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The cytotoxic enterotoxin Act from a diarrheal isolate, SSU, of Aeromonas hydrophila is aerolysin related and
crucial to the pathogenesis of Aeromonas infections. To elucidate the role of environmental signals which in-
fluence the expression of the cytotoxic enterotoxin gene (act), a portion of the act gene, including the putative
promoter region, was fused in frame to a truncated alkaline phosphatase gene (phoA) of Escherichia coli. The
act::phoA reporter gene was then introduced into the chromosome of A. hydrophila by using the suicide vector
pJQ200SK, allowing the fusion protein to be secreted out into the culture medium. Western blot analysis dem-
onstrated the presence of a correctly size 110-kDa fusion protein in the culture supernatant, which reacted with
both anti-Act and anti-alkaline phosphatase antibodies. Based on alkaline phosphatase (PhoA) activity in the
culture supernatant, we demonstrated that calcium significantly increased the activity of the act promoter but
that glucose and iron repressed its activity in a dose-dependent fashion. The act promoter exhibited optimal
activity at pH 7.0 and at 37°C, and maximal PhoA activity was noted when the culture was aerated. Using a
Vibrio cholerae iron uptake regulator gene (fur) as a probe, a 2.6-kb SalI/HindIII DNA fragment from an
A. hydrophila chromosome was cloned and sequenced. The DNA sequence revealed a 429-bp open reading frame
that exhibited 69% homology at the DNA level with the fur gene and 79% homology at the amino acid level with
the iron uptake regulator (Fur) protein of V. cholerae. Complementation experiments demonstrated that the
A. hydrophila fur gene could restore iron regulation in an E. coli fur-minus mutant. Using the suicide vector
pDMS197, we generated a fur isogenic mutant of wild-type A. hydrophila SSU. Northern blot analysis data
indicated that the repression in the transcription of the act gene by iron was relieved in the fur isogenic mutant.
Further, iron regulation in the fur isogenic mutant of A. hydrophila could be restored by complementation.
These results are important in understanding the regulation of the act gene under in vivo conditions.

Aeromonas species cause septicemia and gastroenteritis, and
an epidemiological study has implicated Aeromonas spp. in
causing food-borne outbreaks and traveler’s diarrhea (10).
Among various virulence factors produced by Aeromonas spp.,
the cytotoxic enterotoxin Act may lead to either gastroenteritis
or nonintestinal infections, depending upon the route of the
infection (10, 11). The cytotoxic enterotoxin gene (act) from a
human diarrheal isolate, A. hydrophila SSU, has been cloned,
sequenced, and hyperexpressed in our laboratory (11, 12, 20),
and an isogenic (act-minus) mutant has been generated. Our
data indicated that the act isogenic mutant was significantly
attenuated in causing infection in a mouse model (55). Act is
a single-chain polypeptide, and the mature form of the toxin
exhibits a size of 49 to 52 kDa. Act is aerolysin related, which
we have recently shown to activate proinflammatory cytokine
and eicosanoid cascades in macrophages, leading to tissue
damage and a fluid secretory response (12).

Pathogenesis of bacterial infection requires the interaction
of several virulence genes, which are frequently regulated by
specific environmental stimuli. While some of these stimuli
directly affect the virulence gene, some operate through a reg-
ulatory gene (36). At present, little information is available on
environmental signals which trigger expression of the act gene
during infection of humans and animals with A. hydrophila. To
investigate the influence of environmental and nutritional fac-

tors on the expression of the act gene, we prepared a reporter
gene construct in which the act gene of A. hydrophila SSU was
fused in frame to the alkaline phosphatase gene (phoA) of
Escherichia coli. The act::phoA reporter gene was then inte-
grated into chromosomal DNA of A. hydrophila SSU by single-
crossover homologous recombination, and the resulting mu-
tant was subsequently exposed to different environmental and
nutritional stimuli.

Among nutritional factors, iron is essential for cellular me-
tabolism, since it is needed as a cofactor for a great number of
enzymes (53). A low iron concentration is the major change
when bacteria enter the host, and it has been demonstrated to
be a major environmental signal that triggers expression of
virulence determinants (31). The mechanism of iron regulation
has been shown to be linked to the iron uptake regulator (fur)
locus in many bacteria (19). In this study, we examined the
environmental and nutritional stimuli that affect act gene ex-
pression. Further, we have characterized the fur locus in A. hy-
drophila and provided evidence that the fur gene is responsible
for iron regulation of the act gene.

MATERIALS AND METHODS

Bacterial strains and plasmids. The sources of A. hydrophila, Vibrio cholerae,
and E. coli strains, as well as the plasmids used in this study, are listed in Table
1. Briefly, the suicide vector pJQ200SK contained a P15A origin of replication
(ori), a levan sucrase gene (sacB) from Bacillus subtilis, and a gentamicin resis-
tance (Gmr) gene (41). Another suicide vector, pDMS197, has a conditional R6K
ori, a sacB gene, and a tetracycline resistance (Tcr) gene (17). The E. coli strains
SBC22 and SBC23 contain a chromosomal gene fusion between the iron-regu-
lated promoter of the A subunit of Shiga-like toxin I of E. coli (slt-IA) and the
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alkaline phosphatase gene from TnphoA. These strains were constructed by
integration of the suicide plasmid pSBC48 into the homologous, 3.65-kb, random
SmaI fragments of chromosomal DNAs in strains SM796 and SBC796 of E. coli
(32). The E. coli strains SBC22 and SBC23 were fur� and fur-negative mutant,
respectively, and both were resistant to ampicillin (Apr), kanamycin (Kmr), and
spectinomycin (Smr) (Table 1).

Enzymes, chemicals, and recombinant DNA techniques. The antibiotics am-
picillin, gentamicin, tetracycline, kanamycin, spectinomycin, and streptomycin
were used at concentrations of 100, 15, 15, 50, 50, and 25 �g/ml, respectively.
Rifampin was used at concentrations of 40 �g/ml for bacterial growth and 300
�g/ml during conjugation experiments. All of the antibiotics used were obtained
from Sigma (St. Louis, Mo.). Restriction endonucleases and T4 DNA ligase were
obtained from Promega (Madison, Wis.). An Advantage cDNA PCR kit was
purchased from Clontech (Palo Alto, Calif.). The cyclic AMP (cAMP) analog
8-bromo-cAMP was purchased from Sigma. The stock concentrations of glucose,
calcium chloride, ferric sulfate, and the iron chelator 2,2-dipyridyl (Sigma) were
50%, 1 M, 3.6 M, and 0.2 M, respectively. For the alkaline phosphatase (PhoA)
assay, the substrate BCIP (5-bromo-4-chloro-3-indolyl phosphate; Sigma) was
added at a concentration of 80 �g/ml when Luria-Bertani (LB) medium was
used. Alternatively, 0.4% p-nitrophenol (Sigma) was added when T medium (45)
was employed for bacterial growth. All of the techniques used in this study were
previously described (55).

Construction of an act::phoA reporter gene. The strategy used to construct an
act::phoA reporter gene is shown in Fig. 1. Briefly, we designed two primers; P5

contained a BamHI restriction site 338 bp upstream of the act gene start codon,
and P3 contained an XmaI restriction site 1.1 kb downstream from the act gene
start codon. The sequences of the P5 and P3 primers were as follows: 5� CGCG
GATCCTAAGAGCCATGTTAT 3� and 5� TCACCCGGGTGATGTAACGC

TTGTCCCACTG 3�, respectively. The primers were synthesized commercially
by Biosynthesis, Inc. (Lewisville, Tex.), and the program used for PCR was as
follows: 94°C for 2 min (denaturation) followed by 30 cycles of 94°C for 1 min
and 68°C for 3 min. The final extension was performed at 72°C for 7 min. The
PCR product was isolated from the agarose gel, purified, and subjected to
automated DNA sequence analysis (Protein Chemistry Core Facility, The Uni-
versity of Texas Medical Branch, Galveston). The P3 primer was designed such
that the 3� region of the act gene, which was proteolytically cleaved during
processing, was removed during PCR amplification (11).

Using primers P5 and P3, a 1.4-kb DNA fragment containing the putative act
promoter and a major portion of the act gene was amplified from plasmid
pXHC95 (55) and inserted into a plasmid, pUC128, at BamHI and XmaI re-
striction sites to result in in-frame fusion with the phoA gene (Fig. 1). The
resulting recombinant plasmid was designated pUCact and was partially se-
quenced using primer PS5 to ensure in-frame fusion. The primer PS5 was de-
signed 67 bp upstream of primer P3 (Fig. 1) and had the following sequence: 5�
TCCCCCCGGGATGTAACGCTTGTC 3�. A BamHI/SalI DNA fragment from
plasmid pUCact which contained the act::phoA fusion gene was ligated to a
suicide vector, pJQ200SK, to generate a recombinant plasmid, pJQactphoA (Fig.
1). The pJQactphoA plasmid in E. coli strain S17-1 was then delivered to
A. hydrophila SSU by conjugation. E. coli strains S17-1 and SM10 contain �pir,
allowing replication of the suicide vectors only in these strains (55). Briefly, both
E. coli strains harboring plasmid pJQactphoA and rifampin-resistant (Rifr) A. hy-
drophila SSU were grown under static conditions at 37°C overnight. The cultures
were mixed (5 ml each) at a concentration of 8 � 106 cells/ml. After 2 h of
incubation at 37°C, the mixture was centrifuged (4,000 � g for 10 min), resus-
pended in 200 �l of LB medium, plated onto LB agar plates without any
antibiotic pressure, and incubated for an additional 4 h at 37°C. Subsequently,

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Sourcea or reference

Strains
A. hydrophila

SSU CDC, Atlanta, Ga.
SSU-R Rifr Laboratory stock
Mutant SSU66 A. hydrophila SSU-R with chromosomally integrated act::phoA fusion gene; Rifr Gmr, sucrose

sensitive
This study

Mutant SSU88 fur isogenic mutant of A. hydrophila SSU-R generated by double crossover; Rifr Kmr, surcrose
resistance

This study

V. cholerae V86 Laboratory stock

E. coli
DH5� recA gyrA Laboratory stock
SM10 Kmr �pir 17
S17-1 Streptomycin resistance (Strr), trimethoprim resistance (Tmpr), �pir 25
SBC22 SM796 with pSBC48 chromosomally integrated via the 3.65-kb SmaI fragment of pSBC40; fur�,

Smr Kmr Apr
32

SBC23 SBC796 with pSBC48 chromosomally integrated as with SBC22; fur minus, Smr Kmr Apr 32
C118 phoA minus Laboratory stock

Plasmids
pRK2013 Helper plasmid, Kmr ATCC, Manassas, Va.
pBR322 Apr Kmr Amersham
pBluescript SK Apr Stratagene
pUC-4K Contains a 1.2-kb kanamycin cassette Amersham
pXHC95 pBluescript recombinant plasmid containing a 2.8-kb BamHI DNA fragment from A. hydrophila

SSU chromosomal DNA and harboring the act gene with its promoter region
55

pUC128 Contains a phoA gene which lacks its signal sequence and the first 13 codons Laboratory stock
pUCact Portion of the act gene with its promoter region fused in frame with the phoA gene in plasmid

pUC128
This study

pJQ200SK Suicide vector; P15A sacB Gmr 41
pDMS197 Suicide vector; R6K ori sacB Tcr 17
pJQ200actphoA Vector pJQ200SK containing a act::phoA fusion gene; Gmr This study
pBfur pBluescript recombinant plasmid containing a 2.6-kb SalI/HindIII DNA fragment from the A. hy-

drophila chromosome harboring the fur gene
This study

pDMS197fur Vector pDMS197 containing a truncated fur gene with its flanking sequences for generating a
fur isogenic mutant of A. hydrophila

This study

pABN203 E. coli fur gene, cloned in pBR322; Tcr 49
pBRfur1 A. hydrophila fur gene, cloned in pBR322 at the SacI site under the control of a promoter

which controls the ampicillin resistance gene in the vector; Tcr
This study

pBRpfur2 A. hydrophila fur gene with its putative promoter region cloned in pBR322 at the EcoRI site This study

a CDC, Centers for Disease Control and Prevention; ATCC, American Type Culture Collection.
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the culture was removed from the plates and various dilutions (10�4 to 10�9) of
the sample were plated onto LB agar plates with rifampin, gentamicin, and the
PhoA substrate BCIP. The colonies of A. hydrophila in which act::phoA was
integrated into the chromosome exhibited a diffuse blue color around the colo-
nies as a result of the secretion of PhoA. These colonies were identified as
Aeromonas by a positive oxidase test to differentiate them from E. coli and by an
automated identification system (Clinical Microbiology Laboratory, The Univer-
sity of Texas Medical Branch). The identity of the genuine single-crossover
mutant (i.e., A. hydrophila SSU66) (Table 1) was confirmed by using Southern
blot analysis with the act gene as a probe (55).

Western blot analysis. Western blot analysis was performed to detect
Act::PhoA fusion protein in culture supernatants of A. hydrophila SSU66. Spe-
cific polyclonal antibodies to Act (developed in our laboratory) and mouse
monoclonal antibodies to E. coli alkaline phosphatase (Caltag Laboratories,
Burlingame, Calif.) were used as primary antibodies, followed by appropriate
secondary antibodies, which were labeled with horseradish peroxidase (Santa
Cruz Biotechnology, Inc., Santa Cruz, Calif.). The blots were developed using the
SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, Ill.). The
culture supernatant was prepared as follows. A. hydrophila SSU66 was grown in
LB medium containing a proteinase inhibitor tablet (Roche Molecular Biochem-
ical, Indianapolis, Ind.) for 18 h at 37°C with shaking (180 rpm). The culture was
harvested and centrifuged at 4,000 � g for 15 min. Subsequently, 20 �l of the
supernatant was subjected to sodium dodecyl sulfate (SDS)–12% polyacrylamide
gel electrophoresis and Western blot analysis (12).

Alkaline phosphatase assay to quantitate act::phoA fusion gene expression
under different environmental stimuli. Briefly, a 2-�l aliquot of an A. hydrophila
SSU66 culture grown overnight was inoculated into 50-ml sterilized disposable
tubes that contained 3 ml of fresh LB medium with suitable antibiotics and
different stimuli. For glucose, 0, 0.1, 0.2, 0.5, 1, and 2% concentrations were used,
and for calcium, 0, 2, 5, 10 and 25 mM concentrations were selected. The effect
of temperature on PhoA activity was studied at 26, 30, and 37°C. The pH values

5.5, 6.0, 7.0, 7.5, 8.5, and 9.0 were chosen to demonstrate the effect of pH on
PhoA activity. Likewise, the effect of aeration on PhoA activity was examined
using a shaken flask versus static cultures. The experiments were performed in
triplicate, and averages of results from three independent experiments were used
for data analysis. Unless otherwise indicated, the cultures were grown at 37°C
with constant aeration (180 rpm).

After 18 h of growth, the cultures were centrifuged and the supernatants were
taken from each tube for PhoA activity measurement. For PhoA activity, the
reaction mixture contained the following: 5 to 50 �l of the culture supernatant,
100 �l of 10� reaction buffer (1 M Tris, 1 M NaCl, 50 mM MgCl2, pH 9.5), 2 �l
(40 mg/ml) of the PhoA substrate BCIP, and H2O to a final total volume of 1 ml.
The mixture was incubated at 37°C with shaking for 1 h. The density of the blue
color was measured at 630 nm, and the growth of the culture (diluted 1:20) after
18 h was measured at 600 nm. The PhoA activity was calculated per milliliter of
the culture supernatant per unit of growth.

For iron regulation studies, T medium (45) was used instead of LB medium.
T medium was supplemented with thiamine (10 �g/ml) and the L-amino acids
arginine and leucine (40 �g/ml each). T medium with 36 �M FeSO4 added was
considered as having a high iron content, while T medium with a 0.1 mM
concentration of an iron chelator represented low-iron medium. For measuring
PhoA activity in T medium, the reaction mixture contained the following: 900 �l
of the culture supernatant, 100 �l of 10� reaction buffer (as described above),
and 100 �l of 0.4% p-nitrophenol. The reaction mixture was incubated at 37°C
for 1 h. The PhoA activity was calculated per milliliter of the culture supernatant
per unit of growth (6).

Southern blot analysis on the chromosomal DNA of A. hydrophila with the V.
cholerae fur gene probe. Chromosomal DNA was isolated by using a QIAamp
DNA Mini Kit (Qiagen Inc., Valencia, Calif.). An aliquot (10 �g) of the chro-
mosomal DNA was digested with suitable enzymes and subjected to 0.8% aga-
rose gel electrophoresis (55). Next, the digested DNA was transferred to a nylon
membrane (Gibco BRL, Gaithersburg, Md.) and baked at 80°C for 2 h. The blots

FIG. 1. Flow diagram showing act::phoA reporter gene construction. Using primers P5 and P3, a 1.4-kb DNA fragment containing the putative
act promoter region and a portion of the act gene was amplified from plasmid pXHC95 and inserted into plasmid pUC128 at BamHI and XmaI
restriction sites to generate an in-frame fusion with the phoA gene. The fusion gene was then ligated to the suicide vector pJQ200SK to generate
the recombinant plasmid pJQactphoA. By conjugation between E. coli strain S17-1(pJQactphoA) and A. hydrophila, the fusion gene was integrated
into the chromosome of A. hydrophila by single-crossover homologous recombination to generate a mutant, SSU66 (Table 1). The solid bar
represents the act gene, and the open bar represents the phoA gene. The dotted arrow denotes the putative act promoter. These plasmids are not
drawn to scale.
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were prehybridized and hybridized by using Quikhyb (Stratagene, La Jolla,
Calif.) at 68°C as described by the manufacturer. The probe used was a 453-bp
V. cholerae fur locus, which was amplified from the chromosomal DNA of V.
cholerae V86 by using two specific primers (5� primer, 5� ATGTCAGACAATA
ACCAAGCG 3�, and 3� primer, 5� TTATTTCTTCGGCTTGTGAGC 3�). The
probe was labeled with [�-32P]dCTP (ICN, Irvine, Calif.) by using a random
primer kit (Gibco BRL). The membranes were washed twice at 68°C in 2� SSC
(1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0) (1) plus 0.1% SDS
for 20 min and then twice in 1� SSC plus 0.1% SDS for 20 min at 68°C. The blots
were exposed to the X-ray film at �70°C for 2 to 12 h.

Cloning of the fur gene from A. hydrophila SSU. Based on Southern blot
analysis data, the chromosomal DNA of A. hydrophila SSU was digested with SalI
and HindIII restriction enzymes. Subsequently, the digested DNA fragments
were ligated to a cloning vector, pBluescript SK (Stratagene), at the restriction
sites compatible for generation of a plasmid library. Using the V. cholerae fur
gene probe, the plasmid library was screened by colony blot hybridization (33).
A recombinant plasmid which hybridized with the V. cholerae fur gene probe was
designated pBfur (Table 1). The correct identity of the clone was determined by
Southern blot and DNA sequence analyses. The conditions used for hybridiza-
tion and washing of the filters were similar to those described in the previous
section on Southern blot analysis. Prior to prehybridization, the colony blots were
washed with a buffer (50 mM Tris, 1 M NaCl, 1 mM EDTA, 0.1% SDS, pH 8.0)
at 42°C for 2 h to remove cell debris, which resulted in minimal background
during exposure to the X-ray film (1, 33).

Complementation of an E. coli fur-minus strain with the cloned fur locus of
A. hydrophila SSU and measurement of PhoA activity in E. coli. Using specific
5� and 3� primers, 5� AAAAGCTTATGGCAGACAACAACCAAGCG 3� (5�
primer) and 5� CCAAGCTTCAATCGTCGTGCTTGCAGTC 3� (3� primer),
the coding region of the fur gene (429 bp) of A. hydrophila was amplified and
cloned into the vector plasmid pBR322 at the ScaI site under the control of an
ampicillin resistance gene promoter of the vector. The new recombinant plasmid
generated was designated pBRfur1 and transformed into an E. coli fur-minus
strain, SBC23 (Table 1). T medium supplemented with amino acid mix was used
for these experiments. The medium also contained either FeSO4 (36 �M) or an
iron chelator (0.1 mM). After overnight growth, cells were centrifuged and 50 �l
of 0.1% SDS and 50 �l of chloroform were added to permeabilize the E. coli
cells. The PhoA activity then was measured by hydrolysis of p-nitrophenyl phos-
phate (6).

Construction of fur isogenic mutants of A. hydrophila SSU via double-cross-
over recombination. As shown in Fig. 6, plasmid pBfur containing a 2.6-kb
SalI/HindIII DNA fragment with the fur gene from the chromosomal DNA of
A. hydrophila was used to prepare the fur isogenic mutant. In the fur gene, there
was a unique BglII restriction site. By using BglII enzyme, plasmid pBfur was
linearized and the ends were made blunt with a PCR polishing kit (Stratagene).
A 1.2-kb kanamycin gene cartridge was isolated from plasmid pUC4K (Amer-
sham Pharmacia Biotech, Piscataway, N.J.) by using the restriction enzyme PstI,
which bordered the kanamycin gene cassette, and its ends were also made blunt.
This kanamycin cassette was ligated to plasmid pBfur at the blunted BglII site to
generate a new recombinant plasmid, pBfur-K. By using the restriction enzymes
XbaI and KpnI, whose sites existed in the vector, a 3.8-kb DNA fragment,
including the 2.6-kb fur locus fragment and the 1.2-kb kanamycin cassette, was
removed and ligated to a suicide vector, pDMS197 (tetracycline resistance), at
the XbaI and KpnI sites, forming a new recombinant plasmid, pDMS197fur, in E.
coli strain SM10 (see Fig. 6). This strategy to prepare isogenic mutants provided,
respectively, 2,068 and 568 bp of the 5� and 3� DNA sequences flanking the
truncated fur gene for double-crossover homologous recombination.

The recombinant E. coli SM10(pDMS197fur) (see Fig. 6) strain was conju-
gated with rifampin-resistant A. hydrophila, as described previously for the de-
velopment of an act::phoA mutant, and the transconjugants were plated onto LB
agar plates with rifampin, kanamycin, and 5% sucrose to select double-crossover
transconjugants.

Complementation of the fur isogenic mutant of A. hydrophila SSU88. By using
specific 5� and 3� primers (5� CCAAGCTTATCCACGCTTGCCAGCAC 3� [5�
primer] and 5� CCAAGCTTCAATCGTCGTGCTTGCAGT 3� [3� primer]), a
1-kb DNA fragment, including the fur gene and its putative promoter region, was
amplified from the chromosome of A. hydrophila SSU. It was then ligated to the
vector pBR322 at the EcoRI restriction site to generate a recombinant plasmid,
pBRpfur2 (Table 1), which was first transformed into E. coli HB101 that carried
a helper plasmid, pRK2013 (with kanamycin resistance gene). Subsequently, via
conjugation, the recombinant pBRpfur2 plasmid with helper plasmid pRK2013
was transformed into the fur isogenic mutant of A. hydrophila SSU88 (Table 1),
which had been generated previously by double crossover. The transconjugants
were screened on LB agar plates containing rifampin, kanamycin, and tetracy-

cline. The presence of recombinant plasmid DNA in A. hydrophila SSU88 was
confirmed by plasmid isolation and restriction enzyme analysis.

Northern blot analysis. Wild-type A. hydrophila SSU, the fur isogenic mutant
SSU88, and its complemented strain SSU88(pBRpfur2) (Table 1) were grown in
LB medium to which 36 �M FeSO4 was added at 37°C overnight. The next
morning, 200 �l of the overnight culture was added to 4 ml of the fresh LB
medium in 50-ml sterilized disposable tubes with 36 �M FeSO4 and the cultures
were allowed to grow for another 3 h. The cells were centrifuged, and the total
RNA was isolated by using an RNA isolation kit from Qiagen. The RNA samples
(8 �g) were subjected to electrophoresis on a 1.2% formaldehyde agarose gel
with 1� MOPS buffer (0.2 M morpholinepropanesulfonic acid [pH 7.0], 0.005 M
sodium acetate, 0.01 M EDTA, pH 8.0) (55). A 1.4-kb 32P-labeled act gene from
plasmid pXHC95 was used as a probe. The RNA was transferred to the nylon
membrane, and after baking, the filters were prehybridized, hybridized, and
washed as described for Southern blot analysis. The amount of RNA in each lane
was quantitated by scanning 23S or 16S rRNA bands after ethidium bromide
staining of the gel, using a Gel Doc 2000 apparatus (Bio-Rad Laboratories,
Hercules, Calif.). The abundance of the message for Act was quantitated using
a PhosphorImage Storm 860 (Molecular Dynamics, Sunnyvale, Calif.). All of the
reagents used for Northern blot analysis were treated with diethylpyrocarbonate
(Sigma).

Hemolytic assay. The wild-type A. hydrophila SSU, its fur isogenic mutant
SSU88, the complemented SSU88(pBRpfur2) strain, and other appropriate con-
trol cultures (see Table 3) were grown in T medium with or without 36 �M
FeSO4 at 37°C overnight. The culture filtrates were first treated with trypsin at a
final concentration of 0.05% at 37°C for 1 h and then subjected to hemolytic
assay as follows: 100 �l of phosphate-buffered saline (PBS) was added to each of
the wells of a 96-well microtiter plate. Next, 100 �l of a culture filtrate was added,
followed by twofold dilution, with subsequent addition of 100 �l of 2.5% rabbit
erythrocytes (Colorado Serum Company, Denver, Colo.). The plate was incu-
bated at 37°C for 1 h and observed for the lysis of red blood cells. The hemolytic
unit was defined as the reciprocal of the highest dilution of Act demonstrating
50% lysis of rabbit erythrocytes. The hemolytic units were presented per unit of
growth per milliliter of the culture filtrate. The culture filtrates were treated with
trypsin to convert all of the precursor form of Act to a mature form of the toxin
(11).

Statistical analysis. Wherever appropriate, the data were analyzed using Stu-
dent’s t test, and P values of � 0.05 were considered significant.

Nucleotide sequence accession number. The nucleotide sequence of the 2.6-kb
SalI/HindIII chromosomal DNA fragment from A. hydrophila SSU, which con-
tained the fur and flavodoxin genes, has been submitted to GenBank with ac-
cession number AF349468.

RESULTS

Characterization of single-crossover mutants of A. hydro-
phila SSU with an act::phoA gene fusion. The strategy used
to develop an act::phoA reporter gene mutant of A. hydro-
phila is depicted in Fig. 1. The selected A. hydrophila SSU66
mutant (Table 1) was gentamicin resistant and sucrose sen-
sitive, which resulted from the integration of recombinant
plasmid pJQactphoA into the chromosomal DNA of wild-type
A. hydrophila. The identity of the single crossover was con-
firmed by Southern blot analysis using the act gene and the
pJQ200SK vector as probes (data not shown). The growth rate
in LB medium and the hemolytic activity of the single-cross-
over mutant were similar to those of wild-type A. hydrophila.
When the mutant strain (SSU66) and wild-type A. hydrophila
were streaked onto the LB plates containing BCIP, the colo-
nies turned blue because of the cytoplasmic phosphatase ac-
tivity in A. hydrophila. However, the mutant SSU66 showed an
additional diffused blue color in the agar around the colonies,
indicating secretion of Act::PhoA into the medium. Wild-type
A. hydrophila did not exhibit any diffused blue color and served
as a negative control. Further, the culture filtrate from the
mutant SSU66 was positive for PhoA activity, while the culture
filtrate from wild-type A. hydrophila did not exhibit any PhoA
activity under similar conditions.

VOL. 69, 2001 CYTOTOXIC ENTEROTOXIN GENE REGULATION 6373



Western blot analysis confirmed that the Act::PhoA fusion
protein was secreted out into the culture supernatant of mu-
tant SSU66. As evident from Fig. 2A, when anti-Act antibodies
were used, two bands 49 to 52 and 110 kDa in size were
observed in the culture supernatant of the mutant strain (lane
1). The 49- to 52-kDa band represented native Act, and the
110-kDa band indicated Act::PhoA fusion protein. In contrast,
one band of 49 to 52 kDa was visualized in the supernatant of
wild-type A. hydrophila (Fig. 2A, lane 2). When anti-PhoA
monoclonal antibodies were used in Western blot analysis, only
a 110-kDa band could be detected in the mutant culture su-
pernatant (Fig. 2B, lane 1) and no band was visualized in the
culture supernatant of wild-type A. hydrophila (Fig. 2B, lane 2).

To ensure that the expression of the act::phoA fusion gene
was controlled only by the act promoter, we also generated an
act::phoA reporter gene construct in the pUC128 vector (Table
1) without the act promoter. The correct open reading frame
of the fusion gene was confirmed by DNA sequence analysis.
Both of the fusion constructs, with and without the act gene
promoter, were transformed into a phoA-minus E. coli C118
strain (Table 1) and plated onto LB agar plates which con-
tained the PhoA substrate BCIP (40 �g/ml). Only E. coli col-
onies with the act promoter exhibited a blue color; the E. coli
colonies with the act::phoA fusion gene construct without the
act promoter were colorless (data not shown).

Influence of temperature, pH, and aeration on the expres-
sion of the act::phoA gene. The expression of the act::phoA
fusion gene in the A. hydrophila mutant SSU66 was examined
at 26, 30, and 37°C. The highest level of PhoA activity (60/
ml/OD unit) was obtained at 37°C. No apparent difference in
the levels of act promoter activity was noted at temperatures of
26 and 30°C (12/ml/OD unit), but the activity was significantly
lower than that observed at 37°C.

To determine the effect of pH on act promoter activity, we
tested pH values from 5.5 to 9.0. The act promoter had max-
imum activity at pH 7.0 (60/ml/OD unit), which was reduced to
18/ml/OD unit at pH 5.5. Likewise, at pH values of 8.5 and 9.0,
the PhoA activity was reduced to 16 and 6, respectively. At pH
values of 6.0 and 7.5, the PhoA activity was 40/ml/OD unit.

The influence of aeration on the act promoter activity was
evaluated by growing the mutant A. hydrophila SSU66 under
static or shaking (180 rpm) conditions at 37°C. The culture
under aeration demonstrated a higher PhoA activity of 57/
ml/OD unit, whereas the PhoA activity was only 6/ml/OD unit
when the mutant was grown as a nonshaken flask culture. We
noted that bacteria grew poorly in nonshaken flask cultures
compared to those in shaken flask cultures, indicating that oxy-
gen might be essential for the growth of Aeromonas and for the
expression of the act gene.

Influence of glucose, calcium, and iron on the expression of
the act::phoA gene. To examine the influence of glucose on act
gene expression, the mutant SSU66 was grown in LB medium
containing glucose at a concentration ranging from 0 to 2%. As
shown in Fig. 3A, glucose repressed act promoter activity in a
concentration-dependent fashion. The act promoter activity
was abrogated at a glucose concentration of 0.5% and higher.
In contrast to glucose (Fig. 3B), calcium increased act promot-
er activity in A. hydrophila SSU66, with maximum act promoter
activity at a concentration of 10 mM. At a higher calcium con-
centration (25 mM), however, act promoter activity was signif-
icantly reduced.

For iron regulation experiments, we preferred synthetic T
medium to LB medium for bacterial growth, because we could
accurately control iron concentration in this medium. It is
evident from Fig. 3C that low-iron conditions (with the addi-
tion of a 0.1 mM concentration of an iron chelator) increased
act promoter activity in A. hydrophila SSU66 by 20-fold com-
pared to that in high-iron medium containing 36 �M FeSO4.
Compared to that in LB medium (Fig. 3A and B), the PhoA
activity in T medium was less (Fig. 3C). This difference was
attributed to the medium and PhoA substrate used in these
experiments. For iron regulation experiments, synthetic T me-
dium and a p-nitrophenol substrate was used, whereas for the
calcium and glucose experiment, LB medium and the substrate
BCIP were employed.

The expression of many bacterial virulence genes is regu-
lated by iron, and an iron uptake regulator gene (fur) has been
shown to control this iron regulation (19). Our data with an
A. hydrophila SSU66 mutant in which the phoA gene was under
the control of the act promoter indeed indicated increased
PhoA activity in a medium containing low iron. We therefore
performed experiments to demonstrate whether the expression
of the act gene was under the control of the fur locus.

Cloning and sequencing of the fur gene of A. hydrophila
SSU. Based on the Southern blot hybridization data using the
V. cholerae fur gene as a probe (Fig. 4), we cloned SalI/HindIII
DNA fragments in the size range of 2.4 to 2.8 kb in the plasmid
vector pBluescript SK. The plasmid library in E. coli DH5� was
screened using the V. cholerae fur gene as a probe under high-
stringency conditions by colony blot hybridization. Under these
hybridization and washing conditions, the fur gene of V. chol-
erae hybridized with the fur gene of A. hydrophila but not with
the E. coli fur gene (32; our unpublished data), allowing easy
identification of the positive clones.

The recombinant E. coli clones, potentially harboring the
A. hydrophila fur gene, which reacted with the V. cholerae fur
gene were purified, and the identities of the correct recombi-

FIG. 2. The Act::PhoA fusion protein was detected in the culture
filtrate of A. hydrophila SSU66 based on Western blot analysis. Wild-
type A. hydrophila and mutant SSU66 were grown in LB medium
containing proteinase inhibitors at 37°C for 18 h. The supernatants
were subjected to SDS–12% polyacrylamide gel electrophoresis and
Western blot analysis. We used antibodies to Act (A) and monoclonal
antibodies to E. coli alkaline phosphatase (B). In each panel, the
supernatant from mutant SSU66 is in lane 1 and the supernatant from
wild-type A. hydrophila is in lane 2.
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nant clones were confirmed by Southern blot analysis (data not
shown). The DNA sequence analysis of the 2.6-kb SalI/HindIII
fragment revealed the presence of a 429-bp open reading
frame that had 69% homology at the DNA level and 79%
homology at the amino acid level with the V. cholerae fur gene

and Fur protein, respectively (Fig. 5). Interestingly, the A. hy-
drophila Fur protein was missing 8 amino acids at its C termi-
nus compared to that of the V. cholerae Fur protein (Fig. 5B).
Based on a BLAST search, the 2.6-kb SalI/HindIII fragment
also contained another 525-bp open reading frame, which ex-
hibited 75% homology at the DNA level and 79% homology at
the amino acid level with the flavodoxin gene of vibrios (28).
The flavodoxin gene was localized upstream of the fur gene at
nucleotide positions 650 to 1174. The fur gene was encoded
within nucleotide positions 1958 to 2386 of the 2.6-kb SalI/
HindIII fragment (data not shown).

Biological function of the A. hydrophila SSU fur gene. To
determine whether the cloned A. hydrophila fur gene was func-
tionally active, an isogenic pair of E. coli strains, SBC22 (fur�)
and SBC23 (fur minus) (Table 1), was used. Each of these
E. coli strains contained a single copy of the gene fusion be-
tween the iron-regulated promoter of the A subunit of Shiga-
like toxin I (slt-IA) of E. coli and the phoA gene from TnphoA
integrated in the chromosome (32). The original copy of the
phoA gene on the chromosomes of these two strains was de-
leted; the PhoA activity measured in these strains, therefore,
was due to expression of the phoA gene from the iron-regu-
lated promoter of the slt-IA gene (32). In E. coli SBC23, the fur
gene was also deleted and therefore the strain was fur gene
negative. The E. coli strain SBC22, on the other hand, was fur
gene positive (32). E. coli strain SBC23 complemented with
various plasmids (Tables 1 and 2) were tested in T medium
with either 36 �M FeSO4 or a 0.1 mM concentration of an iron
chelator. As indicated in Table 2, strain SBC22 had iron reg-
ulation ability, resulting in a fourfold increase in the PhoA
activity in the medium containing low iron compared to that in

FIG. 3. Environmental factors affected expression of the act gene
of A. hydrophila. A. hydrophila mutant SSU66 was grown in LB me-
dium or T medium (for iron regulation) and exposed to different stim-
uli. After 18 h of growth, the supernatants were examined for PhoA
activity. (A) Various concentrations of glucose were added to the LB
medium. (B) LB medium contained different concentrations of cal-
cium. (C) Iron or iron chelator was added to the T medium. � denotes
statistically significant values (P � 0.05) by using Student’s t test.

FIG. 4. The fur gene of A. hydrophila SSU hybridized with the V. chol-
erae fur gene based on Southern blot analysis. The digested chromosomal
DNA (10 �g) of A. hydrophila was subjected to 0.8% agarose gel
electrophoresis and Southern blot analysis as described in Materials
and Methods. Various enzymes or their combinations were used for
digestion of the chromosomal DNA. Chromosomal DNA from V. chol-
erae V86 digested with HindIII and PstI was used as a positive control.
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FIG. 5. (A) Comparison of the DNA sequences of the fur genes from A. hydrophila SSU and V. cholerae V86. The start and stop codons of the
fur genes are shown in bold. (B) A. hydrophila and V. cholerae Fur protein amino acid sequence comparison. An � indicates either conserved
nucleotides or amino acid residues.
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the medium containing high iron. Strain SBC23 had lost iron
regulation because of the deletion of the fur gene. However,
when SBC23 was complemented with either the A. hydrophila
fur gene (pBRfur1) or the E. coli fur gene contained in plasmid
pABN203, the iron regulation ability of SBC23 was restored,
with three- to fourfold-increased PhoA activity in medium
containing a low concentration of iron versus that in medium
containing a high concentration of iron (Table 2). E. coli strain
SBC23 containing the pBR322 vector only did not exhibit any
iron regulation and was used as a negative control (Table 2). In
both the low- and high-iron media, much higher PhoA activi-
ties were observed in E. coli strain SBC23 and E. coli strain
SBC23(pBR322) than in other tested E. coli constructs (Table
2). This increased PhoA activity in strain SBC23 was attributed
to the deletion of the fur gene. Interestingly, in low-iron me-
dium, the PhoA activity associated with E. coli strain SBC23
was significantly lower than that found in high-iron medium
(Table 2).

Generation of a fur isogenic mutant of A. hydrophila SSU.
The strategy used to develop a fur isogenic mutant is depicted
in Fig. 6. The colonies, which were resistant to rifampin, kana-
mycin, and sucrose and sensitive to tetracycline, should repre-
sent genuine double-crossover mutants, since the suicide vec-
tor sequences containing sacB and tetracycline resistance
genes should have been lost due to homologous recombina-
tion. To confirm the identities of these mutants, the chromo-
somal DNAs from a selected mutant, SSU88, and wild-type
A. hydrophila were isolated and subjected to PCR and South-
ern blot analysis. Two primers with the sequences 5� AAAAG
CTTATGGCAGACAACAACCAAGCG 3� and 5� CCAAGC
TTCAATCGTCGTGCTTGCAGTC 3�, which correspond to
the 5� and 3� ends of the A. hydrophila fur gene, respectively,
were used for PCR analysis. Only a 429-bp DNA fragment,
which represented the native fur gene, was amplified from
wild-type A. hydrophila, and only a 1.7-kb DNA fragment,
which represented a truncated fur gene with the kanamycin
cassette, was amplified from the double-crossover mutant
SSU88 (data not shown). It is also evident from the Southern
blot data that, when the fur gene was used as the probe (Fig.
7A), a 6.2-kb band was observed in the mutant SSU88 (lane 1).
In the chromosomal DNA of wild-type A. hydrophila, a 5.0-kb
band was detected (Fig. 7A, lane 2). Compared to the digested
chromosomal DNA of wild-type A. hydrophila, the digested
chromosomal DNA fragment of the mutant was larger by 1.2

kb, due to the insertion of a kanamycin cassette. A similarly
sized DNA fragment was detected in the digested chromo-
somal DNA of the mutant strain when the kanamycin cassette
was used as a probe (Fig. 7B, lane 1). This probe did not react
with the digested DNA from wild-type A. hydrophila (Fig. 7B,
lane 2). No band was detected in the digested chromosomal
DNAs of both mutant (Fig. 7C, lane 1) and wild-type (Fig. 7C,
lane 2) A. hydrophila when the suicide vector pDMS197 was
used as a probe. These data indicated that the mutant strain
A. hydrophila SSU88 had completely lost the suicide vector se-
quence as a result of double-crossover homologous recombi-
nation. The hemolytic activity of the mutant SSU88 was slightly
higher and the growth rate was slightly lower than those of
wild-type A. hydrophila.

To demonstrate that iron regulation on act gene expression
was lost in the fur isogenic mutant SSU88 and that iron regu-
lation could be restored by complementation, Northern blot
analysis was performed. The fur isogenic mutant SSU88 and its
complemented strain were grown in LB medium with 36 �M
FeSO4. Wild-type A. hydrophila SSU was used as a positive
control in this experiment. It is evident from Fig. 8 that a 1.4-kb
act gene transcript was detected in all of these A. hydrophila
strains. However, under high-iron conditions, act mRNA was
detected in much smaller amounts in wild-type A. hydrophila
(Fig. 8, lanes 3 and 4) and in the complemented strain (lanes
5 and 6) than in the fur isogenic mutant, whose level of act
mRNA was fourfold higher (Fig. 8, lanes 1 and 2). These data
indicated that the fur isogenic mutant had lost iron regulation
due to deletion of the fur gene.

The iron-regulated genes have Fur-binding sites in their
promoter regions (19). In the putative promoter region of the
act structure gene of A. hydrophila (11), two Fur box-like se-
quences (TATTA, positions �131 to �135 and positions �178
to �182), starting from the initiation codon of the act struc-
tural gene, were detected. These sequences could be the po-
tential sites within the act promoter region to which the Fur
protein binds.

Restoration of iron regulation of the hemolytic activity of
Act in the complemented strain of A. hydrophila SSU88. Wild-
type A. hydrophila, fur isogenic mutant SSU88, and comple-
mented fur isogenic mutants SSU88(pBRfur1) and SSU88
(pBRpfur2) were grown in T medium with or without 36 �M
FeSO4. After 18 h of growth at 37°C, the supernatants were
taken for measuring hemolytic activity. As shown in Table 3,
act gene expression in the wild-type A. hydrophila culture was
repressed by 24-fold under high-iron conditions, compared to
that under lower-iron conditions. However, the iron regulation
of the hemolytic activity of Act was lost in the fur isogenic
mutant SSU88. The presence of the vector pBR322 alone in
wild-type A. hydrophila SSU reduced the effect of iron regula-
tion of the hemolytic activity of Act from 24-fold in high-iron
medium to 4-fold in low-iron medium (Table 3). Like mutant
SSU88, no iron regulation of Act hemolytic activity was noted
in SSU88 complemented with the pBR322 vector alone. How-
ever, the fur gene of A. hydrophila with its putative promoter
contained in plasmid pBRpfur2 complemented the fur isogenic
mutant SSU88. The hemolytic activity associated with Act in
the complemented strain was 13-fold higher in low-iron me-
dium than in high-iron medium. Iron regulation was also noted
when the SSU88 mutant was complemented with the fur gene

TABLE 2. A cloned A. hydrophila fur gene complemented
the E. coli fur-minus strain SBC23

E. coli strain
Alkaline phosphatase activity (U/OD600)a

High iron Low iron

SBC22 2.2 � 0.1 8.8 � 1.5b

SBC23 20.3 � 0.8 10.4 � 2.2b

SBC23(pBR322) 30.2 � 3.2 26.1 � 2.3
SBC23(pABN203) 2.0 � 0.04 6.4 � 1.4b

SBC23(pBRfur1) 3.3 � 0.1 11.5 � 2.1b

a T medium with 36 �M FeSO4 was used as a high-iron medium, and T
medium with a 0.1 mM concentration of an iron chelator was used as a low-iron
medium. OD600, OD at 600 nm. Values are the arithmetic means � standard
deviations of results from three independent experiments.

b Statistically significant value (P � 0.05) under both iron conditions using
Student’s t test.
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without the putative promoter region (pBRfur1); however,
only a fivefold difference in hemolytic activity was noticed in
the high- versus that in the low-iron medium.

DISCUSSION

The expression of bacterial virulence genes is frequently
influenced by various environmental stimuli. The interaction
between the host and pathogen during disease results in a loss
of balance between the microbe’s clever strategies for survival
and multiplication and the formidable defenses of the immune
system (36). In this study, the environmental regulation of act

gene expression in A. hydrophila was investigated, since Act has
been shown to be crucial in Aeromonas-mediated infections (55).

To study regulation of the act gene, it was essential to de-
velop a reporter gene construct in which a portion of the act
gene was fused in frame with a reporter gene (e.g., phoA). This
gene construct was then integrated into Aeromonas chromo-
somal DNA via homologous recombination so that the expres-
sion of the phoA gene under the control of the act promoter
could be measured. This system has three advantages: (i) com-
pared with a multicopy plasmid system, this single-copy act::
phoA fusion excludes the undesirable multicopy effects which

FIG. 6. Flow diagram showing construction of various recombinant plasmids for the purpose of generating the fur isogenic mutant of A. hy-
drophila SSU. Plasmid pBfur contained a 2.6-kb DNA fragment from the chromosome of A. hydrophila, which included the fur gene. The fur locus
was truncated at the BglII restriction site by introducing a kanamycin resistance cassette from plasmid pUC4K. The truncated fur locus with its
flanking sequences was cloned into a suicide vector, pDMS197, forming a recombinant plasmid, pDMS197fur, for the generation of a fur isogenic
mutant of A. hydrophila. The shaded bars represent the fur gene, the dotted bars represent sequences flanking the fur gene, and the open bars
indicate the kanamycin cassette. These plasmids are not drawn to scale.
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might counteract the regulatory events; (ii) since the majority
of the Act::PhoA is secreted out into the supernatant, it is
easier to measure PhoA activity with minimal interference
from intracellular PhoA activity; and (iii) since Act is secreted
in a precursor form, which requires proteolytic cleavage at its
C terminus to be activated, any stimuli that affect the expres-
sion of the protease genes would also affect Act-associated
hemolytic activity. Therefore, measurement of PhoA activity,
instead of hemolytic activity, provided us with an accurate and
sensitive method to study act promoter activity under different
environmental conditions.

Our experimental data indicated that the act gene from

A. hydrophila was optimally expressed at 37°C and at pH 7.0.
The temperature-dependent expression of the Pap pilus gene
in E. coli (34, 35) and the gene encoding alginate capsule
production in Pseudomonas aeruginosa (13) were linked to a
nucleoid protein, H-NS, that had histone-like properties (29).
The alteration of virulence gene expression in Salmonella en-
terica serovar Typhimurium by pH is under the control of a
two-component phoP-phoQ regulatory system inside the mac-
rophages (22, 37). Likewise, the toxR gene of V. cholerae senses
changes in the environment, such as temperature, pH, osmo-
larity, etc., which alter expression of multiple virulence genes
in Vibrio spp. (38). Studies are in progress in our laboratory to
identify a regulatory gene(s) which may modulate expression
of the act gene and possibly other virulence factors in A. hy-
drophila under different environmental conditions.

Although addition of glucose to the medium increased the
growth rate of A. hydrophila, PhoA activity per unit of growth
was significantly repressed. This repression in act promoter
activity was specific for glucose only, as galactose and arabi-
nose increased PhoA activity in the culture supernatant. In
Vibrio fischeri, the autoinduction of luminescence genes (luxR
and luxICDABEG) was found to be repressed by glucose and
promoted by iron restriction (15, 16). Although the mecha-
nism(s) of this glucose repression was not clear, it was consid-
ered to occur as a result of decreasing cellular levels of cAMP,
which retarded synthesis of LuxR protein (15, 16, 44). The
transcription of the luxICDABEG gene cluster was proposed to
be blocked by iron as a result of binding to an iron-binding
repressor protein, resulting in delayed accumulation of the
autoinducer (26). Bang et al. (2) similarly reported that glucose
repressed V. vulnificus hemolysin production and that glucose
altered the interaction of cAMP and cAMP receptor protein.
Regassa et al. (43) showed that glucose repressed alpha-hemo-
lysin gene (hla) and staphylococcal enterotoxin C gene (sec�)
expression in Staphylococcus aureus through a global regula-
tory locus, the accessory gene regulator (agr). The addition of
cAMP to glucose-grown S. aureus cultures did not relieve re-
pression, and both glucose and galactose down regulated agr
expression, which in turn affected expression of the hla and
sec� genes. We also noted that addition of 8-bromo-cAMP to
the A. hydrophila culture did not relieve glucose repression of
act gene expression. The exact means by which glucose re-
presses act gene expression is under investigation. It is plausi-

FIG. 7. Confirmation of the identity of the fur isogenic mutant of
A. hydrophila based on Southern blot analysis. Chromosomal DNAs
from wild-type A. hydrophila and mutant SSU88 were isolated and
digested with the BamHI and SalI restriction enzymes. Lane 1, digest-
ed chromosomal DNA from mutant SSU88; lane 2, digested chromo-
somal DNA from wild-type A. hydrophila; lane 3, plasmid pDMS197fur
digested with XbaI and KpnI as a control. We used an A. hydrophila fur
gene (A), a 1.2-kb kanamycin resistance cassette (B), and plasmid
pDMS197 (C) as probes. The two bands in panels B and C, lane 3,
indicated incomplete digestion of plasmid pDMS197fur.

FIG. 8. Transcription of the act gene was repressed in the A. hy-
drophila strains, which contained the fur gene under high-iron condi-
tions based on Northern blot analysis. Wild-type A. hydrophila, fur
isogenic mutant SSU88, and its complemented strain with the A. hy-
drophila fur gene in plasmid pBRpfur2 were grown in LB medium with
the addition of 36 �M FeSO4. The isolated RNA was subjected to
Northern blot analysis as described in Materials and Methods. Lanes 1
and 2, RNA from mutant SSU88; lanes 3 and 4, RNA from wild-type
A. hydrophila; lanes 5 and 6, RNA from mutant SSU88 complemented
with pBRpfur2. (A) The probe used was a 1.4-kb act gene. (B) The
RNA loaded in each lane was quantitated by scanning 16S and 23S
rRNA bands after ethidium bromide staining of the gel.

TABLE 3. The cloned A. hydrophila fur gene complemented
Aeromonas fur isogenic mutant SSU88

Aeromonas strain tested
Hemolytic activity (U/OD600/ml)a

High iron Low iron

Wild-type A. hydrophila 36.5 � 3.2 889 � 71.5b

Wild-type A. hydrophila(pBR322) 89.5 � 20.3 358 � 36.9b

SSU88 582 � 67.0 676 � 63.8
SSU88(pBR322) 285 � 33.1 327 � 11.9
SSU88(pBRpfur1) 40.5 � 2.9 208.5 � 30.9b

SSU88(pBRfur2) 20.1 � 4.0 251.3 � 12.4b

a T medium with or without the addition of 36 �M FeSO4 was used as a high-
or low-iron medium. Three independent experiments were performed, and the
arithmetic means � standard deviations are presented. OD600, OD at 600 nm.

b Statistically significant value (P � 0.05) under two iron conditions using
Student’s t test.
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ble that glucose may alter expression of a regulatory gene
which modulates the expression of the act gene.

The promoter activity of the act gene was increased in the
presence of calcium, an important environmental signal affect-
ing expression of various bacterial virulence genes. For exam-
ple, all of the three species of the genus Yersinia possess a
virulence characteristic known as the low-Ca2� response. At
temperatures above 34°C, the growth of yersiniae is dependent
on a millimolar concentration of calcium. However, the expres-
sion of the Yersinia outer membrane protein-encoding genes
(yop genes) occurs only in the absence of calcium (4, 46). In
Yersinia pestis, the activity of the bacteriocin pesticin was in-
creased by calcium but repressed by iron (7). Further studies
revealed that iron and calcium were involved in the synthesis of
the pesticin receptor, which was also considered to be the
receptor of the siderophore (21, 42). The function of calcium
in regulating the synthesis of the pesticin receptor was unclear;
however, the role of Fur in regulating the expression of the
pesticin receptor was suggested (27, 47, 48). The hemolysin of
Actinobacillus pleuropneumoniae is another virulence factor
that requires calcium for its expression (46). On the other
hand, the expression of a gene encoding a cell surface protein
of Arthrobacter photogoniums called LipA (possibly a pilin) was
repressed by calcium. Unlike the other known bacterial induc-
tion or repression mechanisms that are sensitive to millimolar
concentrations of calcium in growth medium, lipA gene expres-
sion was shown to be repressed by a calcium concentration of
only 1.0 �M. The sensitivity of lipA gene expression to micro-
molar concentrations of calcium suggests that the regulatory
mechanism involves a sensor protein(s) that has very high
affinity for calcium (46). That calcium alters the expression of
virulence genes through cAMP regulation is an exciting possi-
bility and needs to be explored.

The transcription regulation of several toxin genes has been
linked to low iron concentrations (8, 14, 24, 39, 51). The mech-
anism of iron regulation has been attributed to a fur locus, and
the fur genes of different bacteria have been identified (19). In
this study, we have shown that the act gene in A. hydrophila was
iron regulated. Subsequently, the fur locus of A. hydrophila was
cloned and sequenced. The A. hydrophila fur gene exhibited
homology with the fur gene of V. cholerae (Fig. 5), and the
former also could restore iron regulation in the E. coli fur-
minus mutant SBC23 (Table 2).

To further evaluate the role of the fur gene in the expression
of the act gene, a fur isogenic mutant of A. hydrophila was
generated. Our data indicated that iron regulation of act gene
expression was lost in the fur isogenic mutant (Fig. 8 and Table
3) and that iron regulation in this mutant could be restored by
complementation (Fig. 8 and Table 3). These experiments
indicated that act gene expression was regulated by iron and
that the fur locus of A. hydrophila was responsible for this
regulation. We also noted that the fur isogenic mutants exhib-
ited a slightly lower growth rate than that of wild-type A. hy-
drophila, especially in a low-iron medium. Iron is essential for
cell growth, as it serves as a cofactor for a large number of
enzymes in a cell (9, 53, 54). Bacteria with mutations in the fur
gene (e.g., fur isogenic mutants) are also defective in iron
uptake regulation, which leads to a relatively low iron level in
the cells, resulting in slower cellular metabolism, particularly in
a low-iron medium. Interestingly, increased hemolytic activity

was noted in the fur isogenic mutant when it was grown in the
iron-rich medium. It may have been due to the relief of re-
pression of act expression by iron. Indeed, we demonstrated by
Northern blot analysis an increase in act gene transcription in
the fur isogenic mutant compared to that in wild-type A. hy-
drophila in an iron-rich medium (Fig. 8).

Braun et al. (5) reported the sequence 5� GATAATGATA
ATCATTATC 3� as the functional target (Fur box) for the Fur
protein, which is a palindromic DNA sequence (40). On the
other hand, many iron-regulated promoters appear to have
multiple Fur boxes, which could overlap (23, 30, 52) and hence
are not compatible with the dimer-palindrome model (40). A
recent study (18) suggests that the sequence 5� NAT(A/T)AT
3� could be the actual Fur protein-binding site and that three
adjacent repeats of this unit would lead to effective binding.
While the relative orientations and numbers of these repeats
may not be so important, the sequence 5� NAT(A/T)AT 3� is
considered a consensus sequence for the Fur box (19). Two fur
box-like sequences were detected within the putative promoter
region of the act gene, but they were not adjacent. These
regions may be the potential sites to which the Fur protein
might bind and are under investigation. Interestingly, the se-
quence ATTATTTTT (nucleotides �173 to �181), starting
from the start codon of the act structural gene and within the
act putative promoter, has also been shown to exist within a
Fur-binding sequence (19 bp) in the promoter region of the
flbB gene (a transcriptional activator) of E. coli (3, 50). Fur is
now being considered a global regulator that coordinates dif-
ferent responses in the cell, rather than a specific transcription
factor (18). In this respect, it is reasonable to assume that the
sequence of the Fur box should be flexible rather than being a
very specific motif.

Intestinal pathogens, such as Aeromonas spp., must over-
come numerous host defenses to establish an infection. The
results presented in this study revealed that act gene expression
was altered by certain environmental stimuli that might con-
tribute to the in vivo virulence of A. hydrophila. In addition, the
fur locus of A. hydrophila was identified and its role in iron
regulation was established. However, whether this fur gene
regulates additional virulence genes in A. hydrophila needs to
be investigated.
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