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Aeromonas hydrophila is an opportunistic bacterial patho-
gen that is associated with a number of diseases in fish, am-
phibians, reptiles, and humans. In fish it causes several disease
symptoms including tail and skin rot, and haemorrhagic
septicemia; in human it causes soft-tissue wound infection
and diarrhoea. The pathogenesis of A. hydrophila is multi-
factorial, but the mechanism is unknown so far. It is consid-
ered to be mediated by expression and secretion of extracel-
lular proteins such as aerolysin, lipase, chitinase, amylase,
gelatinase, hemolysins, and enterotoxins. A number of the
putative virulence-protein-encoding genes that are present
in the genome of A. hydrophila have been targeted by PCR
for molecular diagnosis. These significant genes are also tar-
geted for over-production of proteins by cloning and ex-
pression methods. In this review, we emphasize recent pro-
gress in the cloning, expression, and regulation of putative
virulence-protein-encoding genes of A. hydrophila for a better
understanding of the pathogenesis and also help to provide
effective strategies for control of diseases.
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Introduction

Fish and fishery products are an important food component

in the human diet all across the globe. These food products
are a rich and inexpensive source of protein for poor popu-
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lations. In Asia, on average, 30% of the total animal protein
intake is derived from fish. Among Southeast Asian countries,
fish protein provides 45% of the total protein consumed
(Prein and Ahmed, 2000). No wonder these products are
regarded as “poor man’s protein” (Williams, 1996). Apart
from being good protein sources, fish and fishery products
have a lot of medicinal importance (Din et al., 2004). Over
the last two decades, there is an increasing awareness con-
cerning nutritional and health benefits of fish consumption.
However, aquaculture is facing many problems such as over-
catching feed fish, disease outbreaks, shrinking of natural
reserves due to urbanization, dumping of untreated industrial
waste water in freshwater reserves — to name a few (Karl et
al., 1995; Carr et al., 2004). Among these problems, microbial
infections pose a major impediment to successful fish farm-
ing and stocking (Singh, 2012). Single infections often affect
the whole population converting it to disease carrier, which in
turn leads to periodic outbreaks of active disease, high rates of
mortality and resultant huge losses to the economy. Therefore,
there is a pressing need to prevent or control pathogenic
infections in fish populations.

One of the major culprits for infection of aquatic organisms
is Aeromonas hydrophila, which is a Gram-negative, motile
and rod-shaped bacterium belonging to the family Aeromo-
nadaceae (Colwell et al., 1986). A. hydrophila spreads rapidly
because of its ubiquitous presence in the aquatic environ-
ment, transmitting infection from one host to another. It is
associated with hemorrhagic septicemia in cold-blooded ani-
mals, including fishes, reptiles, and amphibians (Janda et al.,
1994; Austin and Austin, 1999), which too often results in a
high rate of mortality in commercial aquaculture (Chakraborty
et al., 1987; Hickman-Brenner et al., 1987; Barghouthi et al.,
1989; Janda et al., 1994). A. hydrophila secretes a number of
extracellular enzymes and proteins such as proteases, DNase,
RNase, elastase, lecithinase, amylase, lipase, gelatinase, and
chitinase (Merino et al., 1995; Pemberton et al., 1997), cy-
totoxic/cytolytic enterotoxins (Chopra et al., 1993) and three
haemolysins (Howard and Buckley, 1985; Hirono and Aoki,
1991; Hanes and Chandler, 1993; Singh et al., 2009, 2010a,
2011), which are considered to be virulence proteins or factors.
Wakabayashi et al. (1980) reported that virulence of A. hydro-
phila is related to proteolytic casein and elastin hydrolysis.
In their research it was shown that elastin-positive strains
produced lesions and mortality when injected into channel
catfish. Chabot and Thune (1991) suggested that the extra-
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cellular substances such as hemolysins and proteases might
also be involved with the A. hydrophila pathogenicity me-
chanism.

The availability of the complete genomic sequence of A.
hydrophila has allowed the identification of numbers of new
virulence proteins that contribute to infection and patho-
genesis. There are different types of hemolysin, including
aerolysin, also known as B-hemolysin, [causes the complete
lysis of red blood cells (RBCs)], a-hemolysin (causes partial
lysis of RBCs), thermostable hemolysin and other unknown
hemolysins. These proteins do not show any significant se-
quence homologies (Seshadri et al., 2006; Singh et al., 2009,
2010b, 2011). All these virulence proteins produced by A.
hydrophila play important roles in infection of a host, lead-
ing to development of diseases. In this review, we discuss
recent progress in PCR-based diagnostic methods for mo-
lecular identification of A. hydrophila. We describe progress
in cloning, expression and regulation of putative virulence-
protein-encoding genes of A. hydrophila for control of in-
fection and disease outbreaks in fish and other animals.

Molecular detection of putative virulence-protein-encoding
genes of A. hydrophila

Polymerase chain reaction (PCR) is a rapid and sensitive tool
that can be used to amplify a specific fragment of a gene from
any organism. The idea is to use primers and probes to amplify
virulence-protein-encoding genes present in A. hydrophila.
This approach has been successfully used to determine and
identify various Aeromonas species isolated from different
sources. The aerolysin-toxin gene (aerA) is one of the spe-
cific genes in A. hydrophila detectable by PCR. Aerolysin was
conspicuously absent in the A. caviae and A. veronii groups
whereas it was present in 91% of A. hydrophila isolates
(Aguilera-Arreola et al., 2007). After PCR, a small fragment
of the aerolysin gene (209 bp) could be amplified only in
hemolytic strains of A. hydrophila, while PCR amplification
was constantly negative in hemolytic A. sobria, A. veronii,
non-hemolytic A. hydrophila and A. caviae strains (Pollard
et al., 1990), providing its high specificity.

Baloda et al. (1995) studied 89 strains of A. hydrophila and
A. sobria isolated from drinking water, fish and foods. These
strains were found positive for production of virulence fac-
tors - hemolysin, protease and cytotoxin. Singh et al. (2010a)
also identified three virulence genes encoding hemolysin
(1,416 bp), aerolysin (309 bp), and lipase (760 bp) from A.
hydrophila isolated from fish and aquatic environmental

samples. A summary of virulence-protein-encoding genes
detected by PCR assays from A. hydrophila and related
Aeromonas species is given in Table 1. The table provides a
list of groups that have primers designed for amplification of
conserved regions of virulence-protein-encoding genes. The
table also gives the size of PCR products (amplicons) obtained
during amplification, and indicates the sensitivity of each
set of primers with genomic DNA of A. hydrophila.

Species-specific primers have been reported to amplify a
326 bp conserved region of the aerolysin gene for A. hydro-
phila. A total of 25 isolates of A. hydrophila were recovered
from fish and pond water and studied for detection of the
aerolysin gene. The aerolysin gene was detected in 85% of the
isolates during the study. The designed primers were highly
specific and showed no cross reactivity with other bacterial
species such as E. coli, A. veronii, V. cholerae, Flavobacterium
spp., Chyseobacterium spp., and S. aureus. This study indicated
the high specificity of aerolysin gene primers and showed a
sensitivity limit of 5 pg genomic DNA for amplification
(Singh et al., 2008). The hemolysin gene was detected in A.
hydrophila by amplifying a small fragment (196 bp) of the
conserved region of the gene using specific primers and
showed a 2 ng genomic DNA sensitivity (Singh et al., 2007).
PCR amplification of thermostable hemolysin has been re-
ported in A. hydrophila (Singh et al., 2011). A PCR assay was
developed to detect hemolysin (ahhl) and aerolysin (aerA)
genes of A. hydrophila and A. veronii bv. sobria. All of the
isolates were divided into five genotypes on the basis of the
results of a multiplex PCR. Genotype 1, carrying only the
ahhl gene was 36% of isolates, genotype 2, carrying the asal
gene only, was 8.5% of isolates, genotype 3, carrying both
ahhl and asal genes, was 4% of isolates, genotype 4, carrying
the ahhl gene and A. hydrophila aerA gene, was 37.5% of
isolates and genotype 5, not carrying hemolysin genes, was
14% of isolates (Wang et al., 2003). Previously, Heuzenroeder
et al. (1999) reported the distribution of two hemolytic toxins
- aerolysin and hemolysin (hlyA) of Aeromonas sp. - from
clinical and environmental samples.

PCR assay was also used to detect the aerolysin toxin (aer)
gene in Aeromonas sp. isolated from faeces of a diarrhea
patient. Sixty-eight samples, that constituted 11.3% of total
samples, were found to possess the aer gene. The different
Aeromonas species possessing the aer gene identified by
PCR assays included A. hydrophila (55.8%), A. caviae (17.6%),
A. veronii (10.2%), A. schubertii (4.4%), A. jandaei (2.9%), and
8.8% of A. trota (Kannan et al., 2001). A. hydrophila was also

Table 1. Summary of the major virulence proteins coding genes used in detection of A. hydrophila and related Aeromonas species

Strains Virulence protein coding genes Size of amplicons (bp) PCR sensitivity References
A. hydrophila Aerolysin (aer) 326 5 pg Singh et al. (2008)
A. hydrophila Hemolysin (hem) 196 2ng Singh et al. (2007)
A. hydrophila Lipase (lip) 760 <10 CFU and 0.89 pg ~ Cascon et al. (1996)
A. hydrophila Aerolysin, hemolysin, lipase 309, 1416, 760 NA Singh et al. (2010a)
A. hydrophila Aerolysin 209 1ng Pollard et al. (1990)
A. hydrophila Aerolysin 209 NA Baloda et al. (1995)
A. hydrophila Hemolysin 130 NA Wang et al. (2003)
A. hydrophila Hemolysin 309 NA Wang et al. (2003)
A. trota Aerolysin 622 NA Khan et al. (1999)
A. salmonicida Surface array protein gene (vapA) 421 10 CFU and 5 fg Gustafson et al. (1992)

NA, Not available; CFU, Colony forming unit; ng, nanogram; pg, pictogram; fg, femtogram



isolated from mineral, drinking and thermal waters. The toxi-
city was confirmed by cytotoxic assays and detection of the
aerolysin gene was performed by PCR. Six strains contain-
ing the aerolysin gene, isolated from the mineral waters,
were found to be cytotoxic, while out of twelve strains isolated
from thermal waters, seven were found cytotoxic, and eleven
contained the aerolysin gene (Biscardi et al., 2002). Krovacek
et al. (1998) reported A. hydrophila septicemia in grey seal
(Halichoerus grypus) in the Swedish part of the Baltic Sea.
A. hydrophila was isolated from both lung and spleen samples.
All of the A. hydrophila isolates produced hemolysin and
also showed the identical patterns of biochemical and anti-
biotic resistance. The aerolysin gene was detected in all iso-
lates by PCR assay.

The frequency of the aerolysin (aerA), cytotoxic enterotoxin
(act) and serine protease (ahp) genes in A. hydrophila isolates
from different sources such as clinical cases (n=40), healthy
fish (n=22) and from water (n=21) have been used to assess
the prevalence of aerA, alt and ahp genes by PCR assay. These
virulence factors occurred among clinical isolates and among
isolates from healthy fish and water, with the majority (97.6%)
of the strains examined carrying one or more virulence genes
(Li et al., 2011). There is a recent report on the distribution of
virulence genes in Aeromonas isolates from diseased fish,
healthy controls and water in China. The frequency of the
aerolysin (aer), cytotonic enterotoxin (art), cytotoxic enter-
otoxin (act), temperature-sensitive protease (eprCAI) and
serine protease (ahp) genes in Aeromonas isolates were iden-
tified by PCR and their pathogenicity was also determined
(Hu et al., 2012).

Gonzalez-Serrano et al. (2002) tested the virulence-protein-
encoding genes in 12 strains of A. hydrophila and 3 strains
of A. veronii biovar sobria. Ten strains of A. hydrophila were
found positive for both aerA and hlyA, while two strains
were positive for aerA and negative for hlyA. All the A. ver-
onii biovar sobria strains were negative for both potential
virulence genes, aerA and hlyA. Khan et al. (1999) reported
the species-specific primers for amplifying the aerolysin gene
(aerA) of A. trota. The size of the amplified aerolysin frag-
ment was 622 bp, confirmed by digestion with BamHI re-
striction endonuclease, which showed the expected size of
digested aerolysin. Gustafson et al. (1992) reported on PCR
assays for detecting A. salmonicida from infected fish tissues,
feces and tank water of infected fish. The primers gave am-
plification of the three regions of the gene (vapA) (421 bp) for
the surface array protein of A. salmonicida. The sensitivity
of PCR detection of A. salmonicida directly from tissues was
less than 10 CFU/mg and 5 fg of genomic DNA (Table 1).
A new set of primers has been designed for detection of the
thermostable hemolysin gene (645 bp) from A. hydrophila,
and the sensitivity limit for detection of the TH gene was 5
pg (Singh et al., 2011).

Shibata et al. (1997) reported on the cloning and sequenc-
ing of the thermostable lipase (lipAH) isolated from clinical
strains of A. hydrophila. Using PCR, LipAH was detected in
80% of the isolates. Cascon et al. (1996) also reported on PCR
amplification of a thermostable lipase gene (760 bp) from
A. hydrophila. The sensitivity of the PCR assay was less than
10 CFU and 0.89 pg of genomic DNA (Table 1).

Nam and Joh (2007) isolated and identified species of Aero-
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monas from a water sample of a trout farm and diseased fish.
In this study, they used different sets of primers to target six
virulence-protein-encoding genes of Aeromonas species. The
detected virulence genes in Aeromonas species include aer-
olysin (aer), GCAT (gcat), serine protease (ser), nuclease
(nuc), lipase (lip), and lateral flagella (laf). In A. sobria, the
most abundant strain identified in the study, the dominant
virulence factors were aer and nuc. Sen and Rodgers (2004)
developed six sets of primers for detection of Aeromonas spe-
cies and determined the presence of six virulence-protein-
encoding genes in Aeromonas sp. such as elastase (ahyB),
lipase (pla/lip/lipH3/alp-1) flagella A and B (flaA and flaB),
and the enterotoxins act, alt, and ast.

Thus, PCR has been extensively used in various studies and
it is the most accepted method for identifying and charac-
terizing Aeromonas species from samples of very diverse
origins.

Gene cloning, expression, and regulation of the hemolytic-
protein-encoding gene

Immunoassays are one of the most widely accepted methods
for identifying and characterizing pathogens. This method
is based on the unique ability of an antibody to bind with
high specificity to one or a very limited group of molecules.
It requires either antigen or antibody; in fact, the whole bac-
terial cell can be used in the immunoassay. However, com-
mon antigenic epitopes will then show cross-reactivity. To
avoid this problem, the specific purified protein is preferable
and is of particular importance when used as a diagnostic
for A. hydrophila. Several research groups have reported the
cloning and expression of the virulence-protein-encoding
genes of A. hydrophila. These virulence proteins can be used
as an antigen in the specific immunoassay for diagnostic pur-
poses. We discuss here, recent progress in using virulence
proteins in antigen-based immunoassays and also as useful
antigens in vaccination against A. hydrophila infections.

Zhu et al. (2007) developed a recombinant aerolysin pro-
tein, the gene for which was originally derived from of A.
hydrophila isolated from diseased fish. This recombinant
aerolysin (aerA) was expressed in E. coli under the control
of the bacteriophage T7 promoter. The coding region pres-
ent in the gene of A. hydrophila XS91-4-1 was cloned and
expressed in E. coli BL21 cells, excluding the signal peptide.
The protein was expressed in a soluble form and purified us-
ing His-Bind resin affinity chromatography. Recombinant
aerolysin showed hemolytic activity in blood agar and western
blot analysis, demonstrating good antigenicity.

In this context, the complete aerolysin gene of A. hydro-
phila has been cloned and expressed into E. coli BL21(DE3)-
CodonPlus-RP cells. The protein size was 54 kDa as esti-
mated by SDS-PAGE and it was purified by Ni-NTA affinity
chromatography. Anti-His antibodies were used to charac-
terize the expressed aerolysin by western blotting and the
aerolysin showed hemolytic activity with fish red blood cells
(Singh et al., 2010b). The 3-D structure of aerolysin protein
has been generated using homology modeling methods for
targeting the active amino acids by drugs for prevention of
oligomerization on the surface of RBCs. It could be a possible
step towards the prevention of hemorrhagic septicemia in
hosts (Singh and Somvanshi, 2009). The two extracellular
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toxins, both aerolysin and hemolysin from A. hydrophila,
contribute to pathogenesis. Aerolysin is also known as B-
hemolysin, which interacts with eukaryotic RBCs and binds
to the glycosylphosphatidylinositol (GPI)-anchored protein
receptor, and subsequently causes the complete lysis of the
cell (Howard et al., 1987; Parker et al., 1994). Another hemo-
lysin also plays a vital role in the partial lysis of RBCs. These
virulence-protein-encoding genes showed 18% sequence
homology with each other, but are located at different po-
sitions in the genome of A. hydrophila (Wong et al., 1998).
The 3-D structure, which has been determined using X-ray
crystallography, is important for better understanding of the
role and mechanism of A. hydrophila aerolysin action during
infections (Parker et al., 1994). Chakraborty et al. (1986)
reported on the aerolysin of A. hydrophila AH2 found by
screening a cosmid library for hemolytic and cytotoxic acti-
vities. A plasmid containing a 5.8-kilobase EcoRI fragment
of A. hydrophila was required for expression of the hemo-
Iytic and cytotoxic phenotypes in E. coli K-12. Aerolysin was
detected as a 54 kDa protein in E. coli maxicells harboring
plasmids and also by immunoblotting assays.

Gene regulation and attenuating the function of the aroA
gene of A. hydrophila SO2/2 were carried out using muta-
genesis. The aroA gene was inactivated by the insertion of a
DNA fragment containing a kanamycin resistance determi-
nant and introduced by allelic exchange into the genome of
A. hydrophila AG2 by means of the suicide vector pSUP202.
When inoculated intra-peritoneally into rainbow trout,
this highly attenuated mutant of A. hydrophila had a 50%
lethal dose of >2x10° CFU. The strain with the AroA mu-
tation was used as a live vaccine for vaccination of rainbow
trout and conferred significant protection against the wild-
type strain of A. hydrophila (Hernanz-Moral et al., 1998).

The role of two unrelated hemolysin toxins of A. hydrophila
was assessed in a suckling mouse by Wong et al. (1998).
The first hemolysin gene isolated from an A. hydrophila A6
cosmid bank encodes a potential gene product of 621 amino
acids with a mass of 69.0 kDa. The inferred amino acid se-
quence showed 89% identity to the AHH1 hemolysin of A.
hydrophila ATCC 7966 and 51% identity to the HIyA he-
molysin of Vibrio cholerae EI Tor strain O17. The second
hemolysin gene, aerA that encodes aerolysin - a pore-form-
ing toxin (B-hemolysin), was partially cloned by PCR for the
purpose of mutant construction. A suicide vector was used
to inactivate both the hlyA and aerA genes in A. hydrophila
A6. When these two mutants were assessed in the suckling
mouse model, only the hlyA aerA double mutant showed a
statistically significant reduction in virulence, with a 20-fold
change in LDs.

The complete ORF of the hemolysin gene was amplified
and cloned by Singh et al. (2009). The cloned gene was further
sub-cloned in pET28a vector and transformed into E. coli
BL21(DE3)-CodonPlus-RP cells to express it. The expected
size of the expressed protein was 68.0 kDa, as estimated by
migration in SDS-PAGE. Anti-His monoclonal antibodies
have been used to confirm the identity of the recombinant
protein by western blotting. In this report, the 3-D structure
was generated using homology modeling for targeting the
active pockets with drugs. Hironi and Aoki (1991) have
cloned and expressed the extracellular hemolysin (ahhl)

gene of A. hydrophila ATCC7966. The nucleotide sequence
of this region contained a single ORF of 1734 bp encoding
the 577 amino acids of a 63.6 kDa protein. The protein was
analyzed by in vitro assay, using [*°S] methionine-labelled
proteins in E. coli CSR603 carrying the ahhl plasmid coding
for a 60 kDa polypeptide.

A study by Erova et al. (2007) reported a new hemolysin
gene in A. hydrophila that normally produces a cytotoxic en-
terotoxin (Act). The new hemolysin gene (hlyA) was cloned,
sequenced and over-expressed in E. coli. It was found to
encode a 49 kDa protein having 439-amino acid residues,
and exhibited 96% amino acids sequences homology with
A. hydrophila subspecies hydrophila ATCC 7966. The hlyA
gene did not exhibit any homology with other known hemoly-
sin genes nor with the aerolysin gene detected in Aeromonas
isolates. Chopra et al. (1994) constructed genomic libraries
for a diarrheal isolate of A. hydrophila using cosmid pHC79
and lambda EMBL3 vectors. The cell lysate of an E. coli
[pSL24] clone caused enterotoxic activity on Chinese hamster
ovary (CHO) cells. The enterotoxin was biologically heat
labile and lost all activity at 56°C in 20 min.

Chopra et al. (1993) cloned and sequenced cytolytic enter-
otoxin of A. hydrophila. N-terminal amino acid residues of
the Aeromonas cytolytic enterotoxin were used as a probe
to screen a genomic library constructed in lambda EMBL3.
All biological activities associated with the cytolytic enter-
otoxin were neutralized by rabbit homologous polyclonal
antibodies. SDS-PAGE and western blot of cell lysates of E.
coli (lambda CH4) revealed a protein band of 52 kDa, us-
ing antisera for cytolytic enterotoxin. The homology of cy-
tolytic enterotoxin either at the DNA or protein sequence
level resembled the aerolysin of Aeromonas species.

Gene cloning, expression, and regulation of other putative
virulence-protein-encoding genes

Chitinase is a digestive enzyme that breaks down glycosidic
bonds in chitin, and is considered to be a virulence factor of
A. caviae strain WS7b - isolated from a soil sample of a black-
pepper plantation. The complete nucleotide sequence of the
chitinase gene was determined and consists of a 2,748-bp
region encoding 864 amino acids. The chitinase sequence
showed amino-acid similarity to chiA from A. caviae (Malik
et al., 2003). Lan et al. (2006) studied the chitinase (chiA)
gene isolated from A. hydrophila strain SUWA-9. The chiA
OREF encodes a polypeptide of 865 amino acid residues with
a molecular mass of 91.6 kDa. The deduced amino acid se-
quence showed a high degree of similarity to other chitinases
belonging to the glycosyl hydrolase family in bacteria. The
chiA was expressed in E. coli, the recombinant chitinase
(ChiA) was purified, and it hydrolyzed the trimer and pen-
tamer forms of N-acetylchitooligomers to produce mono-
mers and dimers. Lan et al. (2008) reported a second -N-
acetylglucosaminidase (nagB) gene isolated from chitino-
Iytic A. hydrophila strain SUWA-9. The nagB ORF encoded
618 amino acid residues with a molecular mass of 68.8 kDa.
The nagB gene, when expressed in E. coli, hydrolyzed the
N-acetylchitooligomers into monomers.

Fang et al. (2004) reported the gene encoding the 43 kDa
major adhesin (Ahal) from A. hydrophila. Gene sequence
analysis of Ahal revealed an ORF encoding a polypeptide of



373 amino acids with molecular weight 40.7 kDa. The amino
acid sequences of Ahalp showed high degrees of homology
with two outer membrane proteins (OMPs) of A. hydrophila.
The major Ahalp was expressed in E. coli under control of
a bacteriophage T5 promoter. The recombinant Ahal was
confirmed by Western blotting which showed major adhesin
conservation among various strains of Aeromonas sp. Adhesin
was used to immunize Blue gourami, resulting in fish pro-
tection, which indicates that it can be used as a potential
candidate for control of A. hydrophila infection.

Kidd and Pemberton (2002) investigated an amylase en-
zyme, which breaks starch down into sugar in A. hydrophila
JMP636. The amylase activity is encoded by multiple genes.
A second genetically distinct amylase gene (amyB) contain-
ing a promoter region, was cloned and expressed in E. coli.
AmyB is a large alpha-amylase consisting of 668 amino acid
residues. Significant similarities (80%) were observed be-
tween AmyB and a-amylase of A. hydrophila strain MCC-1
Gobius and Pemberton (1988) described the amylase gene
from A. hydrophila JMP636. They further cloned the gene
within a partially digested 2.1-kb Smal fragment of genomic
DNA. After cloning into E. coli, the gene was transcribed from
its own promoter and produced copies of a 49 kDa protein.
Nucleotide sequencing revealed an ORF of 1,392 bp corre-
sponding to a protein of 464 amino acid residues.

Protease is another significant virulence protein of A. hy-
drophila. It contributes for degradation of cellular proteins,
which in turn degrades the repair mechanism of the host.
Furthermore, secreted bacterial protease may also act as an
exotoxin. An extracellular-protease-producing gene of A.
caviae Ae6 was cloned and sequenced. Nucleotide sequenc-
ing of the 3.5 kb region of pKK3 revealed a single ORF of
1,785 bp encoding 595 amino acids. The N-terminal amino
acid sequence of purified recombinant protein (APK) was
consistent with the DNA sequence, showing a mature pro-
tein of 412 amino acids with a molecular weight of 44 kDa.
However, the molecular mass of purified recombinant APK
was measured as 34 kDa by SDS-PAGE, indicating that fur-
ther processing at the C-terminal region took place. The
protease showed optimum activity at pH 7.0 and was inac-
tivated by heating at 80°C for 15 min, suggesting that APK
belongs to the thermolysin family of metalloendopeptidases,
which can be useful for preparation of vaccines (Kawakami
et al., 2000). Another study demonstrated the existence of
extracellular protease in A. hydrophila SO2/2 and D13. The
gene was cloned into E. coli C600-1 using the pBR322 vector.
The expressed protein was secreted to the periplasm of E.
coli C600-1 and purified (Rivero et al., 1990).

Maurice et al. (1999) reported production of a paracrystal-
line outer membrane A-layer protein of A. salmonicida iso-
lated from ulcerative goldfish. The structural gene of A-
protein was cloned into a pET-3d plasmid and expressed in
E. coli BL21(DE3). The induced protein was isolated from
inclusion bodies by a simple solubilization-renaturation pro-
cedure and purified by ion exchange chromatography on
Q-Sepharose, obtaining more than 95% pure monomeric
protein. The immunological similarity of the protein samples
was demonstrated by employing polyclonal and monoclonal
antibodies in ELISA and Western blot analysis. Thomas and
Trust (1995) reported on the paracrystalline surface protein
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array (S-layer) secreted by A. hydrophila. The gene (ahsA)
encoding the S-protein subunit of A. hydrophila TF7 was
cloned into lambda EMBL3 and sub-cloned into pUCI18.
The DNA sequence revealed a 1,406 bp ORF encoding a pro-
tein consisting of 448 amino acid residues with a molecular
weight of 45 kDa. The Western blot analysis with anti-phos-
photyrosine antibody showed that the S-protein of strain TF7
contained phosphotyrosine. Xie et al. (2002) studied clon-
ing and expression of outer membrane protein (ompTS) of
A. hydrophila. The size of ompTS was 1,024 bp and was am-
plified without the signal peptide-encoding sequence. The
ompTS gene was over-expressed using the gene fusion ex-
pression vector pRSET system, and the recombinant OMP
exhibited a size of 39.9 kDa on SDS-PAGE and Western blot
analysis. In ELISA assays, antibody reacted not only to the
recombinant OMP, but also to the purified OMPs from A.
hydrophila and the 36.9 kD OMP in the Western blot, in-
dicating that the recombinant OMP had the same epitope.
Khushiramani et al. (2007) cloned and expressed the gene
for OMP of A. hydrophila in E. coli. The size of the expressed
protein was confirmed by Western blotting and it showed
antigenicity when used for immunization of Labeo rohita.

Dodd and Pemberton (1996) characterized the DNase (nucH)
from the genome of A. hydrophila strain JMP636. The nucH
gene was cloned and expressed in E. coli. The protein size
was observed on SDS-PAGE with the DNA sample as a sub-
strate, revealing a nuclease activity band at approximately
100 kDa. The size was confirmed by in vitro transcription
and translation, where a single polypeptide of 110 kDa was
obtained. Sequencing of a clone predicted an ORF of 3,213
bp encoding a protein of 1070 amino acids with a mass of
114 kDa. Chang et al. (1992) cloned and sequenced another
extracellular DNase from A. hydrophila CHC-1. The 690 bp
nucleotide sequence of the DNase gene predicted an ORF
encoding 230 amino acids. The expected protein size was
25 kDa based on SDS-PAGE analysis. The culture super-
natant of E. coli expressing the protein showed DNA hy-
drolysis activity.

A lipase is a water-soluble enzyme that catalyzes the hydrol-
ysis of ester chemical bonds in water-insoluble lipid subst-
rates. Thus, lipases are a subclass of the esterases. Aeromonas
species produce lipase to facilitate nutrient absorption from
the external medium. The lipase (apl-1) gene was identified
in a cosmid clone (JM3084) constructed from the genomic
DNA of A. hydrophila. The apl-1 gene was sub-cloned from
the cosmid JMP3084 with partial Sau3al digestion that lo-
calized the lipase gene to a 3.4 kb DNA fragment. Southern
blot analysis showed that apl-Iexists in a single copy in A.
hydrophila. Nucleotide sequence analysis of apl-1 identified
a 2,055 bp ORF predicting a 73 kDa protein. Expression of
apl-1 in the pT7 system identified a single protein of mo-
lecular weight 70 kDa. A. hydrophila apl-1 was inactivated
by mutagenesis (vector pJP5603) resulting in the complete
removal of phospholipase C activity (Ingham and Pemberton,
1995). An extracellular lipase of A. hydrophila H3 was iso-
lated from a female hospitalized patient. The lipase (lip)
gene was cloned and expressed in E. coli. Lipase was purified
from both the A. hydrophila culture supernatant, and the
periplasmic fluids of E. coli containing the lip gene in the
original clone (plasmid pLA2). Sequence analysis showed a
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major open reading frame of 2,052 bp, which predicted a
polypeptide of 71.8 kDa (Anguita et al., 1993). The lipase
gene (lip) containing the promoter sequences was isolated
from A. hydrophila MCC-2, then cloned and expressed in
E. coli. Nucleotide sequence analysis revealed that the gene
was 2,253 bp long, coding for a 79.9 kDa protein. The deduced
protein contained a conserved sequence of VHFLGHSLGA
showing 67% and 65% overall identity to the amino acid se-
quences of lipase from A. hydrophila strains H3 and JMP636,
respectively. The lip-encoded lipase was purified from both
A. hydrophila and recombinant E. coli. The purified enzymes
showed lipolytic activity with the p-nitrophenyl esters and
triacylglycerols (Chuang et al., 1997). The type III secretion
system (T3SS) has been shown to play a crucial role in patho-
genesis. It is clustered along with one effector (AexT) in A.
hydrophila strain AH-3. The expression of the T3SS regulon
has been investigated by analyzing the activity of the aopN-
aopD and aexT promoters using two different techniques:
promoterless GFP fusions and real-time PCR. The expression
of the A. hydrophila AH-3 T3SS regulon was induced in re-
sponse to several environmental factors such as calcium de-
pletion, a high magnesium concentration, and a high growth
temperature. T3SS was also regulated by lipopolysaccharide,
the PhoPQ two-component system, the AhyIR quorum sen-
sing system, and the enzymatic complex pyruvate dehydro-
genase (Vilches et al., 2009). The O-antigen and capsule gene
clusters of the virulent A. hydrophila strain PPD134/91 have
been characterized. The O-antigen gene cluster (17,296 bp)
comprises 17 genes. Seven pathway genes for the synthesis of
rhamnose and mannose, six transferase genes, one O unit
flippase gene, and one O-antigen chain length determinant
gene have been identified. The purified O-antigen and cap-
sular polysaccharides increased the ability of the avirulent
A. hydrophila strain PPD35/85 to survive in naive tilapia
serum (Zhang et al., 2002; Jimenez et al., 2008).

Lipopolysaccharides (LPS) are a surface component of the
outer membrane of A. hydrophila and are one of the main
virulence factors (Canals et al., 2006; Jimenez et al., 2008;
Agarwal et al., 2009). UDP-galactose 4-epimerase (GalE) cat-
alyses the last step in the Leloir pathway of galactose me-
tabolism and provides the precursor for the biosynthesis of
extracellular LPS and capsule. Cloning, sequence analysis
and prediction of 3-D structure of the galE of A. hydrophila
AH17 have been performed and suggest it could be a poten-
tial target for drug designing (Agarwal et al., 2009). A single
mutation in the gene for UDP N-acetylgalactosamine 4-ep-
imerase (gne) confers the O(-) phenotype (LPS without O-
antigen molecules) on a strain in serotypes O18 and O34,
but not in serotypes O1 and O2. The gne gene is present in
all the Aeromonas strains that have been tested. There are
no changes observed for the LPS core in a gne mutant from
A. hydrophila strain AH-3 (serotype O34). Serotype O34 LPS
antigen contains N-acetylgalactosamine, whereas no such
sugar residue forms part of the LPS core of A. hydrophila
AH-3. Some of the pathogenic features of A. hydrophila
AH-3 gne mutants are drastically reduced and the gne mu-
tants are less virulent for fish and mice as compared to the
wild-type strain (Canals et al., 2006).

Elastase has been shown to disrupt tight junctions, causing
proteolytic damage to tissue, and breaking down cytokines.

Cascon et al. (2000) reported the cloning and expression of
a gene encoding (ahyB) elastolytic activity from A. hydro-
phila AG2. This gene construct was expressed in E. coli and
in the non-proteolytic species A. salmonicida subspecies
masoucida. Nucleotide sequence analysis of the ahyB gene
revealed a 1,764 bp ORF encoding a 588 amino acid, 62.7
kDa protein. The protease activity was shown by hydrolysis
of casein and elastin. It had a high degree of sequence ho-
mology with metalloproteases of bacteria.

Conclusion

The present review shows that specific and sensitive molec-
ular diagnosis is useful for the control of A. hydrophila in-
fection in fish and other animals. Cloning and expression
of putative virulence-protein-encoding genes of A. hydro-
phila and other species of Aeromonas is useful for production
of antigens needed to develop immunoassays for rapid im-
munodiagnosis and vaccination. In the review, we have also
discussed the several virulence proteins that contribute to
pathogenesis, and the fine tuning of gene expression for
cellular activity. Such knowledge of the virulence proteins
would be useful in reducing the virulence effects of these
proteins by knocking down part of gene functions. Additional
studies would be required for the generation of 3-D struc-
tures of virulence proteins of A. hydrophila for better under-
standing their potential function and the mechanism involved
during infection of the host. These 3-D structures could used
in drug design for neutralizing the function of virulence
proteins through specific binding with active amino-acids.
Recent progress suggests that A. hydrophila and other species
of Aeromonas are useful in the production of commercial
enzymes such as hemolysin, proteases, amylases and lipases.
These enzymes have commercial applications that not only
include antigens/vaccine production, but also in enhancement
of fatty acid based biofuels and production of bioplastics.
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