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ARTICLE INFO ABSTRACT

Surface display can expose foreign antigenic protein on the surface of the vaccine vector, which is promising
choice to elicit better immune responses. In this study, we apply this strategy to develop an immunoactivator by
using a live attenuated Vibrio harveyi as an antigenic protein carrier with surface displayed VP28, a major
envelope protein of white spot syndrome virus (WSSV), for two major pathogens of Litopenaeus vannamei. As a
result, the immunoactivator showed self-limited growth and attenuation of virulence in shrimp via different
inoculation routes either with single-repetitive dose or high dose. Moreover, either intramuscular injection or
oral administration of the immunoactivator did not affect growth of shrimp body weight or cause pathologic
changes. Additionally, the rapid immunoprotection was induced by the immunoactivator after administration
for one week with highly relative percent survival (RPS) more than 90% against both V. harveyi and WSSV. Until
4 weeks post administration, the immunoactivator still possessed efficient immune effect with no less than 60%
RPS for both pathogens. Totally, the attenuated V. harveyi surface displaying VP28 could be a potential im-
munoactivator for WSSV and vibriosis control in L. vannamei.
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1. Introduction

Litopenaeus vannamei is the dominant economic cultivated shrimp
species globally. Currently, China's production of this species has
reached more than 1 million tons. However, the threat of various dis-
eases is one of the biggest risk factors for healthy and sustainable de-
velopment in shrimp aquaculture worldwide. Among these diseases,
approximately 60% are viral diseases and 20% are bacterial diseases
[1]. White spot disease (WSD) caused by white spot syndrome virus
(WSSV) is the most serious viral disease threat to penaeid shrimp,
especially for L. vannamei in Asia, leading to a cumulative mortality up
to 100% within 3-10 days [2]. In addition, vibriosis mainly caused by
Vibrio harveyi, Vibrio parahamelyticus and Vibrio alginolyticus, is the most
prevalent bacterial disease in global shrimp farming [3-5].

Though shrimps lack adaptive immunity as that existed in verte-
brates and depend on innate immunity to combat various pathogenic

infections, the development of such a vaccination regimen based on
stimulating the shrimp immune response is still considered a promising
strategy against viral and bacterial diseases. Much approaches such as
inactivated vaccine, immunostimulant, DNA vaccine and dsRNA treat-
ment has been investigated to prevent WSSV and Vibrio respectively
[6-11]. However, prior to this work, there has been no report on de-
veloping polyvalent vaccines against both WSSV and Vibrio in shrimp.

As a major protein of WSSV, envelope protein VP28 (28 kDa) is
involved in the systemic infection of shrimp, of which acts as a viral
attachment protein to the shrimp cells and interacts with host cellular
proteins [12]. Heterologous recombinant VP28 prepared through var-
ious expression systems has been confirmed to be effective against
WSSV in L. vannamei and Litopenaeus monodon [13,14]. We wonder
whether a live attenuated vibrio strain can act as a vector to express the
recombinant protein VP28 and obtain immunoprotection against both
vibriosis and WSSV.
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Table 1
Strains and plasmids in this study.
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Strain or plasmid Genotype and characteristics

Source or Reference

V. harveyi strains

SDW715 Wild-type strain, shrimp pathogen This study
HTVhs-5306 (AaroA::Livp28) Amp', SDW715 in-frame deletion in aroA and vhsp, with fusion fragment LacZ-inp-vp28 insertion in AaroA. This study
E. coli strains
INPVP28 harboring pLivp28 This study
CC118 Apir Apir lysogen of CC118, A(ara-leu) araD AlacX74 galE galK phoA20 thi-1 rpsE rpoB argE(Am) recAl Sheng et al. (2013)
CC118-\pirAaroA::Livp28 CC118/Apir harboring pDM4AaroA::Livp28 This study
CC118-\pirAvhsp CC118/Apir harboring pDM4Avhsp This study
SM10 Apir Donor for bacterial conjugation; thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu, pirR6K, Km" Sheng et al. (2013)
SM10ApirAaroA::Livp28 SM10/Apir harboring pDM4AaroA::Livp28 This study
SM10ApirAvhsp SM10/Apir harboring pDM4Avhsp This study
Plasmids
pDM4 SacBR, suicide vector that contains an R6K origin of replication (pir requiring), Cm" Wang et al. (2003)
pDM4AaroA::Livp28 pDM4 containing truncated aroA region, Cm" This study
pDM4Avhsp pDM4 containing truncated vhsp region, Cm" This study
pLivp28 Amp', pUC18 derivative; containing lacZ-inp-vp28 fusion gene This study

Bacterial cell surface display, as a widely developed antigen de-
livery system, is an attractive approach for recombinant vaccines. So
far, bacteria and yeast have been successfully used for displaying a
variety of antigen proteins via fusion expression with various carrier
proteins (anchoring motifs) for vaccine development [15-17]. Ice nu-
cleation protein (INP), a successful carrier protein derived from Pseu-
domonas syringae, is considered to be a very efficient carrier, particu-
larly suitable for developing recombinant vaccines for human, animal
and aquatic products [18,19]. In this study, we have constructed an
antigen surface expression vector using INP. The VP28 gene was in-
serted into the surface display system and displayed on the surface of a
live attenuated V. harveyi strain. Then safety and efficacy of this im-
munoactivator for L. vannamei was evaluated to see whether it could be
an immunoactivator against both vibrio and WSSV through oral ad-
ministration.

2. Materials and methods
2.1. Bacteria strains and plasmids

Bacterial strains and plasmids used in this study are listed in
Table 1. Unless otherwise specified, both wild type V. harveyi SDW715
and HTVhs-5306 were grown on Luria Bertani (LB) mediums supple-
mented with 2% sodium chloride (LB20). Escherichia coli strains were
grown in LB. For all strains used in this study, ampicillin (100 mg/ml)
and chloramphenicol (20 mg/ml) were added as required. V. harveyi
and E. coli strains were routinely cultured at 30 °C and 37 °C respec-
tively.

2.2. Construction of the live attenuated V. harveyi surface displaying INP-
VP28 protein

To obtain a live attenuated vector stain, the aroA (encoding the 5-
enolpyruvylshikimate-3-phosphate synthase) and vhsp (encoding serine
protease) genes of V. harveyi SDW715 were inactivated by in-frame
double deletion of chromosomal DNA, while a surface expression
system containing a INP-VP28 fusion element (a fusion fragment of
LacZ promoter, INP gene fragment inpV containing N terminus with
most of the central repeating domain (CRD) deleted, and vp28 gene, ¢
(LacZ-inp-vp28)) was inserted into the mutant-site of aroA by allelic
exchange. Overlap PCR was used to obtain the fragments for con-
structing the in-frame deletion and substitution mutants of selected
genes. The PCR products containing in-frame deletion or substitution
fragments were separately cloned into the suicide vector pDM4, which
carried R6K ori, sacB sucrose-sensitivity gene, and Cm resistance [20].
The resulting plasmids with the deletion fragments in the MCS were
mated from E. coli SM10 Apir into V. harveyi SDW715 by conjugation.
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To create the in-frame deletion mutants, a double-crossover re-
combination event was counter-selected on LB20 agar containing 10%
sucrose [21]. The targeted in-frame deletion and substitution mutants
were confirmed by sequencing of the deleted and fused region on
chromosome. The SDW715 derived mutants harboring the targeted
deletion and substitution was designated as AaroA:livp28Avhsp, namely
HTVhs-5306. Nucleotide sequences were determined by the dideox-
ynucleotide chain termination method with double-stranded templates
by Applied Biosystems 3730xl (GENWIZ, China). All primers used in
this study were listed in Table 2.

2.3. Preparation of polyclonal antibody against VP28 protein and Western
blot analysis

Preparation of polyclonal antibody against VP28 protein was car-
ried our as previously described [22]. Roughly, vp28 gene was firstly
ligated into pET28a (+) expression vector for expression. After pur-
ification, the VP28 protein was injected into New Zealand white rabbits
and the antisera was raised. Finally, the IgG fractions of antisera were
then purified by affinity chromatography. Antibodies against re-
combinant VP28 were stored at —80 °C for further use. For Western
blot, the recombinant VP28 were electrophoresed by SDS-PAGE and
then were electrically transferred to nitrocellulose paper. The VP28
polyclonal antibodies at a dilution of 1:4000 were used as primary
antibody and goat anti-rabbit IgG (Abbkine, America) at a dilution of
1:10000 were used as secondary antibody to detect the expression of
VP28.

2.4. WSSV and in vivo titration

For viral propagation, L. vannamei were injected intramuscularly
between second and third abdominal segments with WSSV obtained
from infected P. vannmei collected in Tianjin, China in 2012. Infected
tissues were collected and homogenized in 10 X volume (w/v) of TN
buffer (20 mM Tris-HCL and 0.4 M NaCl, pH7.4), centrifuged twice at
4°C with 12,000xg for 5min. The final supernatant was filtered
through 0.22-um filter and virus stocks were stored in aliquots at
—80 °C. Virus stock was titrated in vivo to determine the amount of
virus required for WSSV challenge via injection above 90% mortality in
10 days. The desired mortality was induced using 30 pl of the virus
sample in shrimps from negative control group.

2.5. Shrimp maintenance
L. vannamei, average body weight 5 g each for juvenile respectively,

were obtained from a commercial farm in Yangjiabo, Tianjin, China.
Shrimps were temporarily raised in tanks containing disinfected
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Table 2
Primer pairs of target genes used in this study.
Primer Sequence
aroA-P1 GAGCTCAGGTTACCCGCATGCAAGATCTATATTAAGCCAACGTTTGCACT
aroA-P2 GTGCTCTAGATAAAAGTTGATAATCCTTTG
aroA-P3 GTAACTGCAG GCTGGTAGCGCTAAGCGACA
aroA-P4 CCCTCGAGTACGCGTCACTAGTGGGGCCCTATACTGCGCTCACTTAAGTT
aroA-in-F TCACTTAGTGACAGCCTTAA
aroA-in-R CCTTGATGGCAGCTGCGGCC
aroA-out-F CAACAAACTGATCAACGTCA
aroA-out-R TAGCCACTGCACGTATATAC
vhsp-P1 GAGCTCAGGTTACCCGCATGCAAGATCTATGGTGGCCAGCGTCCTGGTGG
vhsp-P2 TCAAACGCTC CGTTTTCATCTTTTGTCAGC
vhsp-P3 GATGAAAACG GAGCGTTTGAAGAAAGAAGC
vhsp-P4 CCCTCGAGTACGCGTCACTAGTGGGCCCT TGCGAACGCTCAGATTCCAA
vhsp-in-F TAGTAACAGTAGCAATGGAC
vhsp-in-R TGCACGACCTGTTGCTTTCG
vhsp-out-F ATGGCGTGGAATGAGCCTGG
vhsp-out-R TTAGTATCTCCCTTGACGTG
inp-F GGATGCTGTAATGAATCTCGACAAGGCGTT
inp-R TCACAGTGTTGGATCCCCGGGTACCATGAT
vp28-F CCGGGGATCCAACACTGTGACCAAGACCAT
vp28-R CGCTACCAGCCTGCAGTTACTCGGTCTCAG
LacZ-F TCAACTTTTA TCTAGAGCACGACAGGTTTC
LacZ-R CGAGATTCAT TACAGCATCCTCAGAATTCG

seawater with aeration at 28 °C for 5 days. Before experiments, shrimps
were randomly selected for health examination and tested by PCR to
ensure they were WSSV-free. As well, whether shrimps were infected
with V. harveyi was analyzed by plating tissues on thiosulfate citrate
bile salts sucrose agar (TCBS, Difco, USA). Then shrimps were divided
into the control groups and experiment groups according to the ex-
perimental requirements.

2.6. Immunoactivator administration

After growth in LB20 for 24 h at 30 °C, the live cells were harvested
by centrifugation at 3000 X g and resuspended with sterile saline. The
suspension was diluted with sterile saline to 10°~10° CFU/ml according
to experiments. Shrimp was inoculated by intramuscular injection
(i.m.) between second and third abdominal segments with 50 ul the
immunoactivator. For oral route, the suspension was mixed with so-
dium alginate as binder and applied uniformly on the commercial
shrimp feed (equivalent to 2 x 10° CFU per gram feed). The control
feed was prepared using only the coated solution. The immunoactivator
coated or binder coated control feed were air dried under shade for 2h
before feeding. Shrimps feeded with the immunoactivator preparation
in a proportion of 5% of weight for 5 days continuously.

2.7. Immunoactivator safety evaluation

To evaluate safety of the immunoactivator, shrimps were randomly
divided into two groups for safety evaluation on single and repetitive
dose and large dose inoculation respectively. The two groups were sub-
devided into several groups (50 shrimps/group) and the detailed
grouping situation was as shown in Fig. 1. Cumulative survival rate was
recorded after administration. Meanwhile, wild type strain SWD715
was also manipulated comparably of large dose inoculation group. The
experiment was performed in triplicate.

2.8. Immunoactivator effectiveness evaluation

To evaluate the effectiveness of the immunoactivator, shrimps were
randomly divided into three groups: V,,, shrimps received immuniza-
tion via oral route with 2 x 10° CFU/shrimp and challenged through
i.m. route with V. harveyi and WSSV respectively; C,, shrimps raised
normally without any manipulation; Cp,shrimps mock-immunized with
sterile saline and challenged via i.m. with V. harveyi or WSSV. At 1, 2, 3

and 4 week post administration (p.a.), 50 shrimps from each group
were challenged with 1.2 x 10 CFU of SDW715 in 0.1 ml and equal
shrimps from each group were challenged with 30 ul of WSSV sample
by i.m. Cumulative survival rate was recorded for lasting 14 days and
relative percent survival (RPS) was calculated according to the fol-
lowing formula devised by Amend (1981). RPS= (1 -

% mortality of administrated shrimp y v 1 )0y, Moreover, the survival curve of
% mortality of control shrimp

group that challenged at 4 w p.v. was drew. Both administration and
challenge were conducted in triplicate.

2.9. Histopathologic examination of shrimp tissues for the immunoactivator

For histopathology, tissues including hepatopancreas, intestine, gills
and myocardium were dissected from administrated shrimps of each
experimental group and excised samples were placed immediately into
Bouin's solution fixative for histology analysis. Fixed samples were se-
quentially dehydrated by passage through a gradient of ethanol solu-
tions and embedded in paraffin wax using standard protocols. 4 pm
thick sections were cut and were mounted onto glass slides before
staining with hematoxylin-eosin (H&E) for microscopic examination.
Stained sections were analyzed by light microscopy (OLYMPUS BX53)
and images were taken using the Image-Pro Plus™ analysis software
(OLYMPUS).

2.10. The impact on shrimp growth of the immunoactivator

To determine the impact on shrimp production performance, juve-
nile shrimp weighing approximately 5g were randomly divided into
three groups (100 shrimp/group): Vi, shrimp administrated with
2 x 10° CFU/shrimp of the immunoactivator via i.m.; V,,, shrimp in-
oculated with 2 x 10° CFU/shrimp of immunoactivator via oral route;
C, shrimp mock-inoculated with sterile saline. At 0, 2, 4, 6, 8 and 10 w
p.v., average weight of f shrimp from each group were calculated. The
experiment was performed in triplicate.

2.11. Persistent carrier state of the inmunoactivator in tissues

For the determine persistent carrier state of the immunoactivator in
tissues, shrimps were randomly divided into three groups (50 shrimp/
group): V, shrimp administrated with 1 X 107 CFU of HTVhs-5306 by
i.m. or oral route; C, shrimps injected with 1 x 107 CFU/shrimp of WT.
Hepatopancreas, intestine and gills from three shrimps in each group
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V: 2 x 10° CFU/shrimp
Co: saline (100 pl)

V: 2 x 10% CFU/g feed
Co:/

}

Co:/ ll
f

V: 2 x 107 CFU/shrimp

5g/im.
Co: saline (100 pl)
V: 108 CFU/g feed

Ch: 108 CFU/g feed
Co:/

5 g/ oral

Large dose inoculation

Ch: 2 x 107 CFU/shrimp

Fig. 1. The scheme of determination for safety evaluation of the immunoactivator. shrimps were randomly divided into two groups for safety evaluation on single
and repetitive dose and large dose inoculation respectively. The two groups were sub-devided into ten groups (50 shrimps/group) with different treatment.

were sampled, weighed, and homogenized in 1ml sterile saline.
Homogenates were serially diluted and plated on TCBS at 28 °C for 48 h.
Colonies that featured with yellow centers were counted. Bacteria
counts were calculated by dividing the weights of the tissues and from
the mean of three samples in two parallel experiments.

2.12. Statistical analysis

Independent-sample t-tests were performed with SPSS software
(Version 11.5, SPSS Inc.) to determine statistical significance.
Significant differences were considered at *P < 0.05 and **P < 0.01.

3. Results

3.1. Construction of live attenuated V. harveyi vector strain surface
displayed VP28

Firstly, the fusion fragment of LacZ, inpV and vp28 gene was ob-
tained by overlap PCR, which was then inserted into the mutant-site of
aroA (size in 1473 bp, Fig. 2A). Moreover, the vhsp-deleted strain was
further constructed based on the aroA mutant, with an expected frag-
ment of 415 bp (Fig. 2B). Furthermore, the expression of VP28 protein
was determined by Western blot, and a clear band at the expected
position was observed as shown in Fig. 2C. These results indicated that
the live attenuated V. harveyi candicate was successfully constructed
and the antigenic protein VP28 could be expressed.

3.2. Safety profiles of the live attenuated strain as an immunoactivator

3.2.1. Safety evaluation of the live attenuated vaccine

Firstly, safety of the live attenuated vaccine HTVhs-5306 to juvenile
shrimp was tested both on single-repetitive dose and large dose via i.m.
injection or oral route. As a result shown in Table 3, no shrimp died in
the administrated and control groups for single-repetitive dose in-
oculation. Only 5% of shrimp died after injected with 2 x 107 CFU of
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Fig. 2. Identification of strain V. harveyi HTVhs-5306 construction. A, PCR
amplification of AaroA:Livp28: lane M, DNA marker; lane 1, AaroA:Livp28 (1473
bp); lane 2, wild-type aroA (1112 bp). B, PCR amplification of vhsp: lane M,
DNA marker; lanel and lane2, Avhsp (415 bp); lane 3, wild-type vhsp (798 bp).
C, Western blot analysis of expressed AaroA:Livp28. Lane M, protein marker;
lane 1 V. harveyi HTVhs-5306 un-induced by IPTG; lane 2 and 3, strain cultured
in LB20 induced by IPTG; lane 4 and 5, strain cultured in LB20 with 40 mg/ml
aromatic compounds induced by IPTG; lane 6, purified Livp28 protein.

the immunoactivator, compared with a highly mortality of 100% ob-
served when injected with 2 x 07 CFU of the wild type strain. Besides,
1% of juvenile shrimps were died after giving the immunoactivator via
oral route. As well, the safety of the immunoactivator to shrimp larva
was also tested via immersion inoculation owing to its small length
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Table 3
Safety evaluation of the immunoactivator via i.m. and oral for juvenile shrimp.

Fish and Shellfish Immunology 95 (2019) 195-202

Group Strain Animal size Route Administration dose Readministration dose Mortality (%)
Single and repetitive dose HTVhs-5306 Juvenile (5 g) im. 2 x 10° CFU/shrimp 2 x 10° CFU/shrimp 0
Juvenile (5g) oral 2 x 10° CFU/g feed” 2 x 10° CFU/g feed 0
Control Juvenile (5g) im. saline (100 pl) saline (100 pl) 0
Juvenile (5g) oral Normal feed Normal feed 0
High dose HTVhs-5306 Juvenile (5g) im. 2 x 107 CFU/shrimp 5.0
Juvenile (5g) oral 10°® CFU/g feed” 1.0
SDW715 Juvenile (5 g) im. 2 x 107 CFU/shrimp 100
Juvenile (5g) oral 108 CFU/g feed” 98
Control Juvenile (5g) im. saline (100 pl) 0
Juvenile (5 g) oral Normal feed 0

2 Feed shrimp by artificial diet (2 x 10° CFU/g feed or 108 CFU/g feed) according to 5% of shrimp weight for 5 days continuously.

(Table S1). For single-repetitive dose inoculation, about 1% of larva
died in both administrated group and control group, which might be
due to nonspecific death. For large dose inoculation, 3% of larva shrimp
were died after immersion with 10® CFU/ml of the live attenuated for
15 min, comparably, 100% of larva shrimp died after immersion with
the same dose of the wild type strain. These results suggested that the
immunoactivator has a good safety to shrimp via different inoculation
route including immersion, i.m. injection and oral immunization either
for single-repetitive dose or large dose.

3.2.2. The impact on shrimp growth and carrier state of the
immunoactivator

Then we determined the impact on growth and carrier state of the
live attenuated vaccine via i.m. injection and oral immunization in
juvenile shrimp (weighing approximately 5g). After inoculation, shrimp
were weighted twice a week. As the results shown in Fig. 3, live vaccine
did not bring negative impact on shrimp weight gain, as no differences
were observed between administrated and control fish during the first
eight weeks. However at 10 w p.v. even though there was no significant
growth, shrimps inoculated with the immunoactivator via different
route exhibited increase at all. As a safety property of an attenuation,
persistent carrier state of live vaccine should not be allowed in the host.
In our study, hepatopancreas, intestine and gill from shrimps injected
with the immunoactivator or injected with V. harveyi wild type were
sampled for bacterial persistence. The immunoactivator was eliminated
from hepatopancreas, intestine and gills within one week (Fig. 4A).
However, wild type strain presented a significant multiplying in the
host and all shrimps died within 3 days. Moreover, the carrier state of
the immunoactivator also was proved by in vivo expression of VP28

14
—C

G 124 mm vim
= 10- s Vor L
2 8
w -
2
-3
g 4
< 9-

04 L

0 2 4 6 8 10

Weeks post administration

Fig. 3. The impact on shrimp growth. Juvenile shrimp weighing approximately
5 g were randomly divided into three groups (100 shrimp/group): Vi, shrimp
administrated with 2 x 10° CFU/shrimp of the immunoactivator via i.m.; Vo,
shrimp inoculated with 2 x 10° CFU/shrimp of immunoactivator via oral route;
C, shrimp mock-inoculated with sterile saline. Shrimp were weighted at 0, 2, 4,
6, 8 and 10 w p.v.
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Fig. 4. The persistant carrier state of the immunoactivator. A, The elimination
of immunoactivator from shrimp organs (hepatopancreas, gill and intestine)
after inoculation within one week, whereas the shrimp injected WT succumbed
to lethal infection with a significant multiplication after 3 days. The pooled data
set from two independent experiments. B, Western blot showed that the ex-
pressed VP28 in vivo could not be detected after 5 days p.a. in shrimp. C, po-
sitive control for INP/VP28.

from collected sample in vaccinated shrimp (Fig. 4B). These results
support that live attenuated strain present good safety profiles for
shrimp via different administrations.

3.2.3. Pathologic change induced by the immunoactivator

Then, sections of tissues including hepatopancreas, intestine, gill
and myocardium from administrated shrimps via i.m. injection and oral
route were stained using H&E to examine histopathological changes
induced by the vaccine. Also, shrimps challenged with V. harveyi WT
and WSSV were tested. No significant pathologic change was observed
in administrated group via oral route (data not shown). Herein, we
showed the results of that in i.m. injection group in Fig. 5. In the he-
patopancreas, no significant pathological changes were observed in
shrimps injected with the immunoactivator or in control group and
acinus maintained a normal astroid shape or siphonate shape. Com-
parably, gap between gland cells grew bigger and cells showed partly
falling and vacuolating in V. harveyi infected group, and in WSSV in-
fected group, cells shrinked gradually and the astroid shape was dis-
appeared. Meanwhile, the structure of intestinal lumen was consecutive
with villus in administrated group while in V. harveyi infected group
and WSSV infected group, the wall became thin or scattered in the
lumen with destroyed villus. The structure of the gills in vaccinated
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Gill filament
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SDW715

Fig. 5. Micrographs of the hepatopancreas, intestine, gill and myocardium tissues of L. vannamei. All samples were placed immediately into Bouin's solution fixative
for histology analysis. 4 um thick sections were cut and were mounted onto glass slides before staining with hematoxylin-eosin (H&E) for microscopic examination.

Magnification 400 X, scale bars = 50 pm.

group was well-ranged but with epithelial cells necrosis and abscission
in the lamellae in infected groups. Meanwhile, the structure of myo-
cardium in administrated group was normal but disordered in infected
groups. Totally, these results suggested that the immunoactivator was
safety without destroying tissues structure of shrimps.

3.3. Protective immunity of the immunoactivator against WSSV and vibrio
infection

Secondly, the efficacy of the immunoactivator against vibriosis and
WSSV was determined in juvenile shrimps via oral route later. As a
result shown in Fig. 6A, a survival rate more than 60% was observed
when shrimps were giving the immunoactivator via oral route and
challenged with WSSV. In contrast, after the challenge, 98% of shrimps
died once they were mock-immunized with sterile saline. During the
experiment, no death was obtained of shrimps raised normally without
any manipulation. Meanwhile, shrimps were also challenged with V.
harveyi to investigate its protective efficacy against Vibrio infection. As a
result shown in Fig. 6B, significant protective efficacy was observed
when shrimps received inoculation via oral route and 71% shrimps
were survived after challenged with V. harveyi. However, 95% of
shrimps died once they were mock-immunized with sterile saline. In
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addition, the immune effect induced by the immunoactivator after
administration at 1, 2, 3 and 4 w p.v. was also determined. As shown in
Fig. 6C, after administrated for one week, highly RPS more than 90%
were obtained in both groups that challenged with V. harveyi and
WSSV, then a decreasing trend was observed. Still, RPS more than 60%
were obtained in these groups after administrated for four week and
challenged with V. harveyi and WSSV. These results suggested that the
immunoactivator possessed an excellent protective capability against
both WSSV and vibriosis through oral route.

4. Discussion

The rise in occurrence of diseases becomes a theat to aquaculture
industry, leading to serious economic losses. To control this situation,
vaccines are considered as one of the most effective strategies, which
had been confirmed absolutely in teleosts. Though crustaceans are
considered lacking a true adaptive immune system, researchers found
that quasi-immune response play a role in defensing against WSSV, and
the conception of ‘administration’ or ‘vaccines’ was proposed and dif-
ferent approaches have been attempted [23,24], thus, wo named the
strains by us as “immunoactivator”. Inactivated WSSV and recombinant
proteins against WSSV have been proved to protect disease caused by
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WSSV, with inducing memory responses [25,26]. Surface display is a
useful method to express heterologous proteins on the exterior of
phages or cells [27]. Bacillus subtilis spores and yeast are common tools
for surface display technology. In this study, we developed a live at-
tenuated vibrio immunoactivator by deletion of vhsp and aroA gene and
introduced surface display system with expressing VP28, a major en-
velope proteins of WSSV. We wondered whether the immunoactivator
could be a bivalent “vaccine” against both vibrio and WSSV.

The immunoactivator was constructed initially and determined for
VP28 expression. Expected band was obtained with indicating that the
immunoactivator was aroA and vhsp mutant strain of V. harveyi and
expressing VP28 of WSSV (Fig. 2). To further evaluate whether the
antigen protein could be expressed in vivo, viscera from administrated
shrimps were sampled for analysis. Until 5d p.v., expression of VP28
was proved by Western blot (Fig. 4B). Thus, we believed that the live
vibrio strain with expressing VP28 was constructed successfully, that
prompted us to evaluate the safety and efficacy of the immunoactivator.

Safety is a crucial factor in vaccine development. An ideal candidate
strain should be non-pathogenic or avirulent to the target animal spe-
cies [28]. Herein, the immunoactivator developed in this study was
proved safety to juvenile shrimp via different inoculation route either
with single-repetitive dose or large dose. As mentioned above, B. subtilis
spores and yeast are non-pathogenetic and usually used for expressing
heterologous proteins. There are truly several reports on expressing
VP28 against WSSV infection. Nguyen et al. used spores of B. subtilis to
display VP28 on the spore surface and found it have potential as a
prophylactic treatment of WSS [29]. Besides, an engineered Pichia
pastoris displaying biologically active mPmRab7 and pVP28 is efficacy
in protecting shrimp against WSSV by oral administration [30]. How-
ever, there is no report on that using common bacterium in aquaculture
as an antigenic protein carrier, even harmful to breeding industry.
Considering that L. vannamei is often suffered from vibriosis caused by
V. harveyi, we attempted to use the attenuated V. harveyi as the carrier.
As a matter of fact, the immunoactivator is attenuated significantly
compared with the wild type (Table 3). Moreover, this im-
munoactivator did not affect the growth of shrimp according to the
weight after administration within 10 weeks (Fig. 3) and have limited
ability to proliferate in shrimp with survival duration within one week
(Fig. 4A), which was in accordance with VP28 expression in vivo
(Fig. 4B). Additionally, the immunoactivator did not induce unhealth
pathologic changes at all (Fig. 5). All of these suggested that the im-
munoactivator we developed is safety to shrimp. Recently, the immune
stimulatory effect of vibrio bacterin in commercial tiger shrimp was
reported under oral administration and be proved to improve the im-
munity, reduce anatomical deformities and enhance the production in
commercial shrimp culture operations [31]. Similarly, in our study,
shrimps inoculated with the immunoactivator via immersion or oral

administration exhibited more growth than control group. One of the
reason might be that the immunoactivator enhance the disease re-
sistance of the shrimp. Therefore, then, we evaluated the efficacy of the
immunoactivator.

The immunoactivator we developed possess an efficient im-
munoprotection against both V. harveyi and WSSV, of which are desired
by us. Thus, it is convenient to use the immunoactivator to control both
vibriosis and WSS. Nowadays, multiple-pathogens infection creates an
urgent need for efficient measures to combat current pathogens.
However, most researches are focus on developing vaccines against one
pathogen. If one vaccine could play roles in defensing one more pa-
thogens, it is not only beneficial for breedings but for saving operation
cost. Among different inoculation route, oral administration is a simple
method. Under this situation, the RPS of our immunoactivator against
V. harveyi and WSSV are 70% and 63% at 4 w p.v., respectively.
Interestingly, Fu et al. previously reported that the RPS value of VP28
using B. subtilis as vehicles fed shrimp was 83.3% when challenged on
the 14th day p.a [23]. The difference between us was the challenge time
point we selected, which prompted us to see the protective efficacy of
the vaccine in a shorter period of time. As a result, a decreasing trend of
RPS was observed after administration at 1, 2, 3 and 4 w p.v. This result
was quite different from that in teleost. In our previous study, the ef-
ficacy of a vaccine in teleost increased gradually, and reached a highly
RPS at 4 w p.v. However, in this study, excellent RPS were obtained at 1
w p.v. and then decreased. This might due to the different immune
system between teletost and shrimp. Invertebrates lack true adaptive
immunity and it solely depends on the primitive innate immunity [32].
Maybe this is the reason that high protective efficacy is acquired im-
mediately after administration. Our result supply evidence for immune
stimulation of shrimp. Recently Lin et al. conferred that shrimp may
have specific memory [33]. Nevertheless, the RPS of the im-
munoactivator we developed against V. harveyi and WSSV are more
than 60% at 4 w p.v.

In conclusion, we developed an immunoactivator by using V. harveyi
as an antigenic protein carrier with VP28 expression for shrimp. The
immunoactivator was safety via different inoculation routes either for
single-repetitive dose or large dose. Moreover, the immunoactivator
was not harmful for shrimp in suppressing growth or inducing patho-
logic changes. Additionally, an immediate immunoprotection was in-
duced by the immunoactivator after administration for one week with
highly RPS more than 90% against both V. harveyi and WSSV. Until 4 w
p.v., the immunoactivator still possessed efficient immune effect.
Totally, the attenuated V. harveyi strain displaying VP28 is a potential
immunoactivator for L. vannamei.
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