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Abstract A two-parameter statistical model was used to
predict the solubility of 96 putative virulence-associated
proteins of Flavobacterium psychrophilum (CSF259-93)
upon over expression in Escherichia coli. This analysis
indicated that 88.5% of the F. psychrophilum proteins
would be expressed as insoluble aggregates (inclusion
bodies). These solubility predictions were verified experi-
mentally by colony filtration blot for six different F.
psychrophilum proteins. A comprehensive analysis of
codon usage identified over a dozen codons that are used
frequently in F. psychrophilum, but that are rarely used in
E. coli. Expression of F. psychrophilum proteins in E. coli
was often associated with production of minor molecular
weight products, presumably because of the codon usage
bias between these two organisms. Expression of recombi-
nant protein in the presence of rare tRNA genes resulted in
marginal improvements in the expressed products. Conse-
quently, Vibrio parahaemolyticus was developed as an
alternative expression host because its codon usage is
similar to F. psychrophilum. A full-length recombinant F.
psychrophilum hemolysin was successfully expressed and

purified from V. parahaemolyticus in soluble form, whereas
this protein was insoluble upon expression in E. coli. We
show that V. parahaemolyticus can be used as an alternate
heterologous expression system that can remedy challenges
associated with expression and production of F. psychro-
philum recombinant proteins.
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Introduction

Flavobacterium psychrophilum is the etiologic agent of
bacterial cold water disease (BCWD) and rainbow trout fry
syndrome (RTFS) in salmonid and other finfish. High
mortality rates and spinal deformities associated with
BCWD are responsible for serious economic losses to
public and private aquaculture in many parts of the world
(Nematollahi et al. 2003). Currently, there is no commercial
vaccine available for the control of BCWD, and immuni-
zation of rainbow trout with whole-cell killed F. psychro-
philum preparations have, in general, yielded limited
success (Rahman et al. 2002). Protection against BCWD
in rainbow trout can be induced after immunization with
isolated antigenic fractions of F. psychrophilum (LaFrentz
et al. 2004). Other F. psychrophilum antigens such as outer
membrane proteins have also been shown to confer
significant protection from experimental BCWD challenge
(Rahman et al. 2002). Vaccine development studies have
identified and characterized several immunogenic proteins,
such as OmpH-like surface antigen p18 (Dumetz et al.
2006), Flavobacterium sp. protein antigen FspA (Crump et
al. 2005), OmpA antigen (Dumetz et al. 2007), and Hsp60
and Hsp70 antigens (Sudheesh et al. 2007).
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Identification of immunogenic proteins of F. psychro-
philum has been primarily based on large-scale cultivation
of F. psychrophilum followed by fractionation of antigens
and testing their immunoreactivity to convalescent serum
samples obtained from rainbow trout infected with F.
psychrophilum. Because of the slow growth and fastidious
nature of F. psychrophilum, this approach is time consum-
ing and often allows identification of only those antigens
that are abundant and can be purified in large quantities
suitable for immunoprophylactic studies. Moreover, immu-
nogenic proteins encoded by genes that are specifically
induced during in vivo growth will be missed during such
screening. Therefore, if the identified antigen is less
abundant or induced specifically during infection, it needs
to be produced on a large-scale by cloning and expression
of the gene coding for that antigen. With the recent
availability of whole genome sequences of F. psychrophi-
lum strain JIP02/86 (Duchaud et al. 2007) and CSF259-93
(Wiens et al. unpublished data), it is now possible to use in
silico analysis of genomic sequence to predict antigens that
can be subsequently cloned and expressed in Escherichia
coli for vaccine efficacy trials. This approach, in theory,
could be used to produce many proteins in large quantity
for testing in a fish challenge model. In this setting, E. coli
is the preferred expression host because of the procedural
simplicity, well known E. coli genetics, availability of
compatible molecular tools, and relatively high yields per
unit biomass; these traits can keep production costs
relatively low. This also permits relatively simple construc-
tion and screening of high throughput expression libraries.

The elucidation of immunogenic, structural, or function-
al characteristics of the F. psychrophilum recombinant
proteins is contingent on the availability of abundant
recombinant proteins in soluble form. Expression of
heterologous proteins in E. coli, however, can be limited
by formation of insoluble aggregates called “inclusion
bodies” (Sorensen and Mortensen 2005). Inclusion body
proteins are devoid of biological activity and need elaborate
solubilization, refolding, and purification procedures to
recover products in their native conformation or in
functionally active form (Rudolph and Lilie 1996; Vallejo
and Rinas 2004). Moreover, loss of secondary structure
during solubilization and the aggregation of denatured
molecules because of intramolecular interactions during
refolding result in poor recovery of proteins. Therefore,
prior knowledge of F. psychrophilum sequences that do, or
do not, tend toward soluble expression in E. coli is of
particular relevance.

In this study, our purpose was to apply a statistical model
(Wilkinson and Harrison 1991) to predict the solubility of
putative virulence associated genes of F. psychrophilum
CSF259-93 upon overexpression in E. coli. Experimental
verification of solubility predictions of a limited set of

proteins by colony filtration (CoFi) blot (Cornvik et al.
2005) showed that the expression of large molecular mass
proteins (≥60 kDa) of F. psychrophilum in E. coli was
associated with the formation of inclusion bodies. In
addition, comprehensive analysis of differences in codon
usage between F. psychrophilum and E. coli revealed a
significant codon usage bias between these two organisms
leading to reduced expression of full-length F. psychrophi-
lum recombinant proteins in E. coli. Consequently, an
alternative host expression system using V. parahaemolyti-
cus was developed because of similar codon usage to that
of F. psychrophilum. The effectiveness of this newly
developed V. parahaemolyticus expression host system
over E. coli was demonstrated after expression and
purification in soluble form of a full-length recombinant
F. psychrophilum hemolysin.

Materials and Methods

Database

DNA and protein sequences corresponding to 96 putative
virulence-associated genes of F. psychrophilum were
retrieved from the genome draft of F. psychrophilum
CSF259-93 strain maintained at ERGO™ integrated
genomics database (Wiens et al., unpublished data). These
genes encode proteins with broad functional categories,
such as bacterial outer membrane proteins, surface proteins,
holin proteins, enterohemolysins, quorum-sensing-type
proteins, S-layer toxin, and proteins encoding xanthan and
alginate biosynthesis pathways. Domain lengths for these
proteins ranged from 78 to 1,085 amino acid residues.

Solubility Predictions

In vivo solubility of each of the 96 F. psychrophilum
proteins upon overexpression in E. coli was calculated by
using Wikinson and Harrison’s (WH) two-parameter statis-
tical model (Wilkinson and Harrison 1991; Davis et al.
1999). This solubility model is based on average charge as
determined by the relative numbers of Asp, Glu, Lys, and
Arg residues and the content of turn forming residues (Asn,
Gly, Pro, and Ser). Briefly, the solubility prediction is based
on a canonical value (CV), which is calculated as follows:
CV ¼ 15:43� N þ Gþ P þ Sð Þ � n½ � � 29:56� Rþ Kð Þ�jð½
Dþ Eð Þj � nÞ � 0:03� where N, G, P, S, R, K, D, and E
represent the absolute number of Asn, Gly, Pro, Ser, Arg,
Lys, Asp, and Glu residues in the protein, respectively, and
n is the number of amino acids in the protein. If the
difference between CV and CV′ (a discriminate whose
value has been set to 1.71) is positive, the protein is
predicted to be insoluble, and if the difference is negative,
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the protein is predicted to be soluble. The probability (P) of
solubility was calculated as P=0.4934+0.276 (CV−CV′)−
0.0392 (CV−CV′) (Harrison 2000). Using percentage
probabilities to classify proteins as soluble or insoluble, a
discriminant analysis has been used to successfully classify
proteins as being soluble or insoluble with an overall
accuracy of 88% (Harrison 2000).

E. coli Expression Constructs

Seven open reading frames (ORFs) of different lengths
encoding putative virulence-associated proteins of F.
psychrophilum CSF259-93 were selected based on global
sequence features such as sequence length, isoelectric point
(pI), grand hydropathicity index (GRAVY), aliphatic index
(AI), and net charge and instability index (II), calculated
using the ExPASy ProtParam tool (Gasteiger et al. 2003).
The oligonucleotide primers used for amplification of
complete ORFs are listed in Table 1.The complete ORFs
were amplified using PfuUltra II fusion HS DNA polymer-
ase (Stratagene, USA). The polymerase chain reaction
(PCR)-amplified fragments were purified using QIAquick
PCR Purification kit (Qiagen, USA) and ligated to pET101/
D-TOPO and pET102/D-TOPO expression vectors (Invi-
trogen, USA) as per the protocol given by the manufacturer.
pET101/D-TOPO allows expression of proteins with native
N terminus and a C-terminal 6x-His tag, whereas pET102/
D-TOPO is designed to express recombinant proteins with
an additional N-terminal His-Patch thioredoxin (13 kDa) to
facilitate optimum translation and, in some cases, increases
the solubility of the recombinant proteins. The recombinant
plasmids were transformed into one shot TOP10 chemically
competent cells (Invitrogen), and positive recombinant

clones were confirmed by PCR and DNA sequencing.
The recombinant plasmids were then extracted using
QIAprep Spin Miniprep kit (Qiagen) and stored at −20°C.
An expression construct of ORF FpsyCSF259-93_0822,
encoding a ∼60-kDa heat shock chaperonin of F. psychro-
philum (Sudheesh et al. 2007), was amplified using primers
0822_F (5′-CACCATGGCAAAAAATATAAAATTTG-3′)
and 0822_R (5′-CATCATGCCTGGCATACC-3′) and
cloned into pET102/D-TOPO as described above.

Experimental Determination of Solubility

Solubility of expressed protein was determined experimen-
tally by a CoFi blot screening method (Cornvik et al.
2005). This method is based on separation of soluble
protein from inclusion bodies by a filtration step at a colony
level and has previously been used to screen expression
constructs from a deletion mutagenesis library with 84%
specificity for discrimination between soluble and insoluble
expression products in the Rosetta (DE3) pLysS E. coli
strain. Briefly, E. coli Rosetta2 cells (Novagen, USA)
harboring the expression constructs were spot inoculated on
two Luria–Bertani (LB) plates with 1% (w/v) glucose and
grown overnight at 37°C. The plated colonies were then
lifted with a 0.45-μm Durapore membrane (Millipore,
USA), and the filter was placed with colonies facing up
on LB plate containing 1 mM isopropyl-β-D-thiogalacto-
pyranoside (IPTG). Protein expression was induced for 5 h
at 37°C (first set) and for 8 h at 30°C (second set).
Subsequently, filters with colonies were placed on top of a
0.2-μm nitrocellulose filter and a Whatman 3MM paper
soaked in native lysis buffer (20 mM Tris pH 8.0, 100 mM
NaCl, 0.1 mg/ml lysozyme, 0.75 mg/ml DNAse I, 10 mM

Table 1 Oligonucleotide sequences

ORF Primer Sequence (5′–3′)a Product size—bp

FpsyCSF259-93_1419 1419_F CACCATGAATAAAGAAACCTCAAAATTTG 1,932+4
1419_R AAGACTTTTTGCCCATTCTTGAAG

FpsyCSF259-93_2309 2309_Fb CACCATGAAATTTATTTTTTCTTTTTTTGTTG 1,647+4
2309_R AAATTTAGCCTTAAAACTGACATGAAC

FpsyCSF259-93_0896 0896_F CACCATGAAAAACAAATTTCTTTTAC 2,130+4
0896_R GTTAACTAATTTTACTTCAACC

FpsyCSF259-93_2104 2104_F CACCATGAGGATTATAGTTGTTTTT 1,693+4
2104_R TTTTGTTTTATTAAAATTAGACTCAA

FpsyCSF259-93_0706 0706_F CACCATGAAGCCATTATTAGCT 2,722+4
0706_R AAATTGTTGACCTATTATAAAATGTG

FpsyCSF259-93_0066 0066_F CACCATGGGTTTAGTTACCGCTAA 1,807+4
0066_R GCACTCCCCTTTTTCTGCTAATTTC

FpsyCSF259-93_0586 0586_F CACCATGGTAACCATTTTCAAAAAC 2,095+4
0586_R TACTTCAACTTCTTTGTTTTTACTATC

F forward primer, R reverse primer
a 5′-CACC over hang is shown in italics, ATG start codon is shown in bold letter
b Original TTG start codon was replaced with ATG
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MgCl2, 1/2 Complete EDTA-free protease inhibitor cocktail
tablet/10 ml [ethylenediaminetetraacetic acid (EDTA);
Roche, USA]). The filter sandwich was incubated at room
temperature for 30 min and then freeze–thawed three times
with each cycle of 10 min at −80°C and 10 min at 37°C.
The nitrocellulose membrane was removed from the
sandwich, and the recombinant proteins bound to the
membrane were detected with anti-His(C-term)-HRP anti-
body (Invitrogen) following the procedure described below.
An expression construct of ORF FpsyCSF259-93_0822,
encoding a soluble chaperonin, was used as a positive
control for experimental determination of solubility.

Expression in E. coli

Immediately before expression of recombinant proteins,
either BL21* (DE3) (Invitrogen) or Rosetta2 (Novagen)
competent cells were transformed by heat shock method
using ∼20 to 40 ng of purified recombinant plasmid.
Subsequently, transformation mixtures were directly inoc-
ulated in LB medium containing 1% (w/v) glucose and
grown overnight at 37°C, with shaking at 200 rpm. Next
day, 10 ml of LB medium with no glucose was inoculated
with 500 μl of overnight cultures and grown at 37°C with
shaking at 200 rpm, until the OD595 of 0.5 to 1.0 was
achieved. All constructs were then expressed by induction
with 1 mM IPTG at 37°C for 4.5 to 5 h with shaking at
200 rpm. Unless specified, the E. coli BL21* (DE3) cells
were grown in the presence of carbenicillin (100 μg/ml),
and the Rosetta2 cells were grown in the presence of
carbenicillin (100 μg/ml) and chloramphenicol (34 μg/ml).
Cell pellets obtained from 1 ml of expression cultures were
resuspended in phosphate-buffered saline (PBS; 4.3 mM
Na2HPO4, 1.4 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl,
1 Complete EDTA-free protease inhibitor cocktail tablet/
10 ml [Roche]) and sonicated for 1 min at level 10 with
Misonix cup-horn sonicator (Misonix Inc., USA). The
whole cell lysates were then analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
followed by transfer to nitrocellulose membrane using
Mini-Trans Blot cell (Bio-Rad, USA) as per the manufac-
turer’s instructions. Subsequently, the nitrocellulose mem-
brane was removed from the sandwich and blocked with
5% skim milk in TBST (Tris-buffered saline Tween-20;
20 mM Tris–HCl, 500 mM NaCl, pH 7.5, 0.05% Tween
20) for 1 h. The membrane was washed 3×10 min with
TBST and incubated for 1.5 h with anti-His(C-term)-HRP
antibody (Invitrogen) diluted 1:5,000 in TBST. Next, the
membrane was washed 3×10 min with TBST followed by
1×10 min with TBS and developed with the Immun-Star™
HRP Chemiluminescent kit (Bio-Rad) according to the
manufacturer’s instructions.

Codon Usage Analysis of E. coli vs F. psychrophilum

Ninety-six genes, containing 48,290 codons, of F. psychro-
philum CSF259-93 were used for codon usage analysis. The
percent frequency of a codon is the frequency of occurrence
of a given codon over the total number of codons in that
gene. The percent frequency of 61 codons along with the
position-specific mol% G + C at first, second, and third
position “wobble base” codons was calculated using
Codontree program (Pesole et al. 1988). The data obtained
from the above analysis were used to calculate relative
synonymous codon usage (RSCU) and relative adaptiveness
(w) of each codon according to the previously described
method (Sharp and Li 1987). An RSCU value for a codon is
the observed frequency of the codon divided by its expected
frequency under the assumption of equal usage of the
synonymous codons for that amino acid. For relative
adaptiveness calculations for each amino acid, the codon
with the highest frequency was set to 100% relative
adaptiveness, and all the other codons for the same amino
acid were then scaled accordingly. For comparison, the
RSCU values and relative adaptivenss of each of the 61
codons of expression host E. coli were calculated from the
data retrieved from the codon usage a database maintained at
the web server http://www.kazusa.or.jp/codon/. To predict
the suitability of F. psychrophilum genes to the translational
system of E. coli, codon adaptation index (CAI) values for F.
psychrophilum genes were calculated as described by Sharp
and Li (1987) using the Java Codon adaptation tool (JCat)
program (Grote et al. 2005). CAI is the geometric mean of
the RSCU values corresponding to each of the codons used
in that gene divided by the maximum possible CAI for a
gene of the same amino acid composition. Usually, CAI is
estimated by examining a set of highly expressed reference
genes, and, thus, it is an estimator of gene expressivity
through codon usage.

In silico Optimization of Codon Usage in F. psychrophilum
Genes for Adaptation in E. coli Expression Host

In silico codon optimization of eight F. psychrophilum
genes for their adaptation in an E. coli expression host was
performed using JCat program (Grote et al. 2005). This
novel tool allows the codon optimization of a target gene
such that rare codons in heterologous genes are replaced
with most frequently used codons by the expression host.
The synthetically designed gene is then well adapted to the
codon usage of its potential expression host. The sequence
homology between eight E. coli-codon optimized gene
sequences with that of native gene sequences was deter-
mined using ClustlW program at the web server http://
www.ebi.ac.uk/Tools/webservices.
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Cloning of F. psychrophilum Putative Hemolysin
for Expression in Alternative Host V. parahaemolyticus

The complete ORF of F. psychrophilum putative hemolysin
(FpsyCSF259-93_0066) was amplified using a forward
primer 0066-PMMB-F 5′-GAGCTCgaaggagaTATACA
TATGGGTTTAGTTACCGCTAA-3′ (Sac1 restriction site
is indicated in italics, small letters indicate a ribosomal
binding site that is followed by a spacer sequence and an
underlined start codon) and a reverse primer 0066-PMMB-
R 5′-GGTACCTTAatgatgatgatgatgatgGCACTCCCC
TTTTTCTGCTA-3′ (Kpn1 restriction site is indicated in
italics, underlined letters indicate stop codon, and small
letters indicate 6x-His tag that will be incorporated at C-
terminal of an expressed product) according to the
procedure described above. The amplified PCR product
was ligated to pCR4.0 vector (Invitrogen) according to the
protocol given by the manufacturer. The recombinant
pCR4.0 plasmid was then digested with Sac1 and Kpn1
enzymes, and the digested fragment of ORF0066 with
flanking Sac1–Kpn1 restriction sites was purified using
QiaxII gel purification kit (Qiagen) as per the manufac-
turer’s instructions. The restriction fragment was ligated to
pMMB207 plasmid predigested with Sac1 and Kpn1
(Morales et al. 1991). The expression of heterologous
genes in pMMB207 is driven by IPTG inducible tac
promoter. Because pMMB207 plasmid does not have a
start codon at a suitable distance after a ribosome-binding
site (RBS), an RBS followed appropriately by a start codon
was incorporated at 5′ end of the forward primer. The
resultant recombinant plasmid 1390-pMMB207 was trans-
formed to E. coli S17 λpir by electroporation. The
recombinant clones were selected for chloramphenicol
resistance encoded on pMMB207 and confirmed by PCR
amplification of hemolysin gene.

V. parahaemolyticus NY-4 Ampr strain was transformed
by conjugal transfer of 1390-pMMB207. Briefly, V. para-
haemolyticus NY-4 Ampr strain was grown overnight in
LB medium containing 2.5% (w/v) NaCl (LB salt) and
ampicillin (100 μg/ml), at 37°C with shaking at 200 rpm.
Recombinant E. coli S17 λpir strain containing 1390-
pMMB207 was grown overnight in LB medium containing
chloramphenicol (34 μg/ml), at 37°C with shaking at
200 rpm. After overnight incubation, 1 ml of each
culture was centrifuged, washed once in LB salt, and
resuspended in 50 μl of LB salt. The resuspended cells
were mixed and spot inoculated on LB agar containing
2.5% NaCl followed by overnight incubation at 37°C.
To select transconjugants, the mating mixture was plated
on LB agar plates containing 2.5% NaCl, ampicillin, and
chloramphenicol. The resultant transconjugants were
confirmed by PCR amplification of the hemolysin gene

and stored in 15% (v/v) glycerol at −80°C until further
use.

Expression and Solubility Determination of Recombinant
Hemolysin from V. parahaemolyticus NY-4 Strain

For the expression of recombinant hemolysin, V. para-
haemolyticus NY-4 strain containing 1390-pMMB207 was
grown in LB salt containing appropriate antibiotics until an
OD600 of 0.5 to 1.0 was achieved. The expression was then
induced by addition of 0.5 mM IPTG, and the culture was
grown for another 5 h at 37°C with shaking at 200 rpm.
The whole-cell pellet obtained from 1 ml of expression
culture was resuspended in PBS, sonicated, and analyzed
by Western blot as described above. The solubility of
recombinant hemolysin expressed in V. parahaemolyticus
was determined by CoFi blot as described for E. coli.

Purification of Soluble and Insoluble Recombinant
Hemolysin

E. coli BL21* (DE3), Rosetta2, and V. parahaemolyticus
NY-4 containing recombinant hemolysin constructs were
grown in a 50-ml LB medium supplemented with appro-
priate antibiotics. Expression was induced with IPTG as
described previously. Expression cultures were harvested
by centrifugation at 4,000 rpm for 20 min. For the
purification of soluble hemolysin, cells were resuspended
and lysed in a native lysis buffer (50 mM Na2HPO4,
500 mM NaCl, 10 mM imidazole, pH 8.0, 80 mg
lysozyme/10 ml, 50 μg DNase-I/10 ml, 10 mM MgCl2,
and 1 Complete EDTA-free protease inhibitor cocktail
tablet/10 ml), sonicated and centrifuged. Supernatants were
loaded onto NiNTA agarose column (Invitrogen) following
the manufacturer’s protocol for purification under native
conditions. The columns were washed three times with a
lysis buffer (50 mM Na2HPO4, 500 mM NaCl, 20 mM
imidazole, pH 8.0), and elusion was performed with a lysis
buffer containing 500 mM imidazole. For purification of
insoluble hemolysin, cells were resuspended and lysed in a
denaturing lysis buffer (20 mM Na2HPO4, 500 mM NaCl,
8 M urea, pH 8.0), sonicated and centrifuged. Supernatants
were loaded onto NiNTA agarose column (Invitrogen)
following the manufacturer’s protocol for purification under
denaturing conditions. The columns were washed with a
denaturing lysis buffer at pH 6.0 followed by two washes at
pH 5.3, and elusion was performed by using a denaturing
lysis buffer at pH 4.0. All proteins were checked by SDS-
PAGE and Western blot analysis as described above. The
quantity of total protein from crude lysate and from column
purified protein was estimated by using a Micro BCA
Protein Assay Reagent kit (Pierce, USA).
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Results

Solubility Predictions

Analysis of 96 F. psychrophilum virulence-associated
proteins according to WH method showed that 11 (11.5%)
proteins were predicted to be soluble in E. coli, with a CV−
CV′ ranging from −0.09 to −5.15 (Fig. 1) and the
probabilities of solubility ranging from 51.8% to 97%,
respectively. On the other extreme, 85 (88.5%) F. psychro-
philum proteins were predicted to be insoluble in E. coli,
with a CV−CV′ ranging from 3.04 to 0.01 (Fig. 1) and
probabilities of solubility ranging from 3.4% to 50.3%,
respectively.

Expression in E. coli

The global sequence features including solubility predic-
tions of F. psychrophilum proteins selected for experimental
expression in E. coli are shown in Table 2. The molecular
size of selected proteins ranged from ∼60 to ∼101.8 kDa.
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Fig. 1 Distribution of CV−CV′ values for 96 F. psychrophilum
virulence associated proteins. CV−CV′ values computed for all
proteins were plotted against the length of amino acid sequence.
Negative CV−CV′ values (plotted as dark black circles) predict the
protein to be soluble, while the positive values (plotted as triangles)
predict the protein to be insoluble on expression in E. coli

Table 2 Putative functions, global sequence features, and solubility predictions of F. psychrophilum proteins

ORFa Protein
size-kDab

Putative Function pIc Net charged GRAVYe AIf IIg Solubility predictionsh

WH class (CV−CV′; %
probability of solubility)

FpsyCSF259-93_1419i 72.9 (88.94) Myosin cross
reactive antigen

6.13 −6 −0.375 83.6 33.6 NO (0.84; 30.2)

FpsyCSF259-93_2309
(YP_001296238)

62.8 (78.89) OMP Bacterial
surface protein

9.32 −17 −0.284 90.2 27.5 NO (2.14; 9.5)

FpsyCSF259-93_0896
(YP_001296788)

78.5 (94.54) ompA/motB
family protein

5.89 5 −0.477 72.5 31.9 NO (1.56; 17.1)

FpsyCSF259-93_2104
(YP_001296041)

63.7 (80.74) Bacterial
metallopeptidase

8.72 −5 −0.341 83.1 25 NO (1.91; 12.2)

FpsyCSF259-93_0706
(YP_001296960)

101.8 (117.87) Bacterial surface
protein

9.14 −18 −0.438 83.4 22.3 NO (2.3; 7.9)

FpsyCSF259-93_0066
(YP_001295003)

69.2 (85.24) Putative hemolysin 7.0 1 −0.281 94.9 33.8 NO (0.33; 41.9)

FpsyCSF259-93_0586i 80.2 (96.24) Virulence
associated
protein E

7.16 0 −0.501 82.9 34.1 NO (0.57; 36.2)

FpsyCSF259-93_0822
(YP_001296851)

60 (76) groEL heat shock
protein

5.12 15 −0.084 98.4 21.2 YES (−0.17; 53.8)

a Figures in parenthesis correspond to the homologous proteins in the F. psychrophilum JIP02/86 genome sequence (Duchaud et al., 2007)
b Figures in parenthesis shows protein size including N-terminal (13 kDa) and C-terminal (3 kDa) tags
c pI Isoelectric point
d Net charge
e GRAVY—grand hydropathicity index
f AI—aliphatic index
g II—instability index
hWH—Wilkinson and Harrison (1991) method; YES—soluble; NO—Insoluble; global sequence features such as protein size, pI, net charge,
GRAVY, AI, and II were calculated using ExPASy ProParam tool (Gasteiger et al. 2003)
i Six of eight protein sequences are 100% homologous to the sequences from F. psychrophilum CSF259-93. Both ORFs FpsyCSF259-93_1419
and FpsyCSF259-93_0586 have paralogues in the CSF-259-93 genome (FpsyCSF259-93_1421 and FpsyCSF259-93_0559), and these genes are
orthologues of genes in JIP02/86 encoding protein accession numbers YP_001295903 and YP_001297035, respectively
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These were selected because of the recent evidence
suggesting that high molecular mass antigens of F.
psychrophilum are immunogenic and provide significant
levels of protection against experimental BCWD challenge
of rainbow traut (LaFrentz et al. 2004). Initially, seven
ORFs (Table 1) were cloned in pET101/D-TOPO vector
and expressed in E. coli BL21* (DE3) cells. Most of the
pET101 constructs did not express proteins in sufficient
quantities for reliable detection by SDS-PAGE or Western
blot (data not shown). Consequently, all seven ORFs were
cloned into pET102/D-TOPO vector, co-expressing a 13-
kDa N-terminal thioredoxin fusion tag, and expressed in E.
coli BL21* (DE3) cells. For five out of seven pET102
constructs (FpsyCSF259-93_1419, 2309, 0896, 0066, and
0586), we were able to detect proteins by Western blot
when probed with anti-His(C-term)-HRP antibody
(Fig. 2a). The above five expression constructs consistently
expressed full-length proteins of expected sizes (small
black arrows, Fig. 2) together with one or more minor
molecular weight species. Expression of FpsyCSF259-
93_2104 and FpsyCSF259-93_0706 was inconsistent and
hence excluded from further analysis. We also expressed all
five expression constructs in Rosetta2 host strain, which is
genetically engineered to co-express tRNAs for the seven
codons (ATA, AGG, AGA, CUA, CCC, GGA, and CGG)
rarely utilized in E. coli. At least three (AGA, GGA, and
ATA) of the seven rare codons were identified as
problematic in F. psychrophilum genes. Co-expression of
rare tRNA genes led to the reduction in the numbers of
extra minor molecular weight species in most expression
constructs; however, these problems were not completely
alleviated using this approach (Fig. 2b).

Experimental Verification of Solubility

Experimental verification of solubility of recombinant
proteins produced from five expression constructs

(FpsyCSF259-93_1419, 2309, 0896, 0066, and 0586) by
CoFi blot showed no or very limited signal intensities when
expressed at 37°C (Fig. 3), indicating that the proteins were
expressed in the form of insoluble inclusion bodies (see
below). Expression at reduced growth temperature (30°C)
did not have any positive effects on the solubility of
recombinant proteins as evident by the extremely low
signal intensities on the CoFi blots (Fig. 3). As expected,
the CoFi blot of recombinant protein expressed from
FpsyCSF259-93_0822 showed intense signal, indicating
that this protein was expressed in the soluble form.

Codon Usage Analysis of E. coli vs F. psychrophilum

Overall, the position-specific mol %G + C for codons in F.
psychrophilum genes was 40.7% at the first position, 34%
at the second position, and 24% at the third position. In
contrast, %G + C at the first, second, and third positions of
codons in E. coli was 58.9%, 40.6%, and 55%, respectively.
For an index of codon usage bias, RSCU values for F.
psychrophilum genes and E. coli were calculated with the
percent frequency values of codon usage in F. psychrophi-
lum and E. coli, respectively (Table 3). The selection of
optimal codons was based on the values used for E. coli.
An RSCU value≥1 indicates that the codon is used
optimally or more frequently than expected in a given
organism. Similarly, an RSCU value<1 means that the
codon is used, but at a rate lower than expected.
Examination of codon usage based on RSCU values
allowed selection of ten codons (underlined letters in
Table 3) with RSCU values greater than 1 in both F.
psychrophilum and E. coli, indicating that these codons are
utilized equally well in both the organisms. Sixteen codons
were identified with RSCU value<1 in both F. psychrophi-
lum as well as E. coli, indicating that these codons were
used rarely or at lower rates in these organisms. In contrast,
15 unique codons (asterisk in Table 3) with RSCU values>

Fig. 2 Western blot analysis of whole cell lysates of a E. coli BL21*
(DE3) and b Rosetta2 host strains showing expression of full-length
proteins of F. psychrophilum (indicated with small black arrows)
along with minor molecular weight species: myosin cross-reactive
antigen (lane 1, ∼88 kDa), OMP bacterial surface protein (lane 2,
∼78 kDa), OmpA/MotB family protein (lane 3, ∼94 kDa), hemolysin
(lane 4, ∼85 kDa), virulence-associated protein E (lane 5, ∼96 kDa),

and GroEL heat shock protein (lane 6, ∼76 kDa). c Shows Western
blot detection of recombinant F. psychrophilum hemolysin expressed
and purified from E. coli BL21 (lane 1), E. coli Rosetta2 (lane 2), and
V. parahaemolyticus (lane 3). Note that the vector used for expression
in V. parahaemolyticus did not include N-terminal thioredoxin fusion
and is therefore 13-kDa smaller than expected product sizes from E.
coli. M precision plus protein standard (Bio-Rad)
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1 were identified in expression host E. coli, signifying that
these were frequently used in E. coli, but rarely used in F.
psychrophilum. Interestingly, 18 unique codons were
identified with RSCU values of >1 in F. psychrophilum
but <1 in E. coli (bold faced letters in Table 3), indicating
that these codons are frequently used in F. psychrophilum,
but rarely in E. coli.

Eighteen frequently used codons in F. psychrophilum
reflected bias of A or T over G or C at third position
“wobble” base (17 codons end with A or T, while only 1
codon ends with G, and none with C). Examination of the
distribution of these 18 codons varied markedly between the
seven ORFs that were cloned for this study (data not shown).
Consequently, the CAI for all eight F. psychrophilum genes
was calculated to assess their level of codon adaptability and
expressibility in E. coli (Table 4). CAI values for F.
psychrophilum genes ranged from 0.159 to 0.238, suggesting
poor codon adaptability and lower expressibility of these
genes in E. coli. We then employed the JCat program to
“design” F. psychrophilum genes that would be optimized
for expression in E. coli (CAI=1). The %G + C content of
native F. psychrophilum genes ranged between 29.7% and
39.2%, whereas in the E. coli-codon optimized genes, %G +
C content increased by 9.1% to 15.6%. Overall, the codon
optimized and the native F. psychrophilum gene sequences
showed 73% to 79% sequence similarity.

V. parahaemolyticus as an Alternative Expression Host

Synthetic production of E. coli optimized genes would be
justified if the genes in question were known to be suitable
candidates for further study. Lacking this information, a

more parsimonious course of action would be to identify an
alternative expression host. In this study, we evaluated V.
parahaemolyticus as an alternative expression host for the
optimal expression of recombinant F. psychrophilum
proteins. Codon usage analysis of V. parahaemolyticus
showed that, with the exception of three codons (AGA,
GGA, and ATA), the relative adaptiveness of most of the
other codons closely matched between V. parahaemolyticus
and F. psychrophilum (Table 3); thus, V. parahaemolyticus
has a potential to express recombinant F. psychrophilum
proteins much more efficiently than E. coli. To empirically
assess this conclusion, we cloned and expressed F.
psychrophilum hemolysin in V. parahaemolyticus (strain
NY-4) and compared the quality and quantity of expressed
protein with that of similar protein expressed from E. coli
BL21* (DE3) and Rosetta2 hosts (Table 5). A recombinant
hemolysin with >90% purity was recovered from E. coli
BL21* (DE3), Rosetta2, and V. parahaemolyticus, respec-
tively, and constituted 5.2%, 4%, and 3.5 to 4.7% of the
total protein obtained from expression cultures of the
respective strains (Table 5). As expected, E. coli produced
previously observed lower molecular weight products, but
the purified extract from V. parahaemolyticus yielded
protein of expected size without any lower molecular
weight products (Fig. 2c). The recombinant hemolysin
could be extracted from E. coli only when denaturing
conditions were employed to solubilize protein from
inclusion bodies (Fig. 4). In contrast, recombinant hemoly-
sin from V. parahaemolyticus was extracted using both
native (non-denaturing) as well as denaturing conditions.
Furthermore, a CoFi blot showed that the recombinant
hemolysin was present in a soluble form when overex-

Fig. 3 Results of colony filtration blot (CoFi) for the identification of
soluble protein expression in E. coli Rosetta2 (i) and V. para-
haemolyticus (ii). (i) E. coli colonies expressing F. psychrophilum
proteins: myosin cross-reactive antigen (lane 1), OMP bacterial
surface protein (lane 2), OmpA/MotB family protein (lane 3),
hemolysin (lane 4), virulence-associated protein E (lane 5), GroEL
heat shock protein (lane 6), and (ii) V. parahaemolyticus colony-

expressing F. psychrophilum hemolysin were induced at 37°C (a) or
30°C (b) and lysed on membrane filter. Soluble protein from each
colony diffuses through the filter and is captured on nitrocellulose
membrane placed under the membrane filter. Detection with anti-His
(C-term)-antibody shows spots indicating presence or absence of
soluble protein. Intensity of spot corresponds to the yield of soluble
protein
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Table 4 CAI values, % G + C and sequence homology for eight F. psychrophilum genes before and after optimization to codon usage of E. coli
expression host

F. psychrophilum gene Before codon optimization After codon optimization

CAI %GC CAI %GC % sequence homology

FpsyCSF259-93_1419 0.197 33.4 1 47.9 74
FpsyCSF259-93_2309 0.159 31.3 1 45.0 73
FpsyCSF259-93_0896 0.188 32.8 1 47.8 74
FpsyCSF259-93_2104 0.180 29.7 1 45.3 75
FpsyCSF259-93_0706 0.159 32.3 1 45.4 75
FpsyCSF259-93_0066 0.192 35.1 1 46.3 75
FpsyCSF259-93_0586 0.198 33.2 1 45.2 76
FpsyCSF259-93_0822 0.238 39.2 1 48.3 79

Table 3 Codon preferences of F. psychrophilum, E. coli, and V. parahaemolyticus

AA Codon RSCUa Wb AA Codon RSCU w

FP EC VP FP EC VP FP EC VP FP EC VP

L CTA 0.84 0.21 0.89 30.3 7.3 64.8 GCGc 0.32 1.42 1.24 19.3 100 100
CTC 0.21 0.62 0.56 7.7 20.9 40.5 GCT 1.24 0.64 0.95 74.6 45.1 76.9
CTGc 0.17 2.98 1.06 6.3 100 77.0 T ACA 1.74 0.51 0.88 100 29.7 82.8
CTT 0.89 0.62 1.05 31.9 20.7 76.1 ACCc 0.77 1.74 1.06 44.5 100 100
TTA 2.78 0.78 1.05 100 26.1 76.1 ACGc 0.30 1.07 1.04 17.7 61.5 98.0
TTG 1.07 0.76 1.37 38.6 25.6 100 ACT 1.17 0.66 1.00 67.2 37.9 93.5

S AGCc 0.72 1.66 1.27 42.3 100 89.6 I ATA 1.06 0.21 0.22 67.6 14.0 15.5
AGT 1.25 0.90 0.97 73.6 54.2 68.5 ATCc 0.37 1.26 1.32 23.6 82.8 91.7
TCA 1.29 0.73 1.04 75.9 44.1 73.9 ATT 1.56 1.52 1.44 100 100 100
TCC 0.32 0.89 0.43 19.3 53.7 30.8 C TGC 0.59 1.11 0.74 42.2 100 59.7
TCG 0.70 0.92 0.84 41.5 55.3 59.4 TGT 1.40 0.88 1.25 100 79.8 100
TCT 1.70 0.87 1.41 100 52.3 100 K AAA 1.79 1.53 1.38 100 100 100

R AGA 2.94 0.22 0.51 100 9.2 20.6 AAG 0.20 0.46 0.61 11.5 30.4 44.0
AGG 0.43 0.12 0.16 14.8 5.0 6.4 F TTCc 0.73 1.23 1.31 23.0 74.5 75.2
CGA 0.86 0.38 0.86 29.1 15.8 34.7 TTT 3.19 1.65 1.74 100 100 100
CGC 0.45 2.40 1.82 15.4 100 73.0 E GAA 1.71 1.37 1.31 100 100 100
CGG 0.08 0.58 0.13 3.0 24.2 5.5 GAG 0.28 0.62 0.68 16.6 44.9 52.4
CGT 1.20 2.28 2.49 40.9 95.1 100 H CAC 0.66 0.86 1.05 50.1 75.4 100

G GGA 1.74 0.42 0.41 100 26.5 22.9 CAT 1.33 1.13 0.94 100 100 88.9
GGCc 0.62 1.61 1.43 35.7 100 80.0 Q CAA 1.67 0.69 1.40 100 53.0 74.3
GGG 0.35 0.60 0.36 20.1 37.1 20.4 CAGc 0.32 1.30 0.59 19.1 100 31.3
GGT 1.28 1.35 1.78 73.6 83.5 100 N AACc 0.62 1.10 1.20 45.6 100 100

V GTA 1.69 0.61 0.82 100 41.3 64.5 AAT 1.37 0.89 0.79 100 81.5 65.3
GTC 0.23 0.86 0.68 14.0 58.1 53.7 Y TAC 0.63 0.86 1.22 46.7 75.8 100
GTGc 0.4 1.48 1.22 23.9 100 95.8 TAT 1.36 1.13 0.77 100 100 63.1
GTT 1.65 1.03 1.27 97.7 69.7 100 D GAC 0.56 0.74 0.81 39.3 59.4 68.3

P CCA 1.86 0.76 1.68 100 36.1 100 GAT 1.43 1.25 1.18 100 100 100
CCC 0.44 0.49 0.26 23.9 23.3 15.7 M ATG 1 1 1 100 100 100
CCG 0.28 2.11 0.84 15.3 100 50.5 W TGG 1 1 1 100 100 100
CCT 1.40 0.63 1.20 75.6 29.9 71.5 Z TAA – – – – – –

A GCA 1.66 0.85 1.18 100 59.7 94.9 TAG – – – – – –
GCCc 0.76 1.07 0.60 45.7 75.7 48.9 TGA – – – – – –

Underlined letters denote codons with RSCU values>1 in both F. psychrophilum and E. coli
Bold letters denote codons with RSCU values>1 in F. psychrophilum (FP), but <1 in E. coli (EC)
a The RSCU values for each codon
b The relative adaptiveness of each codon
c Denote codons with RSCU values>1 in E. coli, but <1 in F. psychrophilum

Mar Biotechnol (2008) 10:719–730 727727



pressed in V. parahaemolyticus and that the solubility was
improved when expression was induced at 30°C (Fig. 3).

Discussion

Recombinant expression of F. psychrophilum genes repre-
sents the simplest approach for obtaining abundant protein
for further studies. Characterization of these proteins,
however, is contingent upon availability of abundant and
soluble material. According to the WH method (Wilkinson
and Harrison 1991; Davis et al. 1999), the majority (88.5%)
of F. psychrophilum proteins will form insoluble aggregates
(inclusion bodies) upon expression in E. coli, indicating
that the effective recovery of these proteins will require
elaborate solubilization, refolding, and purification proce-
dures. Our solubility predictions were confirmed by
experimental expression of a set of F. psychrophilum
proteins with a range of solubility probabilities and
different global sequence features. These proteins were
co-expressed with the 13-kDa N-terminal thoredoxin fusion

tag and subjected to a fairly simple but robust technique of
CoFi blot to document solubility (Cornvik et al. 2005). As
expected, the signal intensity obtained from the colony
expressing the ∼60-kDa F. psychrophilum chaperonin
(FpsyCSF259-93_0822) protein was high, indicating higher
yield of soluble protein. This outcome was predicted given
a CV−CV′ of −0.17. In contrast, the CoFi blot for
recombinant proteins expressed from five other expression
constructs (FpsyCSF259-93_1419, 2309, 0896, 0066, and
0586) showed little signal indicating that all of these
proteins were expressed in an insoluble form. Recombinant
protein expression at reduced growth temperatures can
increase the solubility of aggregation prone proteins
(Schein and Noteborn 1988), but our efforts to express F.
psychrophilum proteins in E. coli at reduced growth
temperatures (30°C for 8 h) did not improve solubility.
Interestingly, when the recombinant proteins were
expressed in the E. coli BL21* (DE3), Western blots
indicated presence of full-length proteins from all the five
ORFs (FpsyCSF259-93_1419, 2309, 0896, 0066, and
0586), but these products were consistently associated with
one or more minor molecular weight products. We
hypothesized that these minor molecular weight products
are a result of translational errors because of the differences
in codon usage in F. psychrophilum genes.

Expression of heterologous genes encoded by codons
that are rarely used by E. coli can lead to translational errors
such as mistranslational amino acid substitution, frame
shifting events, or premature termination of translation
(Kurland and Gallant 1996; McNulty et al. 2003; Sorensen
et al. 2003). It is less likely that the minor molecular weight
products observed in this study are truncated species
because of the premature termination of translation or +1
frame shift events because the 6x-His tag is located at C
terminus of protein and the Western blot with anti-His
antibody would only detect full-length protein products. It
is possible, however, that the depletion of intracellular pool
of cognate tRNAs may have led to ribosomal pause at
codons rarely used by E. coli thereby causing in-frame
deletion of amino acids (because of hopping over of
ribosome to next optimally used codon) leading to

Table 5 Quantities of recombinant F. psychrophilum hemolysin protein expressed in V. parahaemolyticus and E. coli expression hosts

Host Method of extractiona Total protein (mg)b Column purified proteinc (% of total protein)

E. coli BL21* (DE3) Denature ∼9.5 ∼0.5 mg (5.2)
E. coli Rosetta2 Denature ∼10 ∼0.4 mg (4)
V. parahaemolyticus Denature ∼14 ∼0.5 mg (3.5)
V. parahaemolyticus Native ∼17 0.8 mg (4.7)

a Both a denaturing protocol and native protocol were used to extract proteins (see “Materials and Methods”). The native extraction protocol did
not yield any recombinant protein for the E. coli hosts
b Total protein in the extract from 50-ml cultures
c Recombinant protein purified using an NiNTA agarose column (see “Materials and Methods”)

Fig. 4 SDS-PAGE showing solubility of F. psychrophilum recombi-
nant hemolysin upon overexpression in E. coli BL21 (lanes 1 and 2),
Rosetta2 (lanes 3 and 4), and V. parahaemolyticus (lanes 5 and 6).
The protein expression was induced at 37°C for 5 h using 1 mM (for
E. coli) and 0.5 mM (for V. parahaemolyticus) IPTG. The expressed
proteins were purified from the cell pellets of expression cultures by
binding of 6x-His tag using Ni2+-NTA matrices using native
conditions (lanes 1, 3, and 5) and denaturing conditions using 8 M
urea (lanes 2, 4, and 6). M broad range protein standard (Bio-Rad)
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production of minor molecular weight products that are
translated in-frame, but reduced in size (Kane et al. 1992;
Wysocki et al. 1994; Kane 1995). In addition, rare codon-
mediated ribosomal stalling within the mRNA transcript can
also alter the RNA structure by generating an internal
ribosomal entry site and facilitate translation of the down-
stream ORF in the presence of internal initiation codons
(Narayanan and Dubnau 1987; Fernandez et al. 2005). This
can lead to production of in-frame translated minor molec-
ular weight products. We suspect this occurred in our case
because all of the ORFs expressed in this study showed
presence of several in-frame internal initiation codons and, in
some cases, Shine–Dalgarno like sequences (data not
shown). Thus, some of the minor molecular weight species
observed in this study could be attributed to combined effects
of ribosomal stalling because of rare codons and initiation of
translation from internal initiation codons. Sequencing
analysis of expressed protein products would be required to
further confirm this effect; however, we did not investigate
this further, as this was beyond the scope of our study.

We attempted to alleviate these problems by co-expressing
rare tRNAs to better match codon usage in our cloned F.
psychrophilum sequences. The Rosetta2 strain used in this
study is engineered to co-express seven most commonly
reported problematic tRNA genes (ATA, AGG, AGA, CTA,
CCC, GGA, and CGG) of which at least three codons (ATA,
GGA and AGA) were identified to be problematic in F.
psychrophilum genes. As expected, this strategy could only
partially remedy the problem, as evident by the reduction in
the numbers of extra minor molecular weight species for
most expression constructs. Nevertheless, these results
indicated that the production of minor molecular weight
species were associated with the codon usage bias; compu-
tation analysis of 96 F. psychrophilum ORFs was consistent
with a pervasive codon bias problem when attempting to
express these genes in an E. coli host. Others have reported
that the overall G + C composition is a major factor affecting
codon use variation, and as a result, increased frequency of
rare codon usage can markedly affect quality and quantity of
expression (Kane, 1995; Chen et al. 2004). Noteworthy is
that the mol %G + C between E. coli (∼51%) and F.
psychrophilum (∼32%) is significantly different, and we also
observed that F. psychrophilum codon usage is biased
toward codons ending in A or T over codons ending in G
or C. Taken together, our analysis indicates that the codon
preference in these organisms is strikingly different and that
the numbers of tRNA genes co-expressed in this study were
not sufficient to alleviate problems of codon usage bias.

The lower CAI values (0.159–0.238) for eight F.
psychrophilum ORFs indicated that, if F. psychrophilum
proteins are expressed in E. coli, their expression would be
suboptimal (Sharp and Li 1987). The CAI analysis also
indicated that, for efficient expression of F. psychrophilum

genes, codon usage must be optimized to match the
expression host E. coli. Problems of mistranslation and
reduced expression levels can be alleviated when rare
codons are substituted with the optimal codons (Kane et al.
1992; Calderone et al. 1996). Codon optimization can
improve gene expression through different mechanisms,
such as improvement in translation by avoiding the
requirement for tRNAs present at low concentrations and
increase in mRNA stability with a rise in overall G + C
content (Narum et al. 2001). Therefore, it is likely that
synthesizing new F. psychrophilum genes to include more
appropriate codons would improve the expression and our in
silico analysis indicates that this strategy is feasible. Indeed, it
is now possible to rapidly synthesize even large gene
sequences (approximately 20 kb) in a relatively short time
(<4 weeks/kb). However, this approach could be cost limiting
especially when attempting to characterize the function and
immunogenic properties of a large number of proteins.

A more parsimonious solution to codon bias limitations
is to develop new heterologous expression systems that
better match codon use patterns of the target organism. This
strategy is becoming increasingly popular, and several
bacterial hosts, such as Bacillus megaterium, B. subtilis,
B. brevis, and Caulobacter crecentus, have been described
for heterologous protein expression (Terpe 2006). Our
comparison of codon usage between V. parahaemolyticus
with that of F. psychrophilum showed that, with the
exception of three codons (AGA, GGA, and ATA), usage
is very similar. Moreover, genetic tools are also available
for the recombinant protein expression in V. parahaemoly-
ticus. These features of V. parahaemolyticus aided expres-
sion of a full-length hemolysin (∼69 kDa) protein, which
was produced without any minor molecular mass products.
In addition, the recombinant hemolysin was expressed in a
soluble form in V. parahaemolyticus, which is in sharp
contrast to E. coli where the same hemolysin is expressed in
the form of insoluble inclusion body aggregates. This is
important because purification of soluble hemolysin produced
in V. parahaemolyticus did not require elaborate solubiliza-
tion using high concentrations of chaotropic agents, and
hence, tedious and time-consuming post-purification pro-
cessing steps were avoided (e.g., dialysis to remove
chaotropic agents, refolding, and concentration of dialyzed
protein). Finally, the quantity of purified recombinant
hemolysin produced in V. parahaemolyticus was comparable
to that of E. coli. Collectively, these results indicate that V.
parahaemolyticus can be used for the overexpression and
production of recombinant F. psychrophilum proteins.

In conclusion, overexpression of large molecular weight
proteins from F. psychrophilum in the E. coli host is
associated with recombinant protein insolubility; codon
bias leads to poor quality proteins. These problems are
fundamental constraints for production of proteins needed
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for immunoprophylactic and structural or functional stud-
ies. Our study provides a solution to these problems in the
form of V. parahaemolyticus as an alternative expression
host that is suitable for production of high-quality and
soluble recombinant protein.
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