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Edwardsiella tarda is responsible for hemorrhagic septicemia (edwardsiellosis) in fish and also causes
diseases in higher vertebrates such as birds, reptiles, and mammals, including humans. Interactions of E. tarda
with blue gourami phagocytes were studied by light microscopy as well as by adherence, intracellular repli-
cation, and superoxide anion assays. Both nonopsonized virulent (PPD130/91 and AL9379) and avirulent
(PPD125/87 and PPD76/87) bacteria could adhere to and survive and replicate within phagocytes, while only
opsonized virulent strains replicated within the phagocytes. Furthermore, only avirulent E. tarda elicited a
higher rate of production of reactive oxygen intermediates (ROIs) by phagocytes, indicating that they were
unable to avoid and/or resist reactive oxygen radical-based killing by the fish phagocytes. TnphoA transposon
mutagenesis was used to construct a library of 200 alkaline phosphatase (PhoA1) fusion mutants from a total
of 182,000 transconjugants derived from E. tarda PPD130/91. Five of these mutants induced more ROI
production in phagocytes than the wild-type strain. Two mutants had lower replication ability inside phago-
cytes and moderately higher 50% lethal dose values than the wild-type strain. Sequence analysis revealed that
three of these mutants had insertions at sequences having homology to PhoS, dipeptidase, and a surface
polymer ligase of lipid A core proteins of other pathogens. These three independent mutations might have
changed the cell surface characteristics of the bacteria, which in turn induced phagocytes to produce increased
ROIs. Sequences from two other mutants had no homology to known genes, indicating that they may be novel
genes for antiphagocytic killing. The present study showed that there are differences in the interactions of
virulent and avirulent E. tarda organisms with fish phagocytes and PhoA1 fusion mutants that could be used
successfully to identify virulence genes. The information elucidated here would help in the development of
suitable strategies to combat the disease caused by E. tarda.

Edwardsiella tarda, the causative agent of edwardsiellosis in
fish, is responsible for extensive losses in both freshwater and
marine aquaculture. E. tarda infection of many commercially
important cultured and wild fish has been reported, namely,
channel catfish, eels, mullet, Chinook salmon, flounder, carp,
tilapia, and striped bass (46). It has a wide host range, thus
causing infection in higher vertebrates such as birds, reptiles
(51), and mammals (49), including humans (37). In fish, it
causes septicemia with extensive skin lesions, affecting internal
organs such as the liver, kidney and spleen and muscle. These
bacteria systemically avoid host defense mechanisms, thereby
rapidly proliferating within the host and causing death.

Pathogenesis of E. tarda is multifactorial, and many poten-
tial virulent factors have been suggested, namely dermatotox-
ins (47), antiphagocyte killing (1), hemolysins (19), serum
resistance, and the ability to invade epithelial cells (21, 28).
Although both virulent and avirulent strains were able to in-
vade cultured cells in vitro, only the virulent strain could enter
fish in large numbers via mucus, gills, and the gastrointestinal
tract (27) and multiply inside various internal organs, causing
death. Janda and coworkers (21) also found that pathogenicity
of E. tarda did not correlate with plasmid content, chemotactic

motility, serum resistance, and expression of selected enzyme
activities. However, very little is known about the roles of these
factors in disease occurrence.

Serum- and phagocyte-mediated killing represents the two
major defense mechanisms of nonspecific immunity in fish (7,
11). Resistance to these mechanisms by pathogens leads to
infection. Most virulent fish pathogens such as Aeromonas
hydrophila (25, 26) and Renibacterium salmoninarum (4) are
resistant to both serum- and phagocyte-mediated killing.
Bacterial pathogens use different strategies for subversion of
phagocyte defenses. For example, Salmonella spp. are known
to withstand low-pH conditions within phagolysosomes and to
resist oxidative stress, nutrient limitations, and antimicrobial
peptides such as defensins (15). Mycobacterium and Leishma-
nia produce oxygen radical scavengers to resist oxidative burst
and also prevent phagolysosomal fusion (22), while Listeria
monocytogenes survives by escaping from the phagosome into
the cytoplasm (44). The reactive oxygen intermediate (ROI)
pathway is one of the oxygen-dependent pathways used by
phagocytes to fight against microbial infection (33). Virulent
bacteria may avoid or resist ROIs to overcome this type of
killing.

The present study was carried out to investigate the inter-
action of E. tarda with fish phagocytes, their ability to adhere
and survive and replicate within phagocytes and to resist
and/or avoid ROIs produced by phagocytes. We have also used
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TnphoA transposon tagging to study the genes responsible for
resisting phagocyte-mediated killing. Proper understanding of
these mechanisms can help in the development of suitable
strategies to overcome disease caused by E. tarda.

MATERIALS AND METHODS

Bacterial strains and media. Two virulent (PPD130/91 and AL9379) and two
avirulent (PPD125/87 and PPD76/87) E. tarda strains were chosen for this study;
their characteristics were reported previously (28). The 50% lethal dose (LD50)
values of E. tarda PPD130/91, AL9379, PPD76/87, and PPD125/87 were 105.2,
105.9, .107.4, and .107.4, respectively. All these strains except PPD76/87 were
serum resistant. Cultures were routinely grown at 25°C in tryptic soy agar (TSA)
(Difco) or tryptic soy broth (TSB) (Difco). Stock cultures were maintained at
280°C as a suspension in supplemented TSB containing 25% (vol/vol) glycerol.
When required, the antibiotics ampicillin (AMP), neomycin (NEO), and colistin
(COL) (all from Sigma) were added at the final concentrations of 50, 50, and 12.5
mg/ml, respectively.

Phagocyte isolation. Healthy blue gourami (Trichogaster trichopterus Pallas)
were obtained from a commercial fish farm and maintained in well-aerated,
dechlorinated water at 25 6 2°C. Phagocytes were isolated from the head kidney
of naı̈ve gourami and purified following the procedure of Secombs (42). Purified
phagocytic cells (1 3 106 to 2 3 106 cells/well) were allowed to adhere to 24-, 48-,
or 98-well tissue culture plates (Falcon; Becton Dickinson Labware) in fetal calf
serum- supplemented L-15 medium (Leibovitz; Sigma). After 2 h of incubation
at 25°C in a 5% (vol/vol) CO2 atmosphere, cells were washed twice using Hanks
balanced salt solution (HBSS) (Sigma) to remove unattached cells. The remain-
ing monolayer consisted of phagocytes (4 3 105 to 5 3 105 cells/well) and was
infected with E. tarda at a multiplicity of infection of 1:1 in all the experiments.

Adherence-plus-internalization assay using counts of viable bacteria. The
adherence-plus-internalization assays using counts of viable bacteria were per-
formed as described before (13, 50). This assay quantifies the total number of live
bacteria bound to the outside of and internalized by the phagocytes, as well as the
bacteria nonspecifically bound to the culture dish wells. The adherence rates
were calculated from the mean number of bacteria in two wells in triplicate
experiments. For opsonization of bacteria prior to the adherence assays, washed
E. tarda cells were resuspended in 50% fresh gourami serum in HBSS, incubated
for 30 min at 25°C, then washed once in HBSS, and added to the phagocytic cells
as described above.

Microscopic count of adherent-plus-internalized bacteria using Giemsa stain.
Glass coverslips were placed into each well of the 24-well tissue culture plate, and
the wells were seeded with blue gourami phagocytes and incubated for 2 h at
25°C in a 5% (vol/vol) CO2 atmosphere as described above. Thirty minutes after
infection, the phagocytes were washed three times with HBSS and later stained
with Giemsa stain (Merck) for 30 min. After being washed three times with
phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, and 1.4 mM KH2PO4 at pH 7.2), the stained samples were then
examined under an Axiovert 25 CFL inverted microscope (Carl-Zeiss) at 1003
magnification. Photographs were taken with Kodak color ISO200 film. The
adherence rate was expressed as the number of adhering bacteria per 100 phago-
cytes after 200 phagocytes per coverslip were counted. The adherence rate was
calculated from the mean number of phagocytes from two coverslips in triplicate
experiments. This assay quantifies the total number of bacteria (both live and
dead) bound to the outside of and internalized by the phagocytes.

Intracellular replication assay. The intracellular replication assay was per-
formed as described by Leung and Finlay (24) with the following modifications.
Thirty minutes after infection, phagocytes were washed once with HBSS and
then incubated for 1.5 h in fetal calf serum-supplemented fresh L-15 medium
with 100 mg of gentamicin/ml. This treatment killed extracellular bacteria but did
not affect the viability of intracellular organisms. Infected phagocytes were then
washed three times in HBSS and incubated with L-15 medium. The intracellular
population of bacteria was assayed at 2, 3.5, 5, and 6.5 h. The supernatant was
removed, and 0.1 ml of 1% (vol/vol) Triton X-100 solution was added to the
infected phagocyte monolayer. This was followed by a 1-min incubation, which
released intracellular bacteria, and the bacteria were assayed as described for the
adherence assay. The relative bacterial population was calculated by dividing the
intracellular population of E. tarda at 3.5, 5.0, and 6.5 h by the population at
2.0 h. Values were calculated from the mean of the bacterial population of two
wells in triplicate experiments.

Superoxide anion assay. Thirty minutes after infection of phagocytes with
bacteria in a 96-well tissue culture plate, 100 ml of nitroblue tetrazolium (1
mg/ml) (Sigma) was added to each well, and the monolayers were further incu-

bated at 25°C for 30 min in a 5% (vol/vol) CO2 atmosphere. The reaction was
arrested with 100% methanol, followed by two washes with 70% methanol. After
the plate was dried for 1 min, 120 ml of 2 M potassium hydroxide and 140 ml of
dimethyl sulfoxide were added. Optical density was measured with a microplate
reader (Bio-Tek Instruments) at 630 nm, and the values were represented as the
mean 6 the standard error of the mean (SEM) of the counts of quadruple wells.
The production of ROIs was from one set of representative results taken from
one of the three independent experiments.

Transposon mutagenesis. E. tarda PPD130/91 (recipient; Colr) and Esche-
richia coli SM10lpir(pJM703.1::TnphoA) (donor; Ampr Neor) cultures were stat-
ically grown in TSB at 25 and 37°C, respectively. Conjugative transfer of the
suicide plasmid pJM703.1::TnphoA was performed by plate mating. The bacterial
cell ratio of E. coli to E. tarda was adjusted to 4:1, with a total of about 107 CFU
of both donor and recipient during mating. After 24 h of mating on TSA plates
at 25°C, the cells were harvested and resuspended in 3 ml of PBS. Appropriate
dilutions were plated on TSA supplemented with NEO, COL, and 5-bromo-3-
chloro-indolyl phosphate (Sigma) (40 mg ml21) (TSANCX) to select for
transconjugants of E. tarda. Blue PhoA1 fusion clones were purified by streaking
on TSANCX plates.

Characterization of transposon mutants. TnphoA mutants were characterized
by standard procedures for their ability to grow in TSA, TSB, and phosphate-
limiting medium (PLM); production of superoxide anions, hemolysin, and cata-
lase; replication within phagocytes; ability to withstand low-pH conditions; sur-
vival in serum; and adherence and internalization into fish epithelial cells.
Briefly, growth of mutants in TSB and TSA was recorded after 24 h of incuba-
tion. Growth under phosphate-limiting conditions was examined by culturing the
bacterial cells in a modified defined minimal medium (8) with the phosphate salts
replaced by 3 mM Na2HPO4 and the pH adjusted to 7.0 with 30 mM HEPES.
Hemolysin production was determined by inoculating bacteria onto TSA with
5% (vol/vol) heparinized gourami whole blood. A clear zone around a bacterial
colony indicates hemolysin production. Catalase production was assayed by the
hydrogen peroxide inhibition zone test as described previously (53). Zones of
inhibition were visualized after bacteria were placed on sterile Whatman 3MM
disks (0.6 cm in diameter) containing 10 ml of 2, 20, and 200 mM H2O2 and
incubated overnight at 25°C. The pH sensitivity of mutants was characterized by
estimating their ability to grow in low-pH conditions (16). Overnight bacterial
cultures were inoculated into TSB, grown for 3 h to obtain 108 CFU/ml, and
inoculated into TSB at pH 5.8 6 0.1. Afterward, bacterial growth was monitored
over a period of 24 h. Survival of the mutants in serum was calculated by dividing
the number of viable bacteria after serum treatment by the initial number of
bacteria before serum treatment. Washed bacteria (108 CFU/ml) were incubated
in 50% (vol/vol) of fresh gourami serum for 1 h. A value of .1 was scored serum
resistant; a value of ,1 was considered serum sensitive (50). Determination of
the adherence and internalization of mutants to carp epithelial cells (epithelial
papillosum of carp Cyprinus carpio [EPC]) was performed following the protocol
of Wang and coworkers (50).

DNA manipulations and Southern hybridization. Bacterial genomic DNA was
extracted according to the Genome DNA kit manual (BIO 101). Plasmid DNA
was extracted using QIAprep mini columns (Qiagen). Restriction endonuclease
digestion was accomplished by standard methods (41). Southern blotting was
performed to characterize the transposon mutants with the BluGene Non-Ra-
dioactive Nucleic Acid Detection system (Gibco-BRL). Transfer of the DNA to
nylon membranes (GeneScreen; NEM Research Products) and hybridization
conditions were in accordance with standard methods (41). Genomic DNA from
E. tarda PPD130/91 and its mutants were digested with EcoRV, hybridized with
a HindIII-digested 14-dATP-biotinylated (Bio-Nick Labeling System; Gibco-
BRL) pJM703.1 plasmid probe, and then visualized with streptaviridin-alkaline
phosphate conjugate (BluGene Nonradioactive Nucleic Acid Detection System;
Gibco-BRL).

Cloning chromosomal segments flanking TnphoA insertions, genome walking,
and DNA sequencing. BamHI fragments of mutant genomic DNA flanking the
transposon were cloned into pBluescript SK(1) (Ampr) vector and transformed
into E. coli Top10F9-competent cells (Clontech). Transformants, bearing
TnphoA and flanking E. tarda chromosomal sequences, were selected by their
ability to grow on Luria-Bertani (LB) agar containing AMP and NEO. Later
these clones were sequenced. To obtain full-length sequences of all the mutants,
a genome walker library of wild-type E. tarda PPD130/91digested with EcoRV
and StuI was constructed according to the procedure described in the Universal
Genome Walker kit (Clontech). PCR amplification was performed with primers
specific to known upstream nucleotide sequences of mutants 153, 348, 387, and
392 were synthesized by GENSET (Singapore Biotech), and the adapter primer
1 (AP1) was used as the second primer. PCR was carried out with Advantage Tth
Polymerase Mix (Clontech), and the cycling parameters were as follows: 7 cycles
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of 10 s at 94°C, 30 s at 59°C, and 3 min at 67°C; and 37 cycles of 10 s at 94°C, 30 s
at 56°C, and 3 min at 67°C. The amplified fragments were gel eluted with the
Qiaquick gel extraction kit (Qiagen), cloned into the pGEMT Easy vector system
(Promega), transformed into E. coli Top 10F9-competent cells, and sequenced
using AP1- and mutant-specific primers.

DNA sequencing was carried out with an Applied Biosystems PRISM 377
automated DNA sequencer by the dye termination method. The ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction kit was used (Applied
BioSystems). Sequence assembly and further editing were done with DNASIS
DNA analysis software (Hitachi Software). BLASTN, BLASTX, and FASTA
sequence homology analyses were performed by using the National Center for
Biotechnology Information BLAST network service.

LD50 studies. Naive blue gourami of approximately 14 g each were obtained
from commercial fish farms and acclimatized for more than 1 month. Three
groups of 10 fish each were injected intramuscularly with 0.1 ml of PBS-washed
bacterial cells adjusted to the required concentrations. Fish were monitored for
mortality for 7 days, and LD50 values were calculated by the method of Reed and
Muench (39).

Statistical analysis. All data were expressed as means 6 SEM. The data were
analyzed by one-way analysis of variance and a Duncan multiple-range test (SAS
software; SAS Institute). Values of P , 0.05 were considered significant.

RESULTS

Adherence and replication kinetics of E. tarda inside fish
phagocytes. Phagocyte-mediated killing is one of the major
nonspecific defense barriers in fish. The abilities of E. tarda to
adhere to and survive and multiply inside the fish phagocytes
were investigated. The adherence-plus-internalization ability
of the E. tarda strains was estimated by direct microscopic
counts and counts of viable bacteria (Table 1). All the virulent
(PPD130/91 and AL9379) and avirulent (PPD125/87 and
PPD76/87) strains adhered to and were ingested by the phago-
cytes. Under nonopsonized conditions, both direct microscopic
counts and counts of viable bacteria showed the highest per-
centage of adherence to phagocytes by PPD125/87, followed by
AL9379, PPD76/87, and PPD130/91. Light microscopic obser-
vation of Giemsa-stained phagocytes revealed that PPD125/87
had the highest number of bacteria adhering to the phagocytes
after 30 min of infection, while PPD130/91 had the lowest (Fig.
1A and B).

When E. tarda strains were opsonized with naive gourami
serum, adherence to phagocytes increased significantly (P ,
0.05) for all the strains except PPD130/91, as observed under
light microscopy (Fig. 1C and D; Table 1). However, the per-
centage adherence by estimated count of viable bacteria de-
creased for the opsonized avirulent strains (PPD125/87 and
PPD76/87), whereas it increased in the case of the opsonized

virulent strain AL9379, but not for PPD130/91. For the adher-
ence assay using counts of viable bacteria, controls were in-
cluded for bacteria binding directly to culture plates. The rate
of nonspecific binding ranged from 5.7 to 10% of the counts of
viable bacteria and was insignificant compared to the rates of
adherence-plus-internalization to phagocytes.

Both virulent and avirulent strains of E. tarda were able to
survive and replicate within fish phagocytes, but at varying
rates (Fig. 2). Nonopsonized E. tarda PPD130/91, AL9379, and
PPD125/87 replicated faster than PPD76/87 until 5 h of incu-
bation; after 6.5 h of incubation, nonopsonized virulent strains
(PPD130/91 and AL9379) multiplied 1.5 to 2.5 times faster
(Fig. 2A) than the avirulent ones (PPD125/87 and PPD76/87).
However, when opsonized, only virulent strains could multiply
within phagocytes (Fig. 2B). Opsonized virulent strains could
multiply significantly faster (P , 0.05) than the nonopsonized
virulent strains (Fig. 2). As infection time increased, the bac-
terial count of the opsonized avirulent strains was reduced,
indicating that the bacteria were killed within the phagocytes.

Effect of E. tarda on ROI production. ROI production is one
of the several strategies used by phagocytes to kill microorgan-
isms. Therefore, it was of interest to examine whether E. tarda
could overcome or resist respiratory burst activity. Figure 3
shows that gourami phagocytes produced significantly (P ,
0.05) fewer ROIs when they were infected with virulent strains
(PPD130/91 and AL9379) than with avirulent ones (PPD125/
87 and PPD76/87). Opsonization did not change the ROI val-
ues for E. tarda PPD125/87, PPD76/87, and PPD130/91. How-
ever, opsonized E. tarda AL9379 produced fewer ROIs than
nonopsonized strains.

Since virulent E. tarda PPD130/91 could not induce a high
rate of ROI production, we were interested in knowing wheth-
er this organism was actively suppressing oxidative responses
or simply failing to stimulate phagocyte respiratory burst ac-
tivity. To examine this, we infected the fish phagocytes with live
and heat-killed (100°C for 5 min) PPD130/91 and PPD125/87
and monitored the ROI production. Our results indicate that
the heat-killed virulent PPD130/91 (Fig. 4) could induce sig-
nificantly higher numbers of ROIs than live virulent PPD130/
91 (Fig. 3), but there was no difference for killed and live
avirulent strain PPD125/87 (Fig. 3 and 4).

Isolation and characterization of TnphoA mutants. We have
obtained a library of 200 alkaline phosphatase (PhoA1) fusion
mutants from a total of 182,000 transconjugants derived from

TABLE 1. E. tarda strains and their percentage of adherence to phagocytes

E. tarda
strain

Inoculum
(105)

Adherence at 25°Ca

Viable count (%)b Direct microscopic count (%)c

Nonopsonized Opsonized Nonopsonized Opsonized

PPD130/91 7.3 6 1.3 8.8 6 0.5 Aa 11.7 6 0.8 Ba 10.9 6 1.4 Ag 14.4 6 1.6 Ag
AL9379 8.2 6 1.3 22.9 6 0.6 Ca 38.2 6 5.2 Db 47.8 6 2.0 Cg 68.1 6 3.1 BCd
PPD76/87 6.4 6 1.0 12.5 6 0.6 Ba 0.02 6 0.01 Ab 37.7 6 2.6 Bg 78.9 6 6.1 Cd
PPD125/87 9.8 6 1.5 33.0 6 2.3 Da 21.0 6 1.6 Cb 57.1 6 1.9 Dg 65.1 6 0.7 Bd

a Within each column, values followed by different letters (A, B, C, or D) are significantly different (P , 0.05). Similarly, within each row, values followed by different
Greek letters (a and b for viable counts and g and d for direct counts) are significantly different (P , 0.05).

b The viable count is the percentage of inoculum bacteria still adherent 30 min postinfection and after being washed three times. Values were recorded as the mean 6
SEM for three trials in duplicate wells.

c The direct microscopic count is the number of adherent bacteria (both live and dead) per 100 phagocytes 30 min postinfection. Values were recorded as the mean 6
SEM for three trials in duplicate coverslips.
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E. tarda PPD130/91. These NEO- and COL-resistant transcon-
jugants were obtained at a frequency of 7.0 3 1023 from
several matings, with a spontaneous mutation frequency of
,4.0 31028 and ,5.5 31027 for E. tarda PPD130/91 and
E. coli SM10lpir(pJM 703.1::TnphoA), respectively. TnphoA
mutagenesis was carried out to target the secreted and surface
proteins of E. tarda, which may influence the ROI production
by the phagocytes upon infection. Two hundred PhoA1 fusion
mutants were screened, and 5 (mutants P1, 153, 348, 387, and
392) were found to significantly increase ROI production com-
pared to the wild type (E. tarda PPD130/91) (Fig. 4). All these
mutants were ampicillin sensitive, suggesting that there was no
suicide plasmid retention and integration.

These five isolates were further characterized by several
different assays, such as growth on TSA and in TSB and PLM,
intracellular replication within phagocytes, adherence to and
internalization into EPC, production of catalase and hemoly-
sin, and serum survival assay (Table 2). Growth of all the
mutants except P1 was comparable to that of the wild-type
strain in both TSB and PLM. Mutant P1 formed smaller col-

onies on TSA than the other mutants and the wild-type strain,
indicating growth deficiency. Two of the mutants (P1 and 348)
were found to have a decreased ability to replicate within
phagocytes (Fig. 2B) compared to the wild-type strain and
were also sensitive to low-pH conditions. All five mutants
could produce catalase and hemolysin and had the ability to
survive in naı̈ve gourami serum, similar to the wild type. The
ability of these mutants to adhere to and internalize into EPC
cells was assayed. Although all the mutants could adhere to the
EPC cells at rates similar to that of the wild type, their ability
to internalize the cells was slightly reduced (Table 2).

The virulence of the mutants was determined by LD50 values
for blue gourami injected intramuscularly with different con-
centrations of bacteria. It was found that all the mutants had
relatively higher LD50 levels than the wild type (Table 2). Of
the five different mutants, P1 and 387 were less virulent than
the wild-type strain, with LD50 values of 106.0 and 106.2, re-
spectively. Southern blotting was also carried out to confirm
the presence of TnphoA insertions in the genomic DNA of all
the mutants. All five mutants had a single transposon insertion

FIG. 1. Giemsa-stained bright-field micrographs of blue gourami phagocytes infected with nonopsonized E. tarda PPD130/91 (A) and PPD125/
87 (B) and opsonized PPD130/91 (C) and PPD125/87 (D) after 30 min of infection. Bar, 10 mm.
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in their genomic DNA (data not shown). The hybridized frag-
ments of all the mutants had a size of more than 8.0 kb. No
band was found for the wild-type (PPD130/91) genomic DNA.

Sequence analysis. Genes interrupted by the TnphoA trans-
poson insertion in the mutants were sequenced (Table 3).
Analysis of the gene sequences obtained showed that all the
mutants had insertions at different loci. Predicted open reading
frames of those sequences were used to search the National
Center for Biotechnology Information database for sequences
showing homology. Sequence data from mutant P1 showed an
86% similarity to the PhoS of S. enterica serovar Typhimurium
(expectation value [E] 5 2e237) over a stretch of 88 amino
acids. It also had high similarity (85%) to the periplasmic
phosphate binding protein, PstS, of E. coli (9e23). Transposon
insertion in mutant 153 occurred in sequences having 30%
identity to putative lipid A core-surface polymer ligase WaaL
of Klebsiella pneumoniae. The sequence-flanking transposon in
genomic DNA of mutant 392 had 48% homology to that of the
dipeptidase of S. enterica serovar Dublin (E 5 7e293) over a
stretch of 499 amino acids. All the above mutants had inser-
tions at the amino acid positions 89, 195, and 211, respectively.
Two other mutants, 348 and 387, did not have any significant
homology to known genes in the GenBank.

DISCUSSION

Interactions of E. tarda with phagocytes. Adherence, inva-
sion and intracellular replication in host cells such as phago-
cytes are important for pathogenesis by intracellular pathogens
(14). In the present study, we looked into the interaction be-
tween E. tarda and fish phagocytes. Adherence count by mi-
croscopy, which estimates the total number of viable and dead
bacteria adhering to phagocytes, showed large numbers of non-
opsonized avirulent E. tarda (PPD125/87 and PPD76/87) or-
ganisms binding to and ingested by the phagocytes compared
to virulent strain PPD130/91 (Table 1; Fig. 1A and B). Virulent
strain AL9379 had significantly higher binding and/or ingestion
by phagocytes than PPD130/91, indicating that these two vir-
ulent strains interact with phagocytes in different ways. Ling
and coworkers (28) also reported a significantly decreased

ability of PPD130/91 to adhere to EPC cells than of other three
isolates.

Adherence and phagocytosis are influenced by opsonization
and cell surface structures of the pathogen (2). Serum has
complement proteins, which coat the bacteria, thereby making
them easily recognizable by the receptors present on the pha-
gocytes leading to phagocytosis (55). Opsonization will en-
hance uptake as well as killing by the phagocytes and will
simulate the actual bacterium-phagocyte interactions, for bet-
ter understanding of bacterial pathogenesis. Many researchers
have proved the role of the C3-dependent complement mech-
anism present in fish serum for phagocytosis of pathogens by
fish macrophages (31, 35, 40). A similar complement system
may be present in gourami serum, enabling phagocytes to rec-
ognize E. tarda. Direct microscopic observations showed a sig-
nificantly higher number of opsonized E. tarda organisms
adhering to and also within the phagocytes than the nonopso-

FIG. 2. Kinetics of intracellular multiplication of E. tarda in blue gourami phagocytes. Nonopsonized (A) and opsonized (B) E. tarda strains
(PPD130/91 (l), PPD125/87 (F), AL9379 (f), PPD76/87 (Œ), P1 (L), and 348 (E) were used. P1 and 348 are TnphoA mutants of E. tarda
PPD130/91. The ratio of intracellular bacteria at various times was normalized to the number of bacteria at 2 h. Values represent the mean 6 SEM
of the bacteria counted in two wells in triplicate experiments.

FIG. 3. ROIs produced by blue gourami phagocytes after being
infected with various nonopsonized (u) or opsonized (M) E. tarda
strains. Control, the basal level of ROI production by phagocytes that
are not infected with the bacteria. Results were expressed as the
mean 6 SEM from quadruplicate experiments. Data represented
by bars with asterisks differ significantly from results obtained with
E. tarda PPD130/91 (P , 0.05).
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nized strains, except for PPD130/91 (Fig. 1C and D; Table 1).
Interestingly, the adherence assessment carried out by a count
of viable bacteria, which provides only a count of live bacteria
adhering to/or ingested by phagocytes, showed that only the
opsonized virulent strain AL9379 had increased adherence
compared to nonopsonized bacteria, while both opsonized
avirulent strains PPD125/87 and PPD76/87 had lower percent-
ages of adherence (Table 1). This indicates that the phagocytes
may be killing the opsonized avirulent strains. Moreover,
PPD76/87 is also serum sensitive (28), contributing to a con-
siderably lower levels of viable bacteria.

The above variation in the number of viable bacteria, after a
30-min infection for adherence to and/or ingestion by phago-
cytes, led us to study the ability of these bacterial isolates to
survive and multiply within fish phagocytes. An intracellular

replication assay of nonopsonized virulent and avirulent E.
tarda organisms revealed that they could enter, survive, and
replicate in phagocytes (Fig. 2A). Similar results were also
obtained by Leung and coworkers (26) when phagocytes iso-
lated from tilapia were infected with virulent and avirulent
A. hydrophila. The ability of these E. tarda strains to multiply
within phagocytes clearly suggests that E. tarda is an intracel-
lular pathogen. Ling and coworkers (28) also demonstrated
the ability of these strains to effectively multiply within EPC
cells. However, opsonized avirulent E. tarda (PPD125/87 and
PPD76/87) lacked the ability to multiply within the phagocytes,
while the opsonized virulent strains (PPD130/91 and AL9379)
could successfully proliferate (Fig. 2B). Gordon and coworkers
(17) have also reported significantly increased binding, intra-
cellular trafficking, and killing of Streptococcus pneumoniae by
human alveolar macrophages after opsonization of the bacte-
ria with serum.

Bacterial pathogens may abuse phagocytes to invade and
spread within the host system. Therefore, an enhanced uptake
by opsonization can actually become harmful to the host if the
bacterium is virulent and has special mechanisms to subvert
the host macrophage defenses (22, 44). In the present study, only
opsonized virulent E. tarda strains (PPD130/91 and AL9379)
were able to replicate intracellularly, indicating that they were
able to overcome the defense barrier and cause infection. An-
other fish pathogen, R. salmoninarum, also had the ability to
proliferate intracellularly within rainbow trout macrophages
upon opsonization (4). Our earlier studies of infection kinetics
of E. tarda in vivo with a fish model also showed that only
virulent PPD130/91 had a sequential increase in its numbers
inside the hematopoietic organs such as the kidney, liver, and
spleen, whereas the avirulent PPD125/87 population decreased
in the postinfection period within these organs (27). The
present in vitro experiments carried out with phagocytes also
showed a similar trend when the bacteria were opsonized.

ROI production by phagocytes. The microbicidal mecha-
nisms within the phagocyte can be broadly classified as oxygen
dependent and independent (2, 12, 55). Very little is known
about the different mechanisms used by fish phagocytes. How-
ever, the oxygen-dependent mechanism has been demonstrat-

FIG. 4. ROIs produced by blue gourami phagocytes infected with
various strains of E. tarda. Results were expressed as the mean 6 SEM
from quadruplicate experiments. Data represented by bars with aster-
isks differ significantly from results obtained with live E. tarda PPD130/
91 (P , 0.05). L, live bacteria; D, heat-killed bacteria; Control, without
any bacteria. P1, 153, 348, 387, and 392 are TnphoA mutants of E. tarda
PPD130/91.

TABLE 2. Characterization of TnphoA mutants of E. tarda PPD130/91

Parameter
E. tarda straina

PPD130/91 P1 153 348 387 392

Growthb in:
TSA 11 1 11 11 11 11
TSB 11 1 11 11 11 11
PLM 11 1 11 11 11 1

ROI productionc 1 11 11 11 11 11
Intracellular replication in phagocytesd 11 1 11 1 11 11
pH sensitivitye R S R S R R
Serum resistance 1.9 6 0.3 A 1.3 6 0.4 A 1.2 6 0.7 A 1.6 6 0.4 A 1.6 6 0.4 A 1.7 6 0.4 A
LD50 105.2 106.0 105.7 105.4 106.2 105.5

Adherence to EPC cells (%) 5.2 6 0.2 A 4.37 6 0.4 A 5.9 6 0.6 A 4.6 6 0.7 A 3.8 6 0.2 A 4.2 6 0.4 A
Internalization into EPC cells (%) 7.3 6 0.6 A 1.9 6 0.6 B 3.6 6 0.8 B 4.3 6 1.2 B 2.6 6 0.7 B 2.7 6 0.5 B

a Within each row, values followed by different letters (A or B) are significantly different (P , 0.05).
b 1, little growth; 11, significant growth.
c 11, elevated production of ROI compared to that of the wild type (1).
d 1, decreased rate of intracellular replication compared to the that of wild type (11).
e R and S, resistance and sensitivity to low pH (5.8 6 0.1), respectively.
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ed in many different fish, namely tilapia, catfish, blue gourami,
rainbow trout, and salmon (3, 4, 26, 56). In the present study,
virulent E. tarda strains induced lower rates of ROI production
than avirulent strains (Fig. 3), indicating that they have the
ability to circumvent the formidable array of antibacterial de-
fenses by failing to trigger the respiratory burst and thereby
surviving and replicating inside the phagocyte. Some bacteria
such as S. enterica serovar Typhi (32), Brucella abortus (23),
Haemophilus somnus (9), Mycobacterium leprae (20), Erysipe-
lothrix rhusiopathiae (43), and R. salmoninarum (3) also failed
to trigger the oxidative burst, resulting in successful intracel-
lular survival. In contrast, virulent strains of A. hydrophila in-
creased the chemiluminiscence production (measure of respi-
ratory burst activity) compared to that of avirulent strains (26),
showing that they might be using a different strategy to subvert
the defense mechanisms of fish.

Several studies have suggested that intracellular pathogens
have evolved effective mechanisms for resisting or avoiding
phagocytic microbicidal activity, either by inhibiting or neutral-
izing the production of oxygen metabolites or by preventing
interaction with these substances (34, 36, 52). Experiments
carried out here revealed that only live E. tarda PPD130/91
could reduce ROI production, compared to heat-killed PPD130/
91, while live and heat-killed PPD125/87 did not induce any
significant changes in ROI production (Fig. 4). These results
indicate that live E. tarda PPD130/91 may simply have failed to
induce ROI production by being unrecognizable. The phago-
cytes, on the other hand, recognize heat-killed PPD130/91,
since heat killing may have damaged the cellular characteristics
of the bacteria. A higher induction of ROIs by PPD125/87
infection may occur because of the lack of special cell surface
characteristics that help to avoid respiratory burst activities.
The other possibility may be that virulent E. tarda produces en-
zymes such as superoxide dismutase (SOD) which quench the
reactive oxygen metabolites. Yamada and Wakabayashi (54)
have shown that both virulent and avirulent E. tarda strains can
produce the SOD enzyme; phylogenetic analysis based on se-
quences of SOD genes reveals that virulent and avirulent
E. tarda strains belong to two separate classes. Other fish patho-
gens such as Aeromonas salmonicida, R. salmoninarum, and
Photobacterium damselae subsp. piscicida are known to resist

oxidative killing by producing SOD (5, 6), thereby withstanding
the harsh phagocytic environment. Further investigation using
isogenic mutants of SOD is required to clarify the role of SOD
in pathogenesis.

Transposon mutagenesis and characterization of mutants.
To further understand the genetic mechanism involved, 200
PhoA1 mutants of PPD130/91(Neor Colr) were generated by
transposon mutagenesis. TnphoA mutants of E. tarda PPD130/
91 were screened for their ability to induce higher ROI pro-
duction by phagocytes than the wild-type PPD130/91. Five of
the mutants (P1, 153, 348, 387, and 392) had the ability to
induce a higher level of ROIs than the wild-type strain (Fig. 4).
Mutants P1 and 348 were pleiotrophic in nature, having a low-
er replication ability inside phagocytes and also a sensitivity to
lower pH (Table 2). The other three mutants were comparable
to the wild-type strain with respect to all the characteristics
except for ROI production and internalization in EPC cells.

Mutant P1 had transposon insertion in the gene homologous
to the phoS (pstS) gene of S. enterica serovar Typhimurium,
which is shown to be a macrophage-inducible gene (48). Mu-
tant P1 showed a significant increase in ROI production by
phagocytes compared to the wild type. Daigle and coworkers
(10) found that insertion of TnphoA in the pstC gene of E. coli
could cause changes in the production of surface polysaccha-
rides of the bacteria. Since the pstC gene is present in the
downstream of pstS gene as part of the pstSCAB-phoU operon,
insertion of transposon in the pstS gene causes changes in the
production of surface polysaccharides and enables the phago-
cytes to recognize mutant P1 and trigger a higher production of
ROI. In the present study, we also noticed that mutant P1 was
growth deficient on TSA, in TSB, and also in PLM (Table 2),
indicating that Pi uptake and assimilation is an important pro-
cess for its growth. Furthermore, a lower Pi inside the phago-
cytes would have reduced mutant P1’s ability to multiply effi-
ciently within them. Lucas and coworkers (30) also suggested
that low-Pi conditions could directly or indirectly repress the
functions of some invasion genes in S. enterica serovar Typhi-
murium. Mutant P1 also showed significantly lower internal-
ization into EPC cells than the wild type. Since the pstSCAB-
phoU operon in other bacteria such as E. coli is a member of
the Pho regulon, which is involved in phosphate uptake and

TABLE 3. Sequence analysis of the potential virulence genes interrupted by TnphoA in various transposon mutants of E. tarda PPD130/91

Mutant
(accession no.)

Sequence
obtained (bp)

Predicted protein
amino acidsa

Homolog protein
(homolog accession no.) Eb % Identityb

P1 (AF326581) 365 881 Phosphate binding protein (phoS) of S. enterica
serovar Typhimurium (AF020805)

2e 2 37 86

Periplasmic phosphate binding protein (PstS) of
E. coli (L10328)

9e 2 3 85

153 (AF326578) 1,019 377 Lipid A core-surface polymer ligase (WaaL) of
K. pneumoniae (AF146532)

3e 2 19 30

348 (AF326580) 800 95 No homolog NA NA

387 (AF326582) 500 901 No homolog NA NA

392 (AF326579) 1,551 499 Dipeptidase homolog of S. enterica serovar
Dublin (AF060858)

7e 2 93 48

a 1, partial sequence of the predicted protein.
b NA, not applicable.
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assimilation, it may control various functions rendering mutant
P1 pleiotrophic. This may also control the expression of some
important factors that are involved in the degradation of ROI,
thus causing an increase in ROI production when phagocytes
were infected with this mutant.

Mutant 153 had an insertion in the gene having homology
to the putative lipid A core-surface polymer ligase WaaL of
K. pneumoniae. This gene is known to play a major role in the
biosynthesis of lipopolysaccharide (LPS); any mutation in this
gene may disrupt LPS synthesis, thereby changing the bacte-
rial cell surface structure. A sequence analysis of mutant 392
showed high similarity to dipeptidase homolog of the S. en-
terica serovar Dublin. The dipeptidase gene localizes in the
periplasmic space and plays a role in peptidoglycan metabo-
lism in Salmonella (18). Outer membrane proteins, peptidogly-
can, and LPSs are on the bacterial cell surface and often aid in
enhancement or prevention of host immune system activation.
Several cell surface factors such as the outer membrane pro-
tein (porin) of Neisseria gonorrhoeae (29), capsule-deficient
mutants of E. rhusiopathiae (43), aggregation substance of
Enterococcus faecalis (45), melanin pigment of Burkholderia
cepacia (57), and LPS and lipid A of B. abortus (38) have failed
to either induce or suppress oxidative bursts of phagocytes.

In conclusion, insertions of transposons in the phoS (mutant
P1), lipid A (mutant 153) and didpeptidase (mutant 392) genes
would have altered the cell surface properties of E. tarda or the
biosynthesis of a second substance that degraded the ROIs.
These changes could have made these mutants readily recog-
nizable to the phagocytes, thus increasing ROI production.
Sequence analyses of mutants 348 and 387 did not yield any
homology to known genes in GenBank. These may be novel
genes controlling some of the important functions of E. tarda
in overcoming phagocyte-mediated killing. The present study
clearly demonstrated the ability of virulent E. tarda to adhere
to and survive and replicate within the blue gourami phago-
cytes. Virulent E. tarda failed to induce oxidative bursts, indi-
cating that this may be one of the mechanisms used by them
to overcome phagocytic killing. We have also showed that
TnphoA transposon tagging can be effectively used to “fish
out” genes responsible for virulence in E. tarda. The informa-
tion elucidated here will help in the development of suitable
strategies to combat the disease caused by E. tarda.
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