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Vibrio cholerae secretes the catechol siderophore vibriobactin in response to iron limitation. Vibriobactin is
structurally similar to enterobactin, the siderophore produced by Escherichia coli, and both organisms produce
2,3-dihydroxybenzoic acid (DHBA) as an intermediate in siderophore biosynthesis. To isolate and characterize
V. cholerae genes involved in vibriobactin biosynthesis, we constructed a genomic cosmid bank of V. cholerae
DNA and isolated clones that complemented mutations in E. coli enterobactin biosynthesis genes. V. cholerae
homologs of entA, entB, entC, entD, and entE were identified on overlapping cosmid clones. Our data indicate
that the vibriobactin genes are clustered, like the E. coli enterobactin genes, but the organization of the genes
within these clusters is different. In this paper, we present the organization and sequences of genes involved
in the synthesis and activation of DHBA. In addition, a V. cholerae strain with a chromosomal mutation in vibA
was constructed by marker exchange. This strain was unable to produce vibriobactin or DHBA, confirming that
in V. cholerae VibA catalyzes an early step in vibriobactin biosynthesis.

Virtually all organisms require iron for growth, but in most
aerobic environments, iron availability is limited. Many micro-
organisms have developed efficient means to obtain iron and
under conditions of iron deprivation produce low-molecular-
weight iron-chelating compounds called siderophores (23).
These compounds are synthesized and secreted into the envi-
ronment, where they bind ferric iron with high affinity. In
gram-negative bacteria, outer membrane receptors, including
FepA in Escherichia coli (30) and ViuA in Vibrio cholerae (10,
54), bind the ferrisiderophore complex. Transport of the fer-
risiderophore into the cell is dependent upon TonB and spe-
cific periplasmic and inner membrane proteins (22, 38).

Vibriobactin, the only known siderophore produced by V.
cholerae, is a catechol (18) (see Fig. 1). The prototype catechol,
enterobactin, which is produced by E. coli, is a cyclic trimer of
2,3-dihydroxybenzoyl-L-serine (33, 37, 59). Vibriobactin also
contains three 2,3-dihydroxybenzoyl residues, but they are
linked to a backbone of norspermidine, a compound rarely
encountered in bacterial species (18). Two of the 2,3-dihy-
droxybenzoyl moieties are linked to the backbone via L-threo-
nine residues, while the third is directly linked to the norsper-
midine (Fig. 1).

The genetics and biosynthesis of enterobactin have been
studied extensively (14, 57) (Fig. 1). The ent genes are clus-
tered in three operons on a 22-kbp region of the E. coli chro-
mosome and are coordinately regulated by the Fur repressor
(11). Under conditions of iron starvation, chorismate is con-
verted to 2,3-dihydroxybenzoic acid (DHBA) by the products
of the entABC genes (64). The first step in this pathway is the
conversion of chorismate to isochorismate, which is catalyzed
by EntC, isochorismate synthase. The gene encoding this
43,000-molecular-weight monomeric protein has been cloned
and sequenced (15, 27, 34), and EntC has homology with other
enzymes which use chorismate as a substrate. Isochorismate is

also a precursor in the synthesis of menaquinone, and a second
isochorismate synthase gene, menF, has recently been identi-
fied in E. coli (12). EntB, isochorismatase, catalyzes the second
step in the pathway. The gene for this 35,500-molecular-weight
protein has been sequenced (26, 32), and recombinant EntB
has been purified and characterized (42). EntB is believed to
be a bifunctional protein; the C-terminal region of this protein
has been shown to possess EntG activity, part of the enter-
obactin synthetase activity (52). EntA, 2,3-dihydro-2,3-dihy-
droxybenzoate dehydrogenase, catalyzes the third step in the
dedicated pathway, which is the final step in the synthesis of
DHBA. The gene for this 26-kDa protein has been cloned and
sequenced (26, 32). The protein has been purified to homoge-
neity, and the catalytic mechanism of this NAD-dependent
dehydrogenase has been investigated (26, 43).

In the final steps of enterobactin biosynthesis, DHBA and
L-serine are converted to enterobactin by enterobactin synthetase,
the product of the entDEFG genes (28, 60). The conversion of
DHBA to enterobactin is not well understood but appears to be
similar to the synthesis of peptide antibiotics (8). EntE, 2,3-dihy-
droxybenzoate-AMP ligase, is a homodimer with a subunit mo-
lecular weight of 59,000 (41, 53). This protein activates DHBA
during the enterobactin synthetase reaction (41).

Less is known about the synthesis of vibriobactin, and prior
to this work no information existed on the genetic organization
of the genes for vibriobactin biosynthesis. Vibriobactin synthe-
sis requires chorismate (18), and V. cholerae strains secrete
DHBA, which is believed to serve as an intermediate in vibri-
obactin biosynthesis. These data suggested that at least the
initial steps in vibriobactin biosynthesis would be similar to
those observed in E. coli (Fig. 1). Thus, we reasoned that V.
cholerae and E. coli might possess functionally similar genes
involved in the early steps of catechol biosynthesis. We further
speculated that if the genes for vibriobactin synthesis and uti-
lization are clustered, as the enterobactin genes are in E. coli,
we could isolate many or all of the vibriobactin genes by clon-
ing a small number of genes and then characterizing the neigh-
boring genes. We describe here the cloning and partial char-
acterization of V. cholerae genes which complement specific
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enterobactin synthesis gene mutations in E. coli. As observed
in E. coli, there is clustering of these genes, but the organiza-
tion of the genes in V. cholerae is different. We also present the
nucleotide sequences of the vibA, vibB, vibC, and vibE genes,
the V. cholerae homologs of entA, entB, entC, and entE, respec-
tively. A V. cholerae strain with a chromosomal vibA mutation
was constructed and shown to be blocked in the synthesis of
both DHBA and vibriobactin.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
work are listed in Table 1. All strains were maintained at 280°C in L broth plus
20% glycerol.

Media, reagents, and bacterial growth. Strains were grown on L agar or in L
broth at 37°C. L medium plus the iron chelator ethylenediamine di(ortho-hy-
droxyphenylacetic acid) (EDDA), deferrated by the method of Rogers (39), was
used for the iron-deficient medium. The concentrations of antibiotics, when
added, were 250 mg/ml for carbenicillen, 12 mg/ml for tetracycline, 50 mg/ml for
kanamycin, and 200 mg/ml for streptomycin.

Siderophore production and utilization bioassay. Strains were grown over-
night at 37°C in L broth and washed once in saline. L agar containing EDDA
(100 mg/ml) was inoculated with 104 bacteria per ml and poured into plates.
Solutions of FeSO4 (10 mM) or fully grown bacterial cultures were spotted (10-ml
drops) onto the surface of the hardened agar and allowed to dry. Following
overnight incubation, plates were observed for zones of growth around each
compound or culture spot.

Detection of siderophores. Chrome Azurol S (CAS) agar, on which sid-
erophore-secreting colonies produce an orange halo over the blue background,
was used for the detection of siderophores in the complementation experiments
(47). The Arnow test was used to detect secretion of catechols (4). Thin-layer
chromatography was performed with 0.2-mm-thick silica gel plates (DC-Plastik-
folien Kieselgel 60 F254; E. Merck, Darmstadt, Germany) and a solvent system of
n-butanol–acetic acid–water (12:3:5 by volume) to separate phenolate sid-
erophores. The plates were examined under UV illumination and sprayed with
0.1 M FeCl3 in 0.1 N HCl to detect characteristic iron-binding compounds.
Standards were 2,3-DHBA and enterobactin (provided by C. F. Earhart, Uni-
versity of Texas at Austin). High-pressure liquid chromatography was performed
with an Ultrasphere-ODS 25-cm-long C18 reverse-phase column. Samples were
dissolved in methanol–1% phosphoric acid (1:1) prior to loading and were
chromatographed at a flow rate of 1 ml per min. Peaks were detected by deter-
mining the absorbance at 220 nm.

Recombinant DNA techniques. Chromosomal DNA was isolated by the
method of Marmur (29). Construction of cosmid banks, restriction enzyme
analysis, agarose gel electrophoresis, and Southern hybridizations were carried
out by standard molecular biology protocols (44). DNA sequencing was per-
formed with a Sequenase DNA sequencing kit, version 2.0 (U.S. Biochemical
Corp., Cleveland, Ohio) or with an Applied Biosystems Prism 377 DNA se-
quencer (Perkin-Elmer Corp.).

Triparental matings were performed as follows: Donor, recipient, and mobi-
lizing plasmid strains were grown in L broth with appropriate antibiotics to
mid-log phase. Cultures were washed once in saline and then resuspended in the
original volume of L broth. Fifty microliters of each was mixed and spread on an
L agar plate, and the plates were incubated overnight at 37°C. The bacterial lawn
was harvested with L broth, diluted, and plated on CAS agar containing the
appropriate amino acid supplements and antibiotics.

FIG. 1. Biosynthesis of enterobactin in E. coli, as adapted from references 28 and 64, and the proposed pathway for vibriobactin biosynthesis in V. cholerae.
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Preparation of minicells and [35S]methionine labeling of proteins were per-
formed as previously described (31). Gel lanes were loaded with equivalent
numbers of counts per minute of 35S-labeled protein.

Transposon mutagenesis and construction of a vibA disruption in V. cholerae.
Tn5 mutagenesis of pJSV78, using the temperature-sensitive plasmid pRK340,
was performed as previously described (24). Cells containing mutagenized plas-
mids were tested on CAS plates to screen for loss of siderophore production. A
plasmid in which a Tn5 mutation had abolished vibA function was named
pJSV78::Tn5.

To obtain a null vibA mutation on the V. cholerae chromosome, the EcoRI
fragment containing the disrupted vibA gene from the plasmid pJSV78::Tn5 was
subcloned into the EcoRI site of pAT153, yielding pJSV76. An EcoRV fragment
containing the sacB (16) gene was then inserted into the ScaI site within the amp
gene of pJSV76 to give pJSV76S. The plasmid pJSV76S was transferred to V.
cholerae Lou15 by electroporation as previously described (20). A Tcr, Kmr,

sucrose-sensitive transformant which contained a plasmid that comigrated with
pJSV76S was selected. This transformant was grown for four passages in L broth
plus kanamycin, and serial dilutions were plated on L agar plates containing 5%
sucrose and kanamycin. A sucrose-resistant, Tcs, Kmr colony was isolated, and
the presence of Tn5 within the chromosomal vibA gene was confirmed by South-
ern hybridization (data not shown).

Nucleotide sequence accession number. The GenBank accession number for
the vibABCE sequence is U52150.

RESULTS
Cloning of the vibriobactin biosynthesis genes of V. cholerae.

To isolate the genes responsible for vibriobactin biosynthesis,
we initially screened for DNA sequences that complemented

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source and/or reference(s)

Strains
Lou15 V. cholerae El Tor 49
EWV100 Lou15 vibA::Tn5 This study
EWV101 Lou15 vibD::miniTn10 61
0395 V. cholerae classical S. Calderwood
MBG14 O395 viuA::TnphoA 10, 17
CA401 V. cholerae classical 49
2076-79 V. cholerae non-O1 J. Oliver; 51
324 V. vulnificus 3
BE2-542 V. alginolyticus 3
M474801 V. parahaemolyticus 3
UT1 A. hydrophila University of Texas at Austin
PS9 P. shigelloides 13
SA101 S. flexneri 2a 24
HB101 E. coli 7
1017 HB101 ent::Tn5 13
P678-54 E. coli minicell strain 1
AN193 E. coli entA C. Earhart
AN192 E. coli entB C. Earhart
AN90 E. coli entD C. Earhart
AN93 E. coli entE C. Earhart
AN117 E. coli entF C. Earhart
AB1515.43 E. coli entG C. Earhart; 52
ID2 E. coli fes C. Earhart; 36

Plasmids
pRK340 Temperature-sensitive Tn5 donor R. Meyer
pRK2013 Mobilizing plasmid 44
pAT153 Cloning vector 44
pACYC184 Cloning vector 44
pLAFR1 Cosmid cloning vector J. Leong
pUC18 Cloning vector 63
pWSK29 Cloning vector 58
pBluescript SK2 Cloning vector Strategene
pUCD800 sacB gene 16
pMPS11 entBA genes cloned in pACYC184 46
pVSA1 pLAFR1 cosmid clone carrying vibAD This study
pVSB1 pLAFR1 cosmid clone carrying vibABCD This study
pJSV78 pAT153 carrying the 3.8-kbp EcoRI-SalI fragment of pVSA1 with vibA plus

4.0-kbp pLAFR1 sequences
This study

pUC22 pAT153 containing the 2.2-kbp EcoRI fragment of pVSA1 with vibC and
part of vibA and vibE

This study

pJSV90 pACYC184 containing the 9.0-kbp EcoRI fragment of pVSA1 with vibD This study
pJSV78::Tn5 pJSV78 containing vibA::Tn5 This study
pJSV76 pAT153 containing the EcoRI fragment from pJSV78::Tn5 This study
pJSV76S pJSV76 with the 1.9-kbp EcoRV fragment containing the sacB gene inserted

into the ScaI site
This study

pVIB127 pWSK29 containing an NheI partial digestion fragment of pVSB1 containing
vibBCE and most of vibA

This study

pVIB128 Bluescript SK2 containing the BamHI fragment of pVIB127 with vibCE and
most of vibA and vibB

This study

pVIB139 pWSK29 containing the NheI fragment of pVSB1 with vibC, vibE, vibB, and
most of vibA

This study
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E. coli mutations in either entA or entB. These genes were
chosen because they encode proteins in the pathway for the
synthesis of DHBA, which was expected to be a common
intermediate in the synthesis of enterobactin and vibriobactin
(Fig. 1). To identify these genes, a cosmid bank of partially
EcoRI-digested V. cholerae El Tor strain Lou15 DNA was
constructed in pLAFR1. The cosmid bank, containing approx-
imately 1,200 independently cloned DNA fragments, was
transferred via triparental mating to the E. coli entA mutant
AN193 or the entB mutant AN192. AN193 and AN192 carry-
ing the cosmid clones were screened on CAS agar for colonies
with orange halos, indicative of siderophore production. Cos-
mid clones pVSA1, complementing the entA mutation in
AN193, and pVSB1, complementing the entB mutation in
AN192, were isolated by this method.

Several assays were used to confirm that the functional
complementation of enterobactin mutants by the V. cholerae
genes was due to the production of DHBA and enterobactin.
AN193 carrying pVSA1 and AN192 carrying pVSB1 were both
positive in the Arnow test for the synthesis of catechols. To
further characterize products secreted by these strains, their
culture supernatants were analyzed specifically for the produc-
tion of DHBA and enterobactin by thin-layer chromatography
and by reverse-phase high-pressure liquid chromatography. In
each case, the mutant carrying the complementing plasmid
produced compounds which comigrated with enterobactin and
DHBA standards (data not shown). In bioassays, the produc-
tion of functional enterobactin was confirmed by demonstrat-
ing that each strain carrying the cosmid could stimulate the
growth of E. coli 1017, a siderophore mutant blocked in the
pathway between DHBA and enterobactin, under conditions
of iron limitation (data not shown).

To determine whether the entA and entB analogs are linked
to each other and to other V. cholerae siderophore genes, the
cosmids pVSA1 and pVSB1 were tested for complementation

of other enterobactin biosynthetic mutants by the CAS agar
assay. The cosmid pVSA1 complemented the entA and entD
mutations, and the cosmid pVSB1 complemented mutations in
the entABCDEF genes (Fig. 2). Restriction mapping and
Southern hybridizations indicated that pVSA1 and pVSB1
overlap physically, and we concluded that the entA and entD
homologs are located on the region of overlap between the two
cosmids whereas the entB homolog is in a region unique to
pVSB1 (Fig. 2). Because there was not an E. coli entC mutation
that possessed a well-defined EntC phenotype, we tested
complementation in a Shigella flexneri strain that had been
previously shown to lack a functional entC gene (45). Intro-
duction of the cosmid pVSB1 into S. flexneri SA101 yielded a
strain with an Arnow-positive phenotype, directly demonstrat-
ing the presence of an EntC function on the cosmid.

Complementation of the entF mutation, as assayed on a
CAS plate, was unanticipated, since EntF activates serine,
which is not a precursor for vibriobactin synthesis. Chromato-
graphic analysis of the entF mutant strain with and without
pVSB1 confirmed that this cosmid promoted the synthesis of a
siderophore in E. coli, suggesting that pVSB1 contained all the
genes necessary for the production of a siderophore in E. coli.
This compound, however, did not comigrate with either enter-
obactin or vibriobactin. This is not surprising, since E. coli does
not synthesize the norspermidine found in vibriobactin (62)
and VibF is unlikely to activate the serine to form authentic
enterobactin. The structure of this novel siderophore has not
been determined.

Linkage of the vibriobactin biosynthesis genes to viuA, the
gene for the vibriobactin outer membrane receptor protein
(10, 54), was investigated. The cosmids were tested for comple-
mentation of V. cholerae MBG14, which contains a viuA mu-
tation. Neither of the cosmids complemented the viuA muta-
tion. In addition, a probe from the viuA gene did not hybridize
with either of the cosmids (data not shown). In V. cholerae, a

FIG. 2. Organization of the vibriobactin biosynthesis genes. The arrows indicate the direction of transcription of the vib genes. Selected restriction sites are indicated
below the line. The enzyme abbreviations are as follows: R, EcoRI; S, SalI; N, NheI; and B, BamHI. The arrowheads in vibA and in pJSV78::Tn5 indicate the site of
the Tn5 insertion. The abilities of the plasmids to complement enterobactin biosynthesis gene mutations are indicated at the right. 1, complementation; 2, no
complementation. Empty boxes indicate that the complementation was not tested. Strains used for complementation were as follows: entA, AN193; entB, AN192; entC,
SA101; entD, AN90; entE, AN93; entF, AN117; and entG, AB1515.43 (see Table 1).
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second vibriobactin utilization gene, viuB, maps adjacent to
viuA (9). viuB complements an E. coli fes mutation, and it is
believed that ViuB, like Fes, is responsible for intracellular
removal of iron from the iron-siderophore complex. The cos-
mid pVSB1 did not complement the fes mutation in E. coli
ID2, consistent with this cosmid lacking the viuA-viuB gene
region. The cosmid pVSB1 was also tested for complementa-
tion of mutations in genes for the inner membrane enterobac-
tin transport proteins. Data describing these vibriobactin trans-
port genes will be reported elsewhere (61).

Localization of the vibriobactin gene cluster and sequence of
the genes responsible for the synthesis and activation of
DHBA. The vibriobactin biosynthetic gene region was initially
localized on the cosmids by identification of vibA. To accom-
plish this, the cosmid pVSA1 was digested with SalI, and each
fragment was ligated with pAT153 and transformed into the
entA mutant strain AN193. Only AN193 carrying a cloned
7.8-kbp fragment produced orange halos on CAS agar. Addi-
tionally, only this subclone, named pJSV78, rendered AN193
positive in the Arnow test. The gene for this entA homolog,
vibA, was mapped to a 3.8-kbp EcoRI-SalI DNA fragment,
since the remaining 4.0-kbp EcoRI-SalI fragment of the insert
in pJSV78 was shown by hybridization and restriction mapping
to be pLAFR1 vector sequences from pVSA1.

To determine the location of vibA on the plasmid, pJSV78
was mutagenized with Tn5 and transformed into AN193. A
transformant that failed to produce siderophore on CAS agar
and in low-iron T medium was isolated. Restriction enzyme
analysis showed that the Tn5 had inserted into a 2.2-kbp EcoRI
fragment (Fig. 2). Sequences outside this EcoRI fragment also
were required for VibA function, since AN193 carrying
pUC22, the EcoRI fragment subcloned into pAT153, failed to
produce siderophore on CAS agar or in T medium (Fig. 2).

To determine if other genes for vibriobactin synthesis are
located near vibA, plasmids containing various portions of this
region were constructed (Table 1) and tested for complemen-
tation of mutations in entBCDEF (Fig. 2). These data showed
that the other genes for synthesis and activation of DHBA map
together immediately upstream of vibA (see below). An open
reading frame (ORF) complementing an entD mutation was
found to lie approximately 6 kbp downstream of vibA. This
ORF will be described elsewhere.

The nucleotide sequence of the region required for comple-
mentation of entABCE mutations was determined on both
strands. This sequence contained four ORFs, which corre-
spond to the vibABCE genes (Fig. 2).

The vibA ORF was identified genetically in two ways. First,
complementation of an entA mutation was observed with
pJSV78, which contains the intact vibA ORF, but not with
pUC22 or pJSV90, which contain the upstream and down-
stream ORFs, respectively, but not the intact vibA ORF (Fig.
2). Second, DNA sequencing indicated that the Tn5 insertion
that inactivated vibA function is located within this ORF (Fig.
2). This Tn5 insertion should not be polar on downstream
genes, since the gene downstream of vibA is encoded on the
opposite strand (data not shown). The vibA gene has two
potential initiating methionines, separated by six nucleotides.
The presence of multiple potential initiating methionines is not
uncommon in siderophore synthesis genes. Regulation of vibri-
obactin synthesis by iron is mediated by the iron-regulatory
protein Fur (55). Consistent with this, a potential Fur box
(ATAAATGCAAGCAATTTCC) was identified which over-
laps the 235 consensus sequences.

vibA encodes a 262-amino-acid protein. VibA has a pre-
dicted molecular weight of 28,000 and a predicted pI of 5.31.
This is consistent with the 28-kDa protein visualized in mini-

cells (Fig. 3). This 28-kDa protein was not observed in mini-
cells containing the plasmid pJSV78::Tn5 (data not shown). A
Blast search of the National Center for Biotechnology Infor-
mation nonredundant database (2) was used to identify se-
quences with homology to VibA. The most similar proteins
were EntA from E. coli and DhbA from Bacillus subtilis (see
Table 2). The Blast search also identified a large number of
oxidoreductases with significant homology to VibA. Nahlik et
al. (32) previously noted homology between EntA and a family
of short alcohol-polyol-sugar dehydrogenases. The N-terminal
segment of VibA has homology to the consensus pyrimidine
nucleotide binding pocket of these dehydrogenases, including
the presence of the properly spaced conserved glycines. In
addition, a search of the Prosite database showed that amino
acids 145 to 173 of VibA are a perfect match to the signature
pattern for short-chain-type alcohol dehydrogenases. These
data suggest that VibA is also a member of this family.

Upstream of the vibA ORF, and transcribed in the opposite
direction, is vibC. This ORF was shown to complement the
entC defect in S. flexneri SA101. vibC is the only intact ORF
present on the plasmid pUC22. When this plasmid was intro-
duced into strain SA101 containing the plasmid pMPS11,
which encodes the entA and entB genes, the cells secreted
catechol as determined by the Arnow assay. Untransformed
SA101, or SA101 containing either pMPS11 or pUC22 alone,
was negative in this assay.

vibC also has two potential methionine initiation codons,
separated by only three nucleotides. The predicted VibC pro-
tein contains 395 amino acids with a total molecular weight of
43,600, consistent with the size of the protein observed in
minicells (Fig. 3). The predicted pI is 6.12. A Blast search with
the VibC sequence identified homology to the E. coli EntC
protein and to EntC homologs from other organisms (Table 2).
The EntC sequence is similar to those of other proteins that
utilize chorismate as a substrate (15), including TrpE and
PabB, and VibC also exhibits significant homology to these
proteins.

vibE is located downstream from vibC. vibC and vibE are

FIG. 3. Minicell analysis. The 35S-labeled proteins produced by minicells of
strain P678-54 containing the vector pAT153 (lane 1) or pJSV78 (lane 2) were
visualized by autoradiography. The positions of VibA (molecular weight, 28,000)
and VibC (molecular weight, 44,000) are indicated by arrows. The positions of
molecular size markers are shown on the left.
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encoded on the same strand and are separated by only 10
nucleotides, suggesting that they may be cotranscribed. This
ORF was identified as the functional homolog of entE, because
it is the only intact ORF present on the plasmid pVIB128
(which complements the entE mutation) that is not also
present on pUC22 (which does not complement that mutation)
(Fig. 2). The predicted VibE protein has a molecular weight of
60,000 and a predicted pI of 6.10. In a Blast search, VibE was
found to have homology to E. coli EntE and to several EntE
homologs from other organisms (Table 2). In addition, it has a
lower degree of homology to other adenylate-forming en-
zymes, including EntF.

vibB is downstream of vibE and is encoded on the opposite
strand. An entB mutation is complemented by pVIB139 but
not by pVIB128. These plasmids have similar inserts, except
pVIB139 contains the entire vibB ORF while pVIB128 con-
tains only part of this ORF (Fig. 2). This confirms the assign-
ment of this ORF as vibB. vibB and vibE are separated by
approximately 100 bp. This intergenic region contains a long
inverted repeat sequence that may function as a transcription
terminator.

vibB encodes a 293-amino-acid protein with a predicted mo-
lecular weight of 32,500 and a predicted pI of 5.27. VibB has

sequence homology to EntB and other EntB homologs (Table
2). E. coli EntB is a bifunctional protein with both EntB and
EntG activities (52). Interestingly, the plasmid pVIB139, which
complemented the entB mutation, failed to complement an
entG mutation. The interpretation of this result is unclear.
VibB may also be bifunctional but may fail to substitute for
EntG, possibly because it catalyzes the synthesis of vibriobactin
and cannot function in enterobactin synthesis or because it
fails to interact properly with other enterobactin synthetase
proteins. Alternatively, VibB may have only one function, and
an EntG-like activity either is not required for vibriobactin
synthesis or is encoded in a separate gene. The role of EntG
activity in enterobactin biosynthesis is unknown.

Inactivation of the vibA gene. To determine the role of these
proteins in V. cholerae, the wild-type vibA gene on the V.
cholerae chromosome was replaced with the Tn5 insertion mu-
tation by marker exchange, using the Tn5 mutation that is
present in pJSV78::Tn5. The presence of the disrupted vibA
gene on the chromosome was confirmed by Southern blotting
(data not shown). The resulting strain, EWV100, had increased
sensitivity to the iron chelator EDDA relative to the parent
strain. In L broth, the MIC of EDDA for EWV100 was 16
mg/ml while that for the parent strain Lou15 was greater than
500 mg/ml. EWV100 was negative in the Arnow assay, indicat-
ing that it secreted neither DHBA nor vibriobactin. When
analyzed in bioassays (Table 3), EWV100 was unable to stim-
ulate the growth of a V. cholerae vibD mutant, indicating that
it did not secrete vibriobactin. The growth of EWV100 was
stimulated by wild-type V. cholerae in a bioassay, confirming
that vibriobactin utilization is unimpaired in the vibA mutant.
Growth of EWV100 was also stimulated by the vibD mutant
strain EWV101. This was most likely due to EWV100 taking
up DHBA secreted by the vibD mutant and converting it to
vibriobactin, consistent with EWV100 possessing a defect in an
early step in vibriobactin biosynthesis. Introduction of pJSV78,
which contains the wild-type vibA gene, restored both the syn-
thesis of catechols, as detected in an Arnow assay, and the
ability to stimulate the growth of the vibD mutant in a bioassay
(Table 3), confirming that the phenotype observed in EWV100
is due to the vibA mutation.

Sequences closely related to the vibA and vibC genes were
found only in V. cholerae strains. The EcoRI insert of plasmid
pJSV22 encoding all of vibC and most of vibA was used to
probe genomic DNA isolated from V. cholerae, several other
Vibrio, Aeromonas, and Plesiomonas species, and E. coli to
determine whether homologous sequences are present in these
strains (data not shown). Hybridization to an 18-kbp SalI frag-
ment was observed with DNA from V. cholerae strains, includ-
ing Lou15, the El Tor parent of the cosmid library, and the
classical strains CA401 and O395. Hybridization to DNA from
the V. cholerae non-O1 strain 2076-79 was also observed, but
the size of the hybridizing fragment was smaller, indicating
some divergence of sequence in this region between this strain

TABLE 2. Selected homologies of vibriobactin biosynthesis proteins
to sequences from other organismsa

Vib protein and homologous proteins (reference) Percent
identity

Percent
similarityb

VibA
B. subtilis DhbA (40) 42 59
E. coli EntA (32) 40 63

VibC
B. subtilis DhbC (40) 44 65
Pseudomonas fluorescens EntC homolog

(EMBL Y09356)
41 50

E. coli EntC (15, 34) 40 56
A. hydrophila AmoA (5) 40 47
B. subtilis MenF (53) 36 46

VibE
B. subtilis DhbE (40) 53 63
Pseudomonas aeruginosa EntE homolog
(48)

52 61

E. coli EntE (41, 53) 50 61

VibB
V. vulnificus VenB (25) 59 66
E. coli EntB (26, 32) 49 60
B. subtilis DhbB (40) 49 58

a Homologies were calculated by using the Bestfit program of the Genetics
Computer Group.

b Includes conservative substitutions.

TABLE 3. Effect of a vibA mutation on vibriobactin biosynthesis and utilizationa

Indicator strain

Zone of stimulation (mm) with:

FeSO4 Lou15 EWV100
(vibA::Tn5)

EWV100/
pJSV78

EWV101
(vibD::Tn10)

EWV100 22 15 0 22 18
EWV100/pJSV78 24 27 0 18 20
EWV101 18 30 0 20 0

a Cultures of the indicator strains were seeded into L agar containing EDDA, and various V. cholerae strains were spotted onto the medium. FeSO4 was spotted onto
sterile disks placed on the medium. The zones of growth were measured 18 h after inoculation.
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and the O1-serotype V. cholerae strains. The DNAs of the
other Vibrio species tested, Vibrio vulnificus, Vibrio alginolyti-
cus, and Vibrio parahaemolyticus, as well as those of Aeromonas
hydrophila, Plesiomonas shigelloides, and E. coli showed no
hybridization to the probe, even under conditions of reduced
stringency.

In the reciprocal experiment, the cloned E. coli ent genes
(entCABE) from the plasmid pCP410 (35) were hybridized to
genomic DNA of various V. cholerae strains and other Vibrio
species. No hybridization was seen between labeled E. coli
DNA and the DNA of any of the strains tested, even that of the
V. cholerae biotypes containing sequences which functionally
complement the E. coli entA defect (Fig. 2). These data indi-
cate that although V. cholerae and E. coli siderophore biosyn-
thesis genes encode gene products which are analogous in
function, the DNA sequences are sufficiently different to pre-
vent hybridization even under reduced-stringency conditions.

DISCUSSION

In this paper, we have presented a preliminary characteriza-
tion of genes responsible for vibriobactin biosynthesis in V.
cholerae. We showed that homologs of entABCDE are located
on two overlapping cosmids clones and that these cosmids
functionally complement E. coli mutants defective in enter-
obactin biosynthesis. We further characterized and sequenced
a region of the chromosome containing genes responsible for
the synthesis and activation of the vibriobactin biosynthetic
intermediate DHBA. A vibA mutant was constructed by
marker exchange, and this strain produced no catechols and
grew poorly under conditions of iron starvation. Taken to-
gether, our data strongly support the pathway for vibriobactin
biosynthesis shown in Fig. 1. Specifically, they support the
model that in V. cholerae, DHBA is produced from chorismate
by proteins homologous to EntA, EntB, and EntC. There is
less information about the conversion of DHBA to vibriobac-
tin. Our data support the model that this reaction shares some
features with the late steps in enterobactin biosynthesis, since
V. cholerae contains proteins functionally homologous to EntD
and EntE. Recently, ent homologs from the gram-positive or-
ganism B. subtilis have been cloned by functional complemen-
tation of enterobactin biosynthetic mutations (19, 40). This
finding supports the model that catechol synthesis pathways
are strongly conserved, even between gram-positive and gram-
negative bacteria.

As in other bacteria, the V. cholerae siderophore biosynthe-
sis genes are clustered on the chromosome; however, the gene
organization in V. cholerae is different from that in E. coli. For
example, in E. coli, the genes for DHBA synthesis and activa-
tion are cotranscribed in a single operon, whereas in V. chol-
erae, the genes are adjacent but are organized into at least
three transcription units. In E. coli, the genes for enterobactin
transport are intermingled with genes for enterobactin biosyn-
thesis. The outer membrane protein responsible for vibriobac-
tin transport, viuA, does not appear to be encoded on either of
the cosmids, pVSA1 or pVSB1, and its position relative to the
genes described here is not known.

Interestingly, sequences hybridizing with this region were
found only in V. cholerae genomes. El Tor, classical, and
non-O1 biotypes of V. cholerae contained sequences which
hybridized to a vibriobactin region probe; however, other
Vibrio species, P. shigelloides, E. coli, and A. hydrophila, an
organism which also produces DHBA as an intermediate in
siderophore biosynthesis (6), exhibited no significant homology
to this region. Although the genera Plesiomonas and Aeromo-
nas are also members of the Vibrionacaeae family, the fact that

V. cholerae appears to possess a unique siderophore system is
not surprising since Andrus et al. (3) have previously shown
that siderophore production and utilization are quite specific
even among different Vibrio species. Additionally, the E. coli
entCABE genes encoded by the plasmid pCP410 failed to hy-
bridize to the V. cholerae chromosome even under conditions
of low stringency. These data reflect the fact that functional
homology between gene products can exist even in the absence
of strong DNA homology.

The role of vibriobactin synthesis and utilization in the life
cycle of V. cholerae is unknown. It was shown previously that
genes for the synthesis and utilization of vibriobactin are not
absolutely required for growth of V. cholerae in animal models
(21, 50). Many organisms possess multiple systems for iron
transport, an observation that may reflect the overall impor-
tance of iron acquisition. Consistent with this, V. cholerae
strains defective in the utilization of both vibriobactin and
heme were more attenuated in animal models than were
strains carrying a mutation in only one of these systems (21,
56). Like many pathogens, V. cholerae must survive and grow in
a variety of environments. Nearly all bacteria that can live in
the soil and water produce one or more siderophores. It may
be that the production and utilization of vibriobactin are most
significant during environmental growth of V. cholerae and thus
it could play a major role in the transmission of V. cholerae.
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