
and 42 dpi, lysozyme activities in the three groups exhibited a similar
decrease (Figure 7a). Skin mucus from the three groups showed the
same level of lysozyme activity between 14 and 42 dpi, except for
the considerable difference(p < 0.05) between the OMP group and
the other two groups at 21 dpi (Figure 7b). The lysozyme activities in
the liver of the FKC group were higher (p < 0.01) than other groups
at 21 dpi. There were also considerable differences between the
OMP and control group (p < 0.01) and between the FKC and control
group (p < 0.05) at 28 dpi (Figure 7c). In terms of the lysozyme activi-
ties in the kidney, the FKC group (p < 0.01) and OMP group showed
a considerable growth at 14 and 28 dpi, respectively, compared with
the control group, while important differences (p < 0.01) were ob-
served between the two immunized groups at 28 dpi(Figure 7d).

4 | DISCUSSION

It was noted that the OMPs of Gram-negative pathogenic bacteria
play an important role in bacterial interaction with the hosts and in

bacterial virulence during attachment and parasitism (Liu et al., 2012;
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Mathur & Waldor, 2004). The pathogens have protective antigenic-
ity to combat the host’s immunological defense system, which eas-
ily recognizes the components of the OMPs as a foreign substance
(Seltmann & Holst, 2013). It has been confirmed that OmpU of
V. vulnificus elicited protective antibodies in a murine model (Duan,
2016; Jung, Park, & Heo, 2005) and the immunogenicity of the iso-
lated OmpU of V. vulnificus has been proven by Western blotting
(Li et al., 2013). In Japanese eel, the study of Duan (2016) showed
that the relative percent survival (RPS) of OmpU versus control
group after challenged by V. vulnificus on 28 dpi was 80%; however
when challenged by E. anguillarum, hardly no cross-protective ef-
fect was observed. OmpA, an OMP of E. tarda, also had an effective

1d 2d 3d 4d 5d 6d 7d 8d 9d 10d 11d 12d 13d 14d
Day of post challenge of E. anguillarum

AR EE R significant difference at p < 0.05 between

rOMP and PBS control group at one time
point post immunization

immunogenicity and protective abilities in immunized fish (Kawai et
al., 2004; Duan, 2016; Kumar et al. 2007). The study of Duan (2016)
also showed that the relative percent survival (RPS) of OmpA versus
control group after challenged by E. anguillarum on 28 dpi was 77.7%
in Japanese eels; however, when challenged by V. vulnificus, hardly
no cross-protective effect was observed.

The genus Edwardsiella was composed by three species E. tarda,
E. hoshinae, and E. ictaluri before 2013 (Abayneh, Colquhoun, &
Sgrum, 2012). Some strains of E. piscicida pathogenic to fish, pre-
viously identified as E. tarda, was described in 2013 (Abayneh,
Colquhoun, & Sgrum, 2013), and a new species named E. anguilla-

rum, also previously identified as E. tarda, was isolated from diseased
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groups of immunized fish and group of PBS injected fish at

**p < 0.01 and between two immunized groups at ** p < 0.01

eel (Reichley et al, 2017). Until 2016, 13 strains of E. anguillarum iso-
lated from diseased eels in our study were first identified as E. tarda
(Duan, 2016; Hu, 2014), and then all 13 strains were identified as
E. anguillarum according to the method of Bujan et al. (2018).
Purification of a native OMP by routine methods is a lengthy
procedure associated with contamination (Su, Wan, Mohamed,
& Nathan, 2010). Expression of different OMPs, such as OmpU,
OmpA, Ompll, and OmpTS, may serve as protective antigens
against specific bacterial pathogens(Dabo, Confer, Montelongo,
York, & Wyckoff, 2008; Guan et al., 2011; Khushiramani, Girisha,
Karunasagar, & Karunasagar, 2007; Kumar et al., 2007), but the ad-
vantage of a combined OMP includes protection against two dis-
tinct pathogens as well as reducing the workload of heterologous
expression and purification. Generally, the two genes were not full-
length, but included only the DNA sequences encoding the outer
membrane domain. The DNA sequences encoding the transmem-
brane domain and the transmembrane signal region were removed,
as these domains cannot be exposed to immune system in eels (Hu,
2014). In this study, the expression vector pGex-2T-OmpU-OmpA-
His, which expresses a new OMP consisting of partial OmpU-
OmpA was successfully constructed. After the expressed rOMP
was purified using the Ni,-NTA method, it was renatured (urea)
and lyophilized. This study was successful in purifying and express-
ing the rOMP, containing the OMPs of V. vulnificus (OmpU) and
E. anguillarum (OmpA), as well as revealing the molecular masses
(77.6 kD) of this rOMP using SDS-PAGE (Figure 2). While there are
some studies on differently expressed Omps or harvested natural
Omps from bacterial pathogens found to have good immunogenic-
ity (Kumar et al., 2007; Yan, Shan, Chen, & Xie, 2012), there are
hardly any studies on the vaccination properties of an expressed

rOMP from the pathogens V. vulnificus and E. anguillarum. Hence,
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FIGURE 6 Log2 of serum antigen-specific antibody responses
in immunized eels by ELISA. Data (the mean of OD,,,, .. readings)
are presented as means + SE (n = 5). Significant differences were
found between groups of immunized fish and group of PBS injected
fish at **p < 0.01 and *p < 0.05, and between two treating groups at
##p < 0.01

this study contributes to the analysis of the immunity generated by
the fusion rOMP.

It was found that the antibody response and lysozyme activity
were stimulated during the defense induced by vaccination with
rOMP. The results were similar in the case of E. tarda and V. vulnifi-
cus despite being immunized separately with differently expressed
individual OMPs (Kawai et al., 2004; Kumar et al., 2007; Tang et al.,
2010; Tian et al., 2010; Yan et al., 2012). OmpU was found to be one
of the most important porins in V. cholerae and had also been proved
to be an effective protective antigen for vaccine development (He
et al., 2018; Mathur & Waldor, 2004; Wibbenmeyer, Provenzano,
Landry, Klose, & Delcour, 2002). In the case of OmpA in E. tarda,
vaccination of rainbow trout was also shown to be a good antigen
(Maiti, Shetty, Shekar, Karunasagar, & Karunasagar, 2011).

Compared with the expression and purification of a single OMP
in the above-mentioned studies, the expression and purification of
two OMPs required more manpower and material resources. As
an alternative to the purification and expression of two individual
OMPs, we constructed an expression vector that expressed two
OMPs together. This finding provided evidence to the fact that the
fusion rOMP in our study did not bring change in the immunogenic
potency and that it stimulated a good immune response.

After infection by V. vulnificus, one eel from FKC group, and five
eels from PBS group died, while the infection of E. anguillarum re-
sulted in 3, 6, and 1 eel from FKC, PBS, and OMP groups, respec-
tively (Figure 4). Pathogens were isolated from the injection site and
the lesions in the liver and kidney. Previous studies found the RPS
rates of the challenge of A. hydrophila and E. anguillarum to be 50%
and 37.5%, respectively, in American eels 28 day post the immuni-
zation by a rOMP from Ompll of A. hydrophila and OmpS2 of E. an-
guillarum (Guo et al., 2013). In the case of infection by A. hydrophila
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or V. vulnificus, there was a 50% RPS after immunization by a rOMP
from either A. hydrophila or V. vulnificus in American eels (Guo et al.,
2015). Vaccination with rOMP resulted in 100% and 83% RPS of
Japanese eels in the case of V. vulnificus and E. anguillarum, respec-
tively. Except for the different eels, an equal concentration of incom-
plete Freund’s adjuvant was administered to the three groups of fish
in this study, but no adjuvant was added in the PBS and FKC groups
in the studies referred to in Guo et al. (2015, 2013 ). However, it is
important to note that the dose of pathogens was five times greater
in those two previous studies than it was in this study. Therefore,
it can be presumed that a lower dose of pathogens results in a high
RPS rate.

Proliferation of eel whole blood cells resulted with a little wide
range of stimulation index (Sl), and it had previously been reported
in European eels (Guo, Yang, Feng, Duan, & Zhao, 2016). ConAisa T
lymphocyte stimulator, and lymphocytes should usually be isolated
for this study, but it had been found that ConA specifically stimu-
late T lymphocyte proliferation in the culture of whole blood cells.

Our previous studies found that some of the eel’s lymphocytes were

difficult to isolate, and the proliferation of lymphocytes could be
measured by whole blood culture (Guo & Guan, 2009). At 14 day
post vaccination, proliferation of whole blood cells in the two ex-
perimental groups was higher than that of the PBS group, but the SI
in the eels of the FKC group was significantly higher (p < 0.01) than
that of the other two groups 28 day post immunization (Figure 5).
Other studies on the immunogenicity of the OMP showed that the
proliferation of whole blood cells in the OMP group was significantly
higher than that in the PBS control group, probably because of the
absence of Freund’s adjuvant in the control group (Guo et al., 2015,
2013 ). As the incomplete Freund’s adjuvant usually improves cellu-
lar immunity in animals; the different results between our and previ-
ous studies are probably due to the inclusion of incomplete Freund'’s
adjuvant.

In this study, significant antibody titers were detected in eels of
OMP and FKC groups with a maximum at 28 and 42 day post vacci-
nation(Figure 6). The results were optimal for eels in the OMP group
during the experimental period, and antibody titers in this group

seemed to be increased by 42 day. Additionally, antibody levels in
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the FKC group decreased and were significantly lower than those
of the OMP group at 42 day, indicating that the immunogenicity of
OMP was probably better than FKC (Guo et al., 2015; Khushiramani
et al., 2007). It was worth mentioning that the RPS rates were in ac-
cordance with the antibody titers at 28 day post immunization, indi-
cating the level of antibody titers was positively correlated with the
protective effect in the eels in the FKC and rOMP groups. Standard
errors pertaining to the titers of the control antibody in the PBS
group between 14 and 42 days varied, perhaps resulting from the
different breeds among the eel population used in this study. This
phenomenon is common in the American eel (Guo et al., 2015) and
the large yellow croaker (Mao et al., 2007). In our previous study,
antibody titers were also significant at 14 day post immunization be-
tween the PBS and rOMP groups of A. hydrophila and E. anguillarum
and between the PBS and rOMP groups of A. hydrophila and V. vul-
nificus (Guo et al., 2015, 2013 ). The difference was probably due
to the different rOMP constructed between the previous (OmpS2
of E. anguillarum) and the present study (OmpA of E. anguillarum).
Interestingly, when coating rOMP as antigen in the ELISA assay,
hardly no anti-rOMP antibody was detected in the serum of eels
immunized FKC, but when coating boiled suspension of E. anguil-
larum and V. vulnificus, titers of anti-E. anguillarum and V. vulnificus
antibody in the OMP group was the same as coating the rOMP (data
not shown in this study). Reasons of no anti-rOMP antibody in eels
immunized FKC probably due to the competition of complex anti-
gens in the bacterial cells.

There are differences between the nonspecific phagocytosis
of granulocytes and the specific phagocytosis mediated by anti-
bodies. Lysozyme activity may differ between the control and the
FKC groups since the bacteria ghosts also stimulate the release
of lysozyme through granulocytes, but the stimulation is possible
weakened by the presence of adjuvants. OMP itself can not stimu-
late the production of lysozyme in granulocytes, but it is worth to
detect whether it enhances the stimulation of adjuvant to granu-
locytes when the OMP is fully mixed with the adjuvant. Lysozyme
activity in this study was found to be higher in the two vaccinated
groups than in the control group (Figure 7). The highest lysozyme
activity was observed in the samples prepared from kidney, fol-
lowed by the serum, liver, and skin mucus, indicating that the role of
kidney is crucial in the nonspecific immunity (Kawahara & Kusuda,
1988). The increase of lysozyme activity was observed in the two
treated groups at 21 and 28 days with respect to the four tissues,
and decreased at 42 days (Figure 5), demonstrating the possible re-
striction stimulated by vaccination in the later period. Interestingly,
the RPS rates also corresponded with lysozyme activity in the liver
and kidney at 28 day post immunization. The high lysozyme activity
in the liver and kidney at 28 day post immunization would enhance
the antibacterial capacity, providing good protective effects in eels
in the FKC and rOMP groups. At 42 days, the three groups showed
the same level of lysozyme activity, indicating the significant role
of rOMP and FKC at the early stages in the production of lyso-
zyme in eels. Lysozyme activity in the skin mucus stayed constant
in the three groups except on 21 days, which was in accordance
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with previous studies (Guo et al., 2015, 2013 ). Significant differ-
ences in lysozyme activities between the two treated groups in eels
could probably be attributed both to the immunized antigens and
Freund’s adjuvant (Ackerman, lwama, & Thornton, 2000; Esteve-
Gassent et al., 2004).

5 | CONCLUDING REMARKS

Our results confirmed the immunization with the recombinant fu-
sion protein (OmpU of V. vulnificus and OmpA of E. anguillarum), with
the aid of a singular antigen stimulates a defensive mechanism of re-
sistance to the two pathogens in Japanese eels (A. japonica). The im-
munity was the result of higher levels of specific antibodies in serum
and lysozyme activity in the kidney and liver. To develop effective
vaccines against V. vulnificus and E. anguillarum, immunogenic OMPs
from these bacterial pathogens should be given more attention, es-
pecially on the recombinant protective antigens of fusion OMPs of
two or more pathogens. In this study, the rOMP is more effective
than the bivalent FKC vaccine. However, the efficacy of the FKC vac-
cine would be limited if the serotype of the pathogen changed (Mao,
Lou, Wu, & Nan, 2003). Since different serotypes of the pathogens
generally have the same OMP gene sequence, protective subunit
vaccines generated from the fusion of two or more OMPs are in
need of further study to ensure both the efficacy and economy of

vaccination in aquaculture.

ACKNOWLEDGMENTS

This work has been financed by National Natural Science Foundation
of China (No. 31001136) and partly financed by National Natural
Science Foundation of China (No. 31272685) and Fujian province
(No. 2015J01143), and Regional development project of science and
Technology Department of Fujian Province (No. 2016N3002).

CONFLICT OF INTEREST

The authors declare no financial or commercial conflict of interest.

AUTHORS CONTRIBUTION

Guo and Yan conceived the project, contributed to analysis and inter-
pretation of data and participated in draft preparation and wrote the
manuscript. Guo, Hu, Feng, Lin and He performed experiments. Guo
and Hu prepared the figures and wrote materials and methods sec-

tion. All authors discussed and proofread the work and manuscript.

ETHICS STATEMENT

We state that eels used in our study were cultured under protocols
approved by the Jimei University Animal Care Committee (2011-59)
and all experiments complied with the current laws of China and in-
ternational organizations for the use of experimental animals.



GUO ET AL.

MWI L EY_MicrobiologyOpen

Open Access,

DATA ACCESSIBILITY

All data associated with the article have been included in this

manuscript.

ORCID

Qingpi Yan http://orcid.org/0000-0001-8698-3121
REFERENCES

Abayneh, T., Colquhoun, D. J.,, & Sgrum, H. (2012). Multi-locus se-
quence analysis (MLSA) of Edwardsiella tarda isolates from fish.
Veterinary Microbiology, 158, 367-375. https://doi.org/10.1016/j.
vetmic.2012.03.006

Abayneh, T., Colquhoun, D. J., & Sgrum, H. (2013). Edwardsiella pisci-
cida sp. nov., a novel species pathogenic to fish. Journal of Applied
Microbiology, 114, 644-654.

Ackerman, P. A., lwama, G. K., & Thornton, J. C. (2000). Physiological
and immunological effects of adjuvanted Aeromonas salmonicida vac-
cines on juvenile rainbow trout. Journal of Aquatic Animal Health, 12,
157-164.

Ahmad, T. A., Eweida, A. E., & Sheweita, S. A. (2016). B-cell epitope map-
ping for the design of vaccines and effective diagnostics. Trials in
Vaccinology, 5, 71-83. https://doi.org/10.1016/j.trivac.2016.04.003

Amend, D. F. (1981). Potency testing of fish vaccines. Fish Biologics:
Serodiagnostics and Vaccines, 49, 447-454.

Bastardo, A., Ravelo, C., Castro, N., Calheiros, J., & Romalde, J. L. (2012).
Effectiveness of bivalent vaccines against Aeromonas hydrophila and
Lactococcus garvieae infections in rainbow trout Oncorhynchus my-
kiss (Walbaum). Fish & Shellfish Inmunology, 32, 756-761. https://doi.
org/10.1016/j.fsi.2012.01.028

Bujan, N., Mohammed, H., Balboa, S., Romalde, J. L., Toranzo,
A. E., Arias, C. R.,, & Magarifios, B. (2018). Genetic studies to
re-affiliate Edwardsiella tarda fish isolates to Edwardsiella pi-
scicida and Edwardsiella anguillarum species. Systematic and
Applied Microbiology, 41(1), 30-37. https://doi.org/10.1016/j.
syapm.2017.09.004

Cheng, Z. X., Chu, X., Wang, S. N., Peng, X. X., & Li, H. (2018). Six
genes of ompa family shuffling for development of polyvalent
vaccines against Vibrio alginolyticus and Edwardsiella tarda. Fish
& Shellfish Immunology, 75, 308-315. https://doi.org/10.1016/j.
fsi.2018.02.022

Dabo, S. M., Confer, A., Montelongo, M., York, P., & Wyckoff, J. H. 3rd
(2008). Vaccination with Pasteurella multocida recombinant OmpA
induces strong but non-protective and deleterious Th2-type immune
response in mice. Vaccine, 26, 4345-4351. https://doi.org/10.1016/j.
vaccine.2008.06.029

Duan, L. H., JianJun, F., Peng, L., SonglLin, G., Le, H., & YiQun, X.
(2018). Evaluation of an outer membrane protein as a vaccine
against Edwardsiella anguillarum in Japanese eels (Anguilla ja-
ponica). Aquaculture, 498, 143-150. https://doi.org/10.1016/j.
aquaculture.2018.08.012

Duan, L. H. (2016).Expression and immunogenicity research of outer mem-
brane proteins of Vibrio vulnificus and Edwardsiella tarda (pp. 35-57).
MD thesis, JiMei University, XiaMen.

Esteve-Gassent, M., Fouz, B., & Amaro, C. (2004). Efficacy of a bivalent
vaccine against eel diseases caused by Vibrio vulnificus after its ad-
ministration by four different routes. Fish & Shellfish Inmunology, 16,
93-105. https://doi.org/10.1016/s1050-4648(03)00036-6

Esteve-Gassent, M., Nielsen, M., & Amaro, C. (2003). The kinetics of
antibody production in mucus and serum of European eel (Anguilla
anguilla L.) after vaccination against Vibrio vulnificus: Development

of a new method for antibody quantification in skin mucus.
Fish & Shellfish Immunology, 15, 51-61. https://doi.org/10.1016/
$1050-4648(02)00138-9

Griffin, M. J., Quiniou, S. M., Cody, T., Tabuchi, M., Ware, C., Cipriano,
R. C,, ... Soto, E. (2013). Comparative analysis of Edwardsiella, iso-
lates from fish in the eastern united states identifies two distinct ge-
netic taxa amongst organisms phenotypically classified as E. tarda.
Veterinary Microbiology, 165, 358-372. https://doi.org/10.1016/j.
vetmic.2013.03.027

Guan, R., Xiong, J., Huang, W., & Guo, S. (2011). Enhancement of protec-
tive immunity in European eel (Anguilla anguilla) against Aeromonas
hydrophila and Aeromonas sobria by a recombinant Aeromonas outer
membrane protein. Acta Biochimica Et Biophysica Sinica, 43, 79-88.
https://doi.org/10.1093/abbs/gmq115

Guo, S. L., Feng, J. J., Yang, Q. H,, Guan, R. Z., Wang, Y., & Lu, P. P. (2014).
Immune effects of bathing European eels in live pathogenic bacteria,
Aeromonas hydrophila. Aquaculture Research, 45, 913-921.

Guo, S. L., & Guan, R. Z. (2009). Effect of Aeromonas hydrophila on the
cellularimmunology of different blood cells of American eel (Anguilla
rostrata). Journal of Huazhong Agricultural University, 28, 463-466
[China].

Guo, S. L., Lu, P. P, Feng, J. J., Zhao, J. P, Peng, L., & Duan, L. H. (2015).
A novel recombinant bivalent outer membrane protein of Vibrio vul-
nificus and Aeromonas hydrophila as a vaccine antigen of American eel
(Anguilla rostrata). Fish & Shellfish Inmunology, 43, 477-484. https://
doi.org/10.1016/j.fsi.2015.01.017

Guo, S. L., Wang, Y., Guan,R. Z,, Feng, J. J., Yang, Q. H., Lu, P. P, & Zhao,
J. P. (2013). Immune effects of a bivalent expressed outer mem-
brane protein to American eels (Anguilla rostrota). Fish & Shellfish
Immunology, 35, 213-220. https://doi.org/10.1016/j.fsi.2013.04.027

Guo, S. L, Yang, Q. H,, Feng, J. J,, Duan, L. H., & Zhao, J. P. (2016).
Phylogenetic analysis of the pathogenic genus Aeromonas spp. iso-
lated from diseased eels in china. Microb Pathogenesis, 101, 12-23.
https://doi.org/10.1016/j.micpath.2016.10.016

Guo, S. L. (2006). The pathogenic bacteria identification and correlative
immune studies in eels (pp. 20-24). PhD thesis, Chinese Academy of
Sciences,WuHan Institute of Hydrobiology, WuHan.

Haenen, O., Van Zanten, E., Jansen, R., Roozenburg, |., Engelsma, M., &
Dijkstra, A.(2014). Vibrio vulnificus outbreaks in Dutch eel farms since
1996: Strain diversity and impact. Diseases of Aquatic Organisms, 108,
201-209. https://doi.org/10.3354/dao02703

He, L., Duan, L. H., Feng, J. J., Peng, L, & SonglLin, G. (2018).
Immunogenicity study of an expressed outer membrane protein
U of Vibrio vulnificus in Japanese eel (Anguilla japonica). Journal of
Applied Microbiology. [Epub ahead of print] https://doi.org/10.1111/
jam.14068

Hu, L. L. (2014). Construction of the bivalent expression vector of outer
membrane protein of Vibrio vulnificus and Edwardsiellatarda and expres-
sion, purification and immunogenicity study of the bivalent expressed
out membrane protein (pp. 28-37). MD thesis, JiMei Universitypp,
XiaMen.

Jameson, B. A., & Wolf, H. (1988). The antigenic index: a novel algorithm
for predicting antigenic determinants. Computer Applications in the
Biosciences Cabios, 4, 181-186.

Jheng, Y. H., Lee, L. H,, Ting, C. H., Pan, C. Y., Hui, C. F.,, & Chen, J. Y.
(2015). Zebrafish fed on recombinant artemia expressing epine-
cidin-1 exhibit increased survival and altered expression of immu-
nomodulatory genes upon Vibrio vulnificus infection. Fish & Shellfish
Immunology, 42, 1-15. https://doi.org/10.1016/j.fsi.2014.10.019

Jung, C., Park, M., & Heo, M. (2005). Immunization with major outer
membrane protein of Vibrio vulnificus elicits protective antibodies in
a murine model. The Journal of Microbioloy-Seoul, 43, 437-442.

Kawahara, I., & Kusuda, R. (1988). Properties of lysozyme activities in
cultured eel. Nippon Suisan Gakkaishi, 54, 965-968. https://doi.
org/10.2331/suisan.54.965


http://orcid.org/0000-0001-8698-3121
http://orcid.org/0000-0001-8698-3121
https://doi.org/10.1016/j.vetmic.2012.03.006
https://doi.org/10.1016/j.vetmic.2012.03.006
https://doi.org/10.1016/j.trivac.2016.04.003
https://doi.org/10.1016/j.fsi.2012.01.028
https://doi.org/10.1016/j.fsi.2012.01.028
https://doi.org/10.1016/j.syapm.2017.09.004
https://doi.org/10.1016/j.syapm.2017.09.004
https://doi.org/10.1016/j.fsi.2018.02.022
https://doi.org/10.1016/j.fsi.2018.02.022
https://doi.org/10.1016/j.vaccine.2008.06.029
https://doi.org/10.1016/j.vaccine.2008.06.029
https://doi.org/10.1016/j.aquaculture.2018.08.012
https://doi.org/10.1016/j.aquaculture.2018.08.012
https://doi.org/10.1016/s1050-4648(03)00036-6
https://doi.org/10.1016/S1050-4648(02)00138-9
https://doi.org/10.1016/S1050-4648(02)00138-9
https://doi.org/10.1016/j.vetmic.2013.03.027
https://doi.org/10.1016/j.vetmic.2013.03.027
https://doi.org/10.1093/abbs/gmq115
https://doi.org/10.1016/j.fsi.2015.01.017
https://doi.org/10.1016/j.fsi.2015.01.017
https://doi.org/10.1016/j.fsi.2013.04.027
https://doi.org/10.1016/j.micpath.2016.10.016
https://doi.org/10.3354/dao02703
https://doi.org/10.1111/jam.14068
https://doi.org/10.1111/jam.14068
https://doi.org/10.1016/j.fsi.2014.10.019
https://doi.org/10.2331/suisan.54.965
https://doi.org/10.2331/suisan.54.965

GUO ET AL.

Kawai, K., Liu, Y., Ohnishi, K., & Oshima, S. I. (2004). A conserved 37
kDa outer membrane protein of Edwardsiella tarda is an effective vac-
cine candidate. Vaccine, 22, 3411-3418. https://doi.org/10.1016/j.
vaccine.2004.02.026

Khushiramani, R., Girisha, S., Karunasagar, |., & Karunasagar, I. (2007).
Cloning and expression of an outer membrane protein ompTS of
Aeromonas hydrophila and study of immunogenicity in fish. Protein
Expression and Purification, 51, 303-307. https://doi.org/10.1016/j.
pep.2006.07.021

Kumar, G., Rathore, G., Sengupta, U., Singh, V., Kapoor, D., & Lakra, W.
(2007). Isolation and characterization of outer membrane proteins of
Edwardsiella tarda and its application in immunoassays. Aquaculture,
272, 98-104. https://doi.org/10.1016/j.aquaculture.2007.08.054

Lee, T. H., Kim, M. H,, Lee, C. S,, Lee, J. H., Rhee, J. H., & Chung, K. M.
(2014). Protection against Vibrio vulnificus infection by active and
passive immunization with the C-terminal region of the RtxA1l/
MARTX Vv protein. Vaccine, 32, 271-276. https://doi.org/10.1016/j.
vaccine.2013.11.019

Li, S. Y., Wu, W. W,, Li, P, Ke, L., Xu, B. F, Lin, C. T, ... Chen, X. (2013).
Gene cloning and expression of outer membrane protein OmpU of
Vibrio vulnificus. Fujian Journal of Agricultural Sciences, 28, 517-521.

Liu, Y. F, Yan, J. J, Lei, H. Y., Teng, C. H., Wang, M. C, Tseng, C. C., &
Wau, J. J. (2012). Loss of outer membrane protein C in Escherichia coli
contributes to both antibiotic resistance and escaping antibody-de-
pendent bactericidal activity. Infection and Immunity, 80, 1815-1822.
https://doi.org/10.1128/1A1.06395-11

Loessner, H., Endmann, A., Leschner, S., Bauer, H., Zelmer, A., zurLage,
S., ... Weiss, S. (2008). Improving live attenuated bacterial carriers for
vaccination and therapy. International Journal of Medical Microbiology,
298, 21-26. https://doi.org/10.1016/j.ijmm.2007.07.005

Maiti, B., Shetty, M., Shekar, M., Karunasagar, |., & Karunasagar, |. (2011).
Recombinant outer membrane protein A(OmpA) of Edwardsiella tarda,
a potential vaccine candidate for fish, common carp. Microbiological
Research, 167, 1-7. https://doi.org/10.1016/j.micres.2011.02.002

Mao, Z. J., Lou, D., Wu, X. F.,, Nan, T. L., & Chen, C. F. (2003). Relationship
between the serotype of Vibrio harveyi and the antigenicity of the
bacterins. Journal of Huazhong Agricultural University, 22, 588-590.

Mao, Z., Yu, L., You, Z., Wei, Y., & Liu, Y. (2007). Cloning, expression and
immunogenicty analysis of five outer membrane proteins of Vibrio
parahaemolyticus zj2003. Fish & Shellfish Immunology, 23, 567-575.
https://doi.org/10.1016/].fsi.2007.01.004

Mata, A. ., Gibello, A., Casamayor, A., Blanco, M. M., Dominguez, L., &
Fernandezgarayzabal, J. F. (2004). Multiplex pcr assay for detection
of bacterial pathogens associated with warm-water streptococcosis
in fish. Applied and Environmental Microbiology, 70(5), 3183-3187.
https://doi.org/10.1128/AEM.70.5.3183-3187.2004

Mathur, J., & Waldor, M. K. (2004). The Vibrio cholerae ToxR-regu-
lated porin OmpU confers resistance to antimicrobial peptides.
Infection and Immunity, 72, 3577-3583. https://doi.org/10.1128/
1A1.72.6.3577-3583.2004

MicrobiologyO _ | 11et11
icrobiologyOpen WILEY

Open Access,

Reichley, S. R., Ware, C., Steadman, J., Gaunt, P. S., Garcia, J. C., &
Lafrentz, B. R. (2017). Comparative phenotypic and genotypic anal-
ysis of Edwardsiella isolates from different hosts and geographic or-
igins, with emphasis on isolates formerly classified as E. tarda, and
evaluation of diagnostic methods. Journal of Clinical Microbiology,
55(12), 3466-3491.

Seltmann, G., & Holst, O. (2013). The bacterial cell wall. Berlin: Springer
Science & Business Media.

Shao, S., Lai, Q., Liu, Q., Wu, H., Xiao, J., Shao, Z., ... Zhang, Y. (2015).
Phylogenomics characterization of a highly virulent Edwadrsiella
strain ETO80813 encoding two distinct T3SS and three T6SS gene
clusters: Propose a novel species as Edwardsiella anguillarum sp. nov.
Systematic and Applied Microbiology, 38, 36-47.

Shoemaker, C. A., LaFrentz, B. R., & Klesius, P. H. (2011). Vaccination of
sex reversed hybrid tilapia (Oreochromisniloticusx O. aureus) with an
inactivated Vibrio vulnificus vaccine. Biologicals, 39, 424-429.

Su, Y. C., Wan, K. L., Mohamed, R., & Nathan, S. (2010). Immunization
with the recombinant Burkholderia pseudomallei outer membrane
protein Omp85 induces protective immunity in mice. Vaccine, 28,
5005-5011.

Tang, X., Zhan, W., Sheng, X., & Chi, H. (2010). Immune response of
Japanese flounder Paralichthys olivaceus to outer membrane pro-
tein of Edwardsiella tarda. Fish & Shellfish Immunology, 28, 333-343.
https://doi.org/10.1016/j.fsi.2009.11.015

Tian, D., Xu, B. F,, Lin, N. F,, Gong, H., & Lin, T. L. (2010). Outer mem-
brane proteins of Vibrio vulnificus induced protective immunity to the
European eels. Acta Hydrobiologica Sinica, 34, 431-435.

Tsao, C. H., Chen, C. C,, Tsai, S. J,, Li, C. R, Chao, W. N., Chan, K. S., ...
Lee, M. C. (2013). Seasonality, clinical types and prognostic factors
of Vibrio vulnificus infection. The Journal of Infection in Developing
Countries, 7, 533-540. https://doi.org/10.3855/jidc.3008

Wibbenmeyer, J. A., Provenzano, D., Landry, C. F., Klose, K. E., & Delcour,
A.H.(2002). Vibrio cholerae OmpU and OmpTporins are differentially
affected by bile. Infection and Immunity, 70, 121-126. https://doi.
org/10.1128/1A1.70.1.121-126.2002

Yan, M. C., Shan, L. Z., Chen, S. B, & Xie, Q. L. (2012). Effects of three
antigens extracted from Vibrio vulnificus on the immunological pro-
tection of Nibeaalbiflora. Zoological Research, 33, 503-509.

How to cite this article: Guo S, Hu L, Feng J, Lin P, He L, Yan Q.
Immunogenicity of a bivalent protein as a vaccine against
Edwardsiella anguillarum and Vibrio vulnificus in Japanese eel
(Anguilla japonica). MicrobiologyOpen. 2019;8:€766. https://doi.
org/10.1002/mbo3.766



https://doi.org/10.1016/j.vaccine.2004.02.026
https://doi.org/10.1016/j.vaccine.2004.02.026
https://doi.org/10.1016/j.pep.2006.07.021
https://doi.org/10.1016/j.pep.2006.07.021
https://doi.org/10.1016/j.aquaculture.2007.08.054
https://doi.org/10.1016/j.vaccine.2013.11.019
https://doi.org/10.1016/j.vaccine.2013.11.019
https://doi.org/10.1128/IAI.06395-11
https://doi.org/10.1016/j.ijmm.2007.07.005
https://doi.org/10.1016/j.micres.2011.02.002
https://doi.org/10.1016/j.fsi.2007.01.004
https://doi.org/10.1128/AEM.70.5.3183-3187.2004
https://doi.org/10.1128/IAI.72.6.3577-3583.2004
https://doi.org/10.1128/IAI.72.6.3577-3583.2004
https://doi.org/10.1016/j.fsi.2009.11.015
https://doi.org/10.3855/jidc.3008
https://doi.org/10.1128/IAI.70.1.121-126.2002
https://doi.org/10.1128/IAI.70.1.121-126.2002
https://doi.org/10.1002/mbo3.766
https://doi.org/10.1002/mbo3.766

