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Abstract Microbial cell surface display of foreign proteins
has been widely developed for many potential applications
in live vaccine construction, whole-cell biocatalysts, and
bioadsorption. To investigate the feasibility of displaying
heterologous proteins on the surface of attenuated Vibrio
anguillarum strain for potential multivalent live vaccine
development, different display systems were built upon a
truncated ice nucleation protein (INP) from Pseudomonas
syringae ICMP3023 whose N- and C-terminal domains
were considered to be the putative membrane-anchoring
motifs. Green fluorescent protein (GFP), as a reporter, was
fused with the display systems in different forms of N-GFP,
NC-GFP, and N-GFP-C. Analysis of the total expression
level and surface localization of GFP demonstrated that the
truncated P. syringae INP could be used to display foreign
protein in V. anguillarum, while the system of N-GFP
showed the higher levels of total expression and surface
display based on unit cell density among the three and
might be available for further carrier vaccine development.
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Introduction

Surface display of heterologous peptide and protein such as
receptor, antigen, and enzyme in live bacterial cells is of
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considerable value for various biotechnological and indus-
trial applications. Some examples are live vaccine devel-
opment (Liljeqvist et al. 1997; Lee et al. 2000), whole-cell
biocatalyst (Richins et al. 1997; Catherine et al. 2002), bio-
adsorbent (Xu and Lee 1999), and combinatorial library
screening (Boder and Wittrup 1997).

Various outer membrane proteins serve as anchoring
motifs for surface display, such as IgAl, AIDA-I, PAL,
SpA, Lpp-OmpA, ice nucleation protein (INP), TraT, EaeA,
OmpC, LamB, and FimH (Sang et al. 2003). INP is an outer
membrane protein found in Erwinia, Pseudomonas, and
Xanthomonas. The representative INP from Pseudomonas
syringae is composed of three domains structurally distin-
guished as the nonrepetitive N- and C-terminal domains
and a repetitive central domain (Graether and Jia 2001).
The N-terminal domain (N, 175 residues) and C-terminal
domain (C, 49 residues) are respectively believed to anchor
the protein to the outer membrane (Graether and Jia 2001).
Among the several identified INPs, two have been used as
anchoring motifs for display of foreign proteins on host cell
surfaces, namely, InaK from P. syringae KCTC1832 (Jung
et al. 1998) and InaV from P. syringae INAS (Schmid et al.
1997). Both intact INP and its truncated form of INC, with
a deletion of the central repeating domain for reduction of
the size, were shown to be able to display heterologous
proteins on bacterial cell surface (Kim and Yoo 1998, 1999;
Jung et al. 1998; Kwak et al. 1999; Kang et al. 2003). Even
the N-terminal region alone could be employed as a
potential cell surface display motif to direct translocation
of foreign proteins to the cell surface (Li et al. 2004), and
an important issue is that most cell surface display systems
are limited in the size of passenger proteins, while the INP-
based system could display proteins as large as 60 kDa
(Sang et al. 2003), 77 kDa (Yim et al. 2006), and 90 kDa
(Wu et al. 20006).
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Vibrio anguillarum is a marine microbial pathogen in-
fecting many commercial farmed fish and causes fatal hem-
orrhagic septicemic disease which results in massive death
and great loss of profit in aquaculture around the world. In
our previous work, several attenuated V. anguillarum strains
derived from wild-type V. anguillarum strain MVM425
have been constructed. The strain MVAV6203, with the
virulence-related plasmid pEIB1 (Wu et al. 2004) curing
and an unmarked gene deletion of the aroC, was attenuated
by 10,000 times and conferred excellent immune protection
against Vibrio pathogens including V. anguillarum and
V. alginolyticus in animal tests (unpublished). Therefore,
MVAV6203 was considered to be an excellent live vaccine
candidate. In this work, the attenuated V. anguillarum
MVAV6203 was applied as the carrier host and succeeded
in surface-anchoring the green fluorescent protein (GFP) with
the aid of INP-based display systems, which is of great poten-
tial value for further multivalent carrier vaccine development.

Materials and Methods
Bacterial Strains and Plasmids

Escherichia coli TOP10 (Invitrogen, Carlsbad, CA, USA)
was used for constructing recombinant plasmids. The

genomic DNA of P. syringae pv. syringae (ICMP3023)
provided full length of inal gene. The attenuated V.
anguillarum strain MVAV6203 developed in our previous
work was used as the carrier host for surface display.
Plasmid mTnSgusA-pgfp21 carrying the gfpuv gene (Xi
et al. 1999) provided the gene source for construction of
GFP derivatives. Plasmid pUCI18 (TaKaRa, Japan) was
used as a parent plasmid for construction of truncated inaV
hybrids. The strains and plasmids used in this study are
shown in Table 1.

Plasmids Construction

Recombinant plasmids harboring various inaV hybrids were
constructed as follows using the primers in Table 2. The
genomic DNA of P. syringae pv. syringae (ICMP 3023)
containing full length of inal” gene was used as a template
to amplify the N- and C-terminal domain by using primer
nos. 1-7. The amplified fragments were digested with
corresponding enzymes and inserted into the same sites of
plasmid vector pUCI18 to generate three different display
plasmids, named as pUC-Nhis, pUC-NChis, and pUC-
NhisC. The 720 bp of gfpuv fragments was amplified from
plasmid mTnS5gus4-pgfp12 using primer nos. 8-12 and
digested with corresponding enzymes and inserted into
appropriate positions of the display plasmids to generate

Table 1 Strains and plasmids

used in this study Strains and plasmids Relevant properties Source
Strains

Pseudomonas syringae ICMP3023 P, syringae pv. syringae ICMP

Escherichia coli Top-10 Transformation host Lab collection

Vibrio anguillarum MVAV6203 Attenuated strains, transformation host This lab

VA(pG) MVAV6203 derivative containing pUC-GFP This study

VA(pNG) MVAV6203 derivative containing pUC-NGFP This study

VA(pNCG) MVAV6203 derivative containing pUC-NCGFP  This study

VA(pNGC) MVAV6203 derivative containing pUC-NGFPC  This study

Plasmids (ab.)

pUCI18 E. coli cloning vector, lac promoter, Ap" TaKaRa

mTnSgusA-pgfp21 gfp containing mini-Tn5 transposon derivative Xi et al. (1999)

pUC-GFP (pG) pUC18 derivative containing 0.7 kb This study
GFP gene, Ap"

pUC-Nh (pNh) pUCI1S8 derivative containing 0.6 kb This study
inaVN gene, Ap*

pUC-NCh (pNCh) pUC18 derivative containing 0.9 kb This study
inaVNC gene, Ap"

pUC-NhC (pNhC) pUC18 derivative containing 0.9 kb This study
inaVNC gene, Ap"

pUC-NGFP (pNG) pUC-Nh derivative containing 0.7 kb This study
GFP gene, Ap"

pUC-NCGFP (pNCG) pUC-NCh derivative containing 0.7 kb This study
GFP gene, Ap"

pUC-NGFPC (pNGC) pUC-NhC derivative containing 0.7 kb This study

GFP gene, Ap*
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Table 2 Primers used in the construction

Primer no. Primer name Sequence (5'-3")

1 PinaN5’E GCCGAATTCTGAGGATGCTGTAATGAA

2 PinaNh3’K TCTAGACGGTACCATGATGATGATGATGATGAATCAGATCACTGTGGTTGCCAG
3 PinaN3’K GCCGGTACCAATCAGATCACTGTG

4 PinaC5’K GTAGGTACCGGCGGGCATGACTGC

5 PinaCh3’B TCTAGACGGATCCATGATGATGATGATGATGGAGCTCGACCTCTATCCAGT
6 PinaC5’B GTAGGATCCGGCGGGCATGACTGC

7 PinaC3’P CGACTGCAGCTAGAGCTCGACCTCTATCCAGT

8 PGFP5’K GGCGGTACCATGGCTAGCAAAGGAGAA

9 PGFP3°’P GGGCTGCAGTTATTTGTACAGTTCATC

10 PGFP5’B GGCGGATCCATGGCTAGCAAAGGAGAA

11 PGFP3’B GGGGGATCCTTTGTACAGTTCATC

12 PGFPS’E GCCGAATTCGAATGGCTAGCAAAGGAGAA

three reporter plasmids named: pUC-NGFP, pUC-NCGFP,
and pUC-NGFPC (Fig. 1). The cytosolic GFP expression
plasmid was also constructed by fusion the gfp gene into
the MCS of pUCI18 by EcoRI and Psf digestion, which
resulted in the pUC-GFP as a control plasmid for either
expression or localization assays.

Culture Condition and Fusion Protein Expression

The E. coli TOP10 strain harboring plasmid was grown in
Luria—Bertani (LB) medium (Tryptone 1%, yeast extract

PUC-NGFP  EcoRI Kpnl Psil

(~4.0kb) 640bp 720bp
IpLac> inaVN-his Pe/d wrml
pUC-NCGFP EcoRI Kpnl BamHI Psil
(~4.3kb) 622bp 312bp p
IpLac> inahN | inaVChis | gfp  [term|
pUC-NGFPC EcoRI Kpnl BamHl1 Psil
(~4.3kb) 640bp 720bp 294bp
| pLac )| ina¥N-his | gpp ina¥C  |term|
pUC-GFP

EcoRl Psil
{~3.4kb) 720bp

|plac )| o

Fig. 1 Gene maps of recombinant plasmids harboring truncated
inaV-GFPuv fusion constructs. Plasmid pUC18 was used as a parent
vector for constructing these fusions. pLac, lac promoter; inaV, ice
nucleation protein gene; inaVN, N-terminal domain of inaV; inaVN-
his, N-terminal domain of inal’ with his-tag; inaVC, C-terminal
domain of inaV; inaVC-his, C-terminal domain of inal with his-tag;
gfp, UV-optimized green fluorescent protein gene; term, termination
sequence

term|

0.5%, NaCl 0.5%) supplemented with ampicillin to a final
concentration of 100 pg/ml. Cells were grown in 250-ml
flasks with a 50-ml working volume in a shaker at 200 rpm
and 37°C. The V. anguillarum strain MVAV 6203 harboring
plasmid was grown in LB2 medium (Tryptone 1%, yeast
extract 0.5%, NaCl 2%) supplemented with ampicillin to
a final concentration of 200 pg/ml. Cells were grown in
250-ml flasks with a 50-ml working volume in a shaker at
200 rpm and 30°C. For expression, overnight cultures were
subcultured at 1:100 and cultured at 30°C for 1 day.

Measurement of Whole Cell Fluorescence

Cell density (OD600) was measured at 600 nm on an
ultraviolet—visible (UV/Vis) spectrophotometer. The whole
cell GFP fluorescence was determined by a fluorescence
microplate reader (GENios Pro, Tecan, Mannedorf, Zurich,
Switzerland) at excitation of 485 nm and emission at
535 nm. All the samples were diluted to OD600 of 1.0
before fluorescence was measured using the phosphate-
buffered saline (PBS). The fluorescence signal of the un-
transformed cells of attenuated V. anguillarum strain diluted
under the same condition (OD600=1.0) was set as
background and subtracted from the overall fluorescence
to give the GFP fluorescence. For comparison, all the GFP
fluorescence data were normalized by the average fluores-
cence signal.

Cell Fractionation

Bacterial cell fractionation was performed by the sodium
lauroyl sarcosine (SLS) method with minor modifications
(Lattemann et al. 2000). Cells harboring display plasmid
were cultured for 24 h. Cells were harvested by centrifu-
gation at 10,000xg for 2 min, washed by PBS three times,
and resuspended in Tris-HCI buffer (50 mM, pH 8.0,
containing 0.3% NaCl). The cell suspension was, then,
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treated with an ultrasound sonication for 5 min on ice. To
remove unbroken cells and debris, the whole cell lysate was
centrifuged at 5,000xg for 5 min. To obtain total membrane
fraction, the supernatant was pelleted by centrifugation at
20,000xg and 4°C for 1 h using an ultracentrifuge (Sigma,
Osterode, Germany). The supernatant was regarded as
soluble cytoplasmic fraction. For further outer membrane
fractionation, the pellet (total membrane fraction) was
resuspended with 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid buffer (10 mM, pH 7.4) containing 1% SLS
for solubilizing inner membrane and incubated at room
temperature for 30 min, and then the outer membrane
fraction was repelleted by ultracentrifugation for 1 h at
20,000xg and 4°C. The supernatant was regarded as the
inner membrane fraction, and after a repeat for outer mem-
brane fractionation, the pellet was regarded as the outer
membrane fraction. After cell fractionation, equal volumes
of the cytoplasmic fraction and outer membrane fraction
were saved for further analyses.

Enzyme-Linked ImmunoSorbent Assay

The cytoplasmic fraction and outer membrane fraction were
all diluted to the same OD (OD 280 nm=1.0) on a
NanoDrop ND-1000 UV-Vis spectrophotometer (Nano-
Drop Technologies, USA). Microtitre plate wells were
coated with 50 pl of each fraction solution by overnight
incubation at 4°C. Excess protein was discarded and wells
were blocked with 200 upl of PBS containing 3% bovine
serum albumin (BSA) for 1 h at 37°C. After removing the
blocking solution and washing three times with PBS-T
(PBS buffer, pH 7.2, containing 0.05% Tween-20), the
wells were incubated for 1.5 h at 37°C with rabbit-anti-GFP
(Proteintech, USA) antibody at a dilution of 1:5,000 (v/v).
The complex were washed three times with PBS-T and then
incubated for 1.5 h at 37°C with horseradish peroxidase-
conjugated goat-anti-rabbit antibody (Jackson Immuno-
Research Laboratories, USA) at a dilution of 1:10,000 (v/
v). Finally, the wells were washed three times again, and
(3,3',5,5'-Tetramethylbenzidine) TMB solution (TTANGEN
Biotech, Beijing, China) was added as a color-developing
substrate. With the addition of 2 M H,SO,_ the reaction
was terminated. The absorbance of each well was measured
at 450 nm by a microplate reader (Bio-Rad model 550,
Hercules, CA, USA).

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis and Western Blot

The cell fraction (cytoplasmic and outer membrane) in
equal volume was mixed with sample loading buffer, boiled
for 5 min, and resolved by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. For western blot
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analysis, gel was electroblotted onto polyvinylidene-
fluoride membrane using a Mini Protean 3 Cell (Bio-Rad,
Hercules, CA, USA) at 100 V for 3 h. The membrane was
then blocked with PBS-T-BSA buffer (PBS buffer, pH 7.2,
containing 0.05% Tween-20 and 2% (w/v) BSA) at 37°C for
1 h. For immunodetection, the membrane was incubated
for 1.5 h at 37°C in antibody solution (PBS-T-BSA bufter)
containing polyclonal rabbit-anti-GFP antibody (1:3,000
(v/v); Proteintech) and probed with secondary goat-anti-
rabbit immunoglobulin G conjugated with horseradish
peroxidase (1:5,000 (v/v); Jackson ImmunoResearch Labo-
ratories). After successive washing with PBS-T, the TMB
solution (TTANGEN Biotech) was added and the reaction
was quenched with 2 M H,SO,.

Results
Expression of GFP Fusion Proteins

To display GFP on the surface of attenuated V. anguillarum
strain MVAV6203, we constructed different recombinant
surface display plasmids of pUC-NGFP, pUC-NCGFP, and
pUC-NGFPC that direct the expression of corresponding
fusion proteins. The plasmids encoded different combina-
tions of a truncated INP and GFP (Fig. 1). The GFP cyto-
solic expression plasmid pUC-GFP was constructed as a
control. All the recombinant plasmids were transformed
into attenuated V. anguillarum strain MVAV6203 by elec-
troporation, generating the reporter strains of VA(pNG),
VA(pNCG), and VA(pNGC) for GFP outer-membrane
anchoring as well as VA(pG) for GFP cytosolic expres-
sion. All the transformed reporter strains were found to be
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VA VA(pG) VA(pNG) VA(pNCG) VA(pNGC)
Fig. 2 Total GFP expression of different reporter strains. VA,
attenuated V. anguillarum strains MVAV6203; VA(pG), reporter strain
for GFP cytosolic expression, VA(pNG), VA(pNCG), VA(pNGC),
reporter strains for GFP outer membrane display. Cells were grown at
LB2 medium at 30°C for 24 h. The GFP fluorescence was determined
by GENios Pro at excitation of 485 nm and emission at 535 nm
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fluorescent upon UV illumination, or by fluorescence
microscopic observation, indicating that GFP variants were
functionally expressed when fused with the truncated INP.

The specific expression level of each GFP sample was
determined by whole cell fluorescence intensity based on
unit cell density (OD600=1). The GFP expression showed
no difference among the strains with or without induce-
ment of 0.1 mM IPTG in V. anguillarum (Data not shown).
The total GFP expression of different strains was shown
in Fig. 2. Compared with VA(pG), the display strains of
VA(pNG), VA(pNCG) and VA(pNGC) had obvious loss
in fluorescence, indicating the production of truncated
INP-GFP fusion proteins was much lower than that of the
cytosolic expressed GFP.

Surface Localization of Fusion Proteins

In order to examine the expression and the localization of
fusion proteins, harvested cells were divided into an outer
membrane fraction and a soluble cytoplasmic fraction and
then subjected to Enzyme-Linked ImmunoSorbent Assay
(ELISA) and western blot assays. Because all the samples
were diluted to the same level (OD 280 nm=1) in ELISA
analysis, the OD values represented the relative amount
of GFP fusions of total proteins in either the cytoplasmic
fraction or the membrane fraction. Compared with the neg-
ative control VA, the cytosolic expression strain VA(pG)
only produced GFP in the cytoplasmic fraction, while the
outer membrane display strains VA(pNG), VA(pNCG), and
VA(pNGC) expressed the GFP fusions both in the cyto-
plasmic and outer membrane fractions (Fig. 3). Also, their
efficiency of translocation were at similar levels, indicating
the anchoring motifs from INP succeeded in translocating

i

VA(pG) VA(pPNG) VA(pNCG) VA(pNGC)
Fig. 3 ELISA analy51s for cytoplasmic fraction (/ight gray bars) and
outer membrane fraction (dark gray bars) of reporter strains. The
samples were all diluted to the same level (OD 280 nm=1). Cells were
cultured in LB2 medium at 30°C for 24 h and followed by
fractionation
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part of the GFP fusions onto the cell surface of the marine
bacterial host V. anguillarum.

For detailed analysis of surface localization, equal
volumes of subcellular fractions of different samples were
subjected to western blot analysis. The GFP band (27 kDa)
expressed by VA(pG) was found only in the cytoplasmic
fraction and not in the outer membrane fraction (below
detection levels, Fig. 4, lanes 1 and 2). The fusion proteins
of NGFP (49 kDa), NCGFP (60 kDa), and NGFPC
(60 kDa) could be found in both cytoplasmic fractions
and outer membrane fractions (Fig. 4, lanes 3 to 8), indi-
cating only part of the fusion proteins were translocated
onto the outer membrane of the bacterium. The GFP fusion
proteins detected in the cytoplasmic fractions presented
different degradation products with the estimated size of
27, 31, and 33 kDa (Fig. 4, lanes 3, 5, 7), while no GFP-
containing degradation product was detected in the outer
membrane fractions (Fig. 4, lanes 4, 6, 8). Interestingly, it
was also observed that the GFP fusion proteins in outer
membrane fractions were a bit larger in size than their
corresponding bands in cytoplasmic fractions and the
reason for this is currently unknown (Fig. 4).

Time Course of Display System N-GFP

For developing multivalent live vaccine in attenuated
V. anguillarum strain by INP-based antigen display system,
the excellent candidate display system N-GFP was selected
and its time course in protein expression and display was
further analyzed.

The cell growth and specific GFP expression of VA(pNG)
were first examined. During the growth of VA(pG) and
VA(pNG), there was a slight longer lag phase than that of
the control VA (data not shown). And, as mentioned above
(Fig. 2), the production of N-GFP fusion protein was much
lower than that of the cytosolic-expressed GFP during
the whole growth phase. Further assay for GFP display in

M 1 2 3 4 5 6 7 8
116 0kDas-Se.
NCGFP&
66.2kDas s — — = = ®NGFPC(60kDa)
— NGFP(49kDa)
45.0kDasp s :
35.0kDas ; e
t A, &9 L
o GFP(27kDa)
25 Ok Daspssr

CP OM CP OM CP OM CP OM
184kDabwe  VA(PG) VA(PNG) VA(pPNCG) VA(RNGC)
Fig. 4 Western blot results of different fractions of reporter strains
(CP: cytoplasmic fraction; OM: outer membrane fraction). M,
prestained protein molecular weight marker (MBI Fermentas); lanes
1 and 2, CP and OM fractions of VA(pG); lanes 3 and 4, CP and OM
fractions of VA(pNG); lanes 5 and 6, CP and OM fractions of
VA(pNCG); lanes 7 and 8, CP and OM fractions of VA(pNGC)
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Fig. 5 ELISA analysis for cytoplasmic fraction (light gray bars) and
outer membrane fraction (dark gray bars) of reporter strain VA(pNG).
The samples were diluted to the same level (OD 280 nm=1). Cells
were cultured in LB2 medium at 30°C for 24 h and followed by
fractionation

VA(pNG) was carried out. Different subcellular fractions
of VA(pNG) at 6, 9, 12, 15, and 24 h were diluted to the
same level (OD 280 nm=1) and, then, subjected to ELISA
analysis. Compared with VA and VA(pG), the VA(pNG)
presented a GFP signal in the cytoplasmic fraction after 6 h
of culture, and the expression of cytosolic GFP increased
until 15 h of culture (Fig. 5, light gray bars). While in
the outer membrane fraction, the GFP signal appeared at
12 h and slightly increased during 12-24 h (Fig. 5, dark
gray bars).

At the same time, equal volumes of subcellular fractions
of VA(pNG) at 6, 9, 12, 15, and 24 h were also analyzed
by western blot. The VA(pG) presented a very thick GFP
band of 27 kDa in the cytoplasmic fraction and no obvious
band in the outer membrane fraction. In all the cytoplasmic
fractions of VA(pNGQG), there were a 49 kDa N-GFP band

M1 2 3 45 67 8 9 10 11 12
66.2kDasp — Z
gl e o=t = @NGFP
- g (49kDa)
45.0kDasp == — .
35.0kDase = ! - A
a_ = .= . «GFP
b O, - (27kDa)
CP OM CP OM CP OM CP OM CP OM CP OM

6h b 12h 15h  24h

VA(PG) [e——— VApPNG) —— )
Fig. 6 Western blot analysis of different fractions of VA(pNG) along
with time. M, prestained protein molecular weight marker (MBI
Fermentas); /anes 1 and 2, CP and OM fractions of VA(pG) at 24 h;
lanes 3 and 4, CP and OM fractions of VA(pNG) at 6 h; lanes 5 and 6,
CP and OM fractions of VA(pNG) at 9 h; lanes 7 and 8, CP and OM
fractions of VA(pNG) at 12 h; lanes 9 and 10, CP and OM fractions of
VA(pNG) at 15 h; lanes 11 and 12, CP and OM fractions of VA(pNG)
at 24 h
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and also a 27 kDa GFP band probably caused by degra-
dation. Agreeing with the results in Fig. 5, the N-GFP did
not appear in the outer membrane fraction until 12 h of
culture, indicating that the translocation obviously lagged
behind the protein expression. By density scanning of the
western blot patterns, the amounts of translocated N-GFP
and cytoplasmic GFP increased along with time and
reached the maximum at 24 h. Also, the degradation pro-
ducts in cytoplasmic fraction increased rapidly after 15 h
(Fig. 6, lane 11). The N-GFP fusions in outer membrane
fractions were consistently a little larger in size than those
in cytoplasmic fractions under unknown mechanism.

Discussion

In this study, we constructed different forms of display
systems upon P. syringae truncated ice nucleation protein to
direct and display green fluorescence protein onto the cell
surface of attenuated V. anguillarum strain MVAV6203.
The 609 bp N-terminal domain and 300 bp C-terminal
domain of INP from P. syringae ICMP 3023 were amplified
and aligned with other sequences of different strains of
P syringae. Compared with the protein sequence of InaV
(derived from P. syringae INAS; Schmid et al. 1997), InaK
(derived from P. syringae KCTC1832; Li et al. 2004), and
InaZ (derived from P. syringae pv. syringae B728a; Miller
et al. 2000), the truncated INP in this work was proximal
with InaV at about 94% homology, so we recognized this
protein derived from P. syringae ICMP 3023 as InaV.

Compared with the E. coli Top-10 strain in which lac
promoter was strictly induced by IPTG, there was no dif-
ference between the expression levels of heterologous
proteins in V. anguillarum reporter strains with and without
IPTG induction. This demonstrated that the lac pro-
moter became a constitutive promoter in V. anguillarum,
probably due to the absence in the genome of a lacl gene
encoding a repressor protein (Shao et al. 2005). IPTG-
independent expression and display of heterologous pro-
teins in V. anguillarum will be of benefit to simplify the cell
culture processes and very important in the application of
carrier vaccine.

For assaying surface localization of fusion protein
expressed by each reporter strain, collected cells were frac-
tionated and subsequently analyzed by ELISA and western
blot. The GFP produced by the cytoplasmic expression
strain VA(pG) was found only in the cytoplasmic fraction
and not in the outer membrane fraction. This proved that
the subcellular fractionation was successfully performed,
and no cytoplasmic component was mixed into the outer
membrane fraction. When fused with truncated INP, the
GFP could be detected in both cytoplasmic fraction and
outer membrane fraction, and part of the expressed GFP
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fusions could be successfully translocated onto the outer
membrane of V. anguillarum by INP-based anchoring motifs.

The GFP fusion proteins showed signs of extensive
proteolysis as there were different degradation products in
the cytoplasmic fractions but not in the outer membrane
fractions. This suggested that the fusion proteins showed
completely good structural stability when functionally
displayed onto the cell surface of V. anguillarum.

The previously reported that /naK derivative NC-GFP
fusion protein had a 32-kDa degradation product in the
cytoplasmic fraction and was presumed as GFP conjugated
with C domain (Li et al. 2004). In this work, the degrada-
tion products in the cytoplasmic fractions were mainly
27 kDa GFP and two GFP-containing proteins of 31 kDa
and 33 kDa with smaller size than the predicted C-GFP
fusion of 37 kDa (Fig. 4, lanes 3, 5, 7). We assumed that
there might be proteolysis sites in the fusion proteins,
generating degradation products of different sizes (Fig. 4,
lanes 3, 5, 7). As degradation products existed in all the
display systems, it was believed that better cell surface
display efficiency could be achieved if fusion proteins
could be protected from proteolysis in the cytoplasm (Li
et al. 2004).

According to the estimated ratio of displayed protein to
expressed protein, the translocation efficiency is rather low.
However, the low translocation efficiency may be due to
the space hindrance on the outer membrane. As shown in
Fig. 5, when the cytoplasmic and outer membrane fractions
were equally diluted to the same level (OD 280 nm=1), the
GFP fusions in both fractions were presented at the same
level. In other words, displayed fusions accounted for a
similar percentage in total outer membrane fractions as
cytoplasmic fusions did in total cytoplasmic fractions.
Therefore, we consider that the absolute translocation
efficiency for a surface display system could not reach a
high level because it is easy to understand that a limited cell
surface cannot hold so many heterologous proteins before
reaching its saturated situation.

Like other anchoring motifs that displayed the GFP onto
the cell surface of E. coli (Shi and Su 2001), the display of
GFP on the V. anguillarum cell surface also resulted in
destabilization of the membrane integrity. This membrane
destabilization was reported to be a general consequence in
heterologous proteins display. Therefore, we believe it was
better for the bacterial cells to express and display hetero-
logous protein moderately so that the strain would have
high viability with stable membrane for further applications
in live carrier vaccine development.

In conclusion, we constructed and compared the abilities
of three forms of display systems derived from P. syringae-
truncated INP to direct and display GFP onto the cell
surface in attenuated V. anguillarum strain MVAV6203. The
three display systems showed similar cell surface display

ability and efficiency, and the total expression and surface
display levels of N-GFP system were higher and more
stable than the other two when based on unit cell density.
Time course of the N-GFP system demonstrated that there
was a lag of 6 h between expression and translocation of
the N-GFP fusion in V. anguillarum strain MVAV6203. The
degradation products of GFP fusions were found in
cytoplasmic fractions and increased with time. By now,
preliminary developments of carrier vaccines in G bacterial
host based on surface display have been reported mainly in
E. coli and Salmonella typhi against human disease (Kim
and Yoo 1999; Lee et al. 2000; Kang et al 2003), but
similar vaccine developments in marine bacteria have not
been reported yet. In this work, we explored the feasibility
of the INP-directed display systems in V. anguillarum. Our
results proved that the truncated INP display systems could
be used in the attenuated V. anguillarum strain and may
serve for further multivalent carrier vaccine development by
display protective antigens from different pathogens.
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