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Catechol Siderophore Transport by Vibrio cholerae

Elizabeth E. Wyckoff,a Benjamin E. Allred,b* Kenneth N. Raymond,b Shelley M. Paynea

Department of Molecular Biosciences, The University of Texas, Austin, Texas, USAa; Department of Chemistry, University of California, Berkeley, California, USAb

ABSTRACT

Siderophores, small iron-binding molecules secreted by many microbial species, capture environmental iron for transport back
into the cell. Vibrio cholerae synthesizes and uses the catechol siderophore vibriobactin and also uses siderophores secreted by
other species, including enterobactin produced by Escherichia coli. E. coli secretes both canonical cyclic enterobactin and linear
enterobactin derivatives likely derived from its cleavage by the enterobactin esterase Fes. We show here that V. cholerae does not
use cyclic enterobactin but instead uses its linear derivatives. V. cholerae lacked both a receptor for efficient transport of cyclic
enterobactin and enterobactin esterase to promote removal of iron from the ferrisiderophore complex. To further characterize
the transport of catechol siderophores, we show that the linear enterobactin derivatives were transported into V. cholerae by
either of the catechol siderophore receptors IrgA and VctA, which also transported the synthetic siderophore MECAM [1,3,5-
N,N=,N�-tris-(2,3-dihydroxybenzoyl)-triaminomethylbenzene]. Vibriobactin is transported via the additional catechol sidero-
phore receptor ViuA, while the Vibrio fluvialis siderophore fluvibactin was transported by all three catechol receptors. ViuB, a
putative V. cholerae siderophore-interacting protein (SIP), functionally substituted for the E. coli ferric reductase YqjH, which
promotes the release of iron from the siderophore in the bacterial cytoplasm. In V. cholerae, ViuB was required for the use of
vibriobactin but was not required for the use of MECAM, fluvibactin, ferrichrome, or the linear derivatives of enterobactin. This
suggests the presence of another protein in V. cholerae capable of promoting the release of iron from these siderophores.

IMPORTANCE

Vibrio cholerae is a major human pathogen and also serves as a model for the Vibrionaceae, which include other serious human
and fish pathogens. The ability of these species to persist and acquire essential nutrients, including iron, in the environment is
epidemiologically important but not well understood. In this work, we characterize the ability of V. cholerae to acquire iron by
using siderophores produced by other organisms. We resolve confusion in the literature regarding its ability to use the Esche-
richia coli siderophore enterobactin and identify the receptor and TonB system used for the transport of several siderophores.
The use of some siderophores did not require the ferric reductase ViuB, suggesting that an uncharacterized ferric reductase is
present in V. cholerae.

Vibrio cholerae is a Gram-negative pathogen that causes the se-
vere diarrheal disease cholera. The ongoing cholera pandemic

causes more than 1 million cases each year with mortality in the
tens of thousands, including those from the current epidemic in
Haiti (1, 2). Transmission of cholera is fecal-oral and is frequently
associated with untreated sewage entering an aquatic environ-
ment. V. cholerae may persist for extended periods of time in these
environments, where it must compete with other microbes for
nutrients, including iron, for which it has an absolute require-
ment.

Although iron is abundantly present in the earth’s crust, its
bioavailability is limited by its poor solubility at physiological pH
in the presence of oxygen. Pathogenic bacteria face additional
challenges caused by iron being sequestered inside cells or bound
to carriers with high affinity for iron, including transferrin, lacto-
ferrin, heme, hemopexin, and haptoglobin (3–5). Bacteria have
evolved a number of strategies to efficiently acquire this essential
element (6). A common mechanism for iron acquisition is the
synthesis and export of small molecules, termed siderophores,
which bind ferric iron with extremely high affinity. The ferrisid-
erophore complex is then transported back into the cell, where the
iron is released for use in cellular processes. In Gram-negative
bacteria, siderophore transport requires an outer membrane re-
ceptor, which is relatively specific for its ligand. When it binds its
ferrisiderophore ligand, the receptor physically interacts with the
TonB protein. TonB, together with ExbB and ExbD, transduces

energy from the proton motive force of the inner membrane to the
receptor to allow transport of the ligand across the outer mem-
brane (7, 8). In most cases, the transported siderophore ligand is
then bound by a ligand-specific periplasmic binding protein that
delivers the ferrisiderophore to an ATP binding cassette (ABC)
transport protein in the inner membrane for subsequent delivery
to the cytoplasm. The iron is then removed from the siderophore
in a process that involves degradation of the siderophore; reduc-
tion of the bound iron to the ferrous form, which has lower affinity
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for the siderophore; or both. There is a metabolic cost associated
with the synthesis of siderophores, and many microorganisms
transport and use siderophores secreted by the other species in
their environments (referred to as xenosiderophores).

Siderophores fall into several chemical classes, including cat-
echols, hydroxamates, carboxylates, and mixed siderophores con-
taining more than one of the above structures (9). The archetype
catecholate siderophore enterobactin is produced by Escherichia
coli, Salmonella enterica, and related bacteria. It consists of three
dihydroxybenzoate moieties, each linked through an amide bond
to serine, with the serines joined through ester linkages to form a
cycle (Fig. 1). E. coli transports ferrienterobactin across the outer
membrane using the receptor FepA and through the periplasm
and across the inner membrane by the periplasmic binding pro-
tein-dependent ABC transporter FepBDGC. It then enters the cy-
toplasm, where two enzymes participate in the release of the iron.
Fes reduces the affinity of the siderophore for the iron by cleaving
the ester bonds linking the serines in the siderophore, yielding
dihydroxybenzoylserine (DBS) trimers, dimers, and monomers
(10). The affinity of the siderophore for its iron ligand is lowered
further by enzymatic reduction of the siderophore-bound ferric

iron to its ferrous form by YqjH, a flavin adenine dinucleotide
(FAD)-containing, cytosolic protein with ferric iron reductase ac-
tivity (11, 12). In addition to cyclic enterobactin, the culture su-
pernatant from wild-type E. coli also contains a mixture of linear
trimers, dimers, and monomers of dihydroxybenzoylserine (Fig.
1). E. coli has two receptors, CirA and Fiu, for the transport of
these ligands across the outer membrane (13). As with enterobac-
tin, its linear derivatives are transported across the inner mem-
brane by the FepBDGC system, and the iron is removed by the
joint action of Fes and YqjH.

V. cholerae synthesizes and exports the linear catechol sidero-
phore vibriobactin (14, 15), which is synthesized by the action of
VibABCDEFH (16). Vibriobactin consists of three dihydroxyben-
zoate moieties joined to a norspermidine backbone, with one di-
rectly linked to the norspermidine and two connected through a
threonine that is cyclized to form an oxazoline (Fig. 1) (14). The
ferrivibriobactin is imported across the V. cholerae outer mem-
brane by the receptor ViuA (17), and energy can be supplied to
this receptor by either of the two TonB systems TonB1 and TonB2
(18). Vibriobactin is bound in the periplasm and transported
across the inner membrane by either of the two ABC transport
systems ViuPDGC (19) and VctPDGC (20). Unlike enterobactin,
vibriobactin does not have cleavable ester bonds, and no homo-
logue of Fes or other potential siderophore-degrading enzyme has
been identified in V. cholerae, suggesting that the hydrolysis of
vibriobactin is not required for removal of the iron. Utilization of
iron from vibriobactin by V. cholerae requires ViuB, and expres-
sion of viuB from a high-copy-number vector suppressed an E. coli
fes mutation (21). ViuB has 23% sequence identity and 16% sim-
ilarity with E. coli YqjH, and based on the recent characterization of
that enzyme (12), it is believed that ViuB promotes release of iron
from vibriobactin by reducing the bound ferric iron to ferrous iron.

V. cholerae can also transport and use the iron from sidero-
phores that it does not itself produce, including the hydroxamate
ferrichrome (22), and the catechols agrobactin (14, 23) and flu-
vibactin (24, 25). There has been conflicting evidence on the use of
the xenosiderophore enterobactin, since purified enterobactin is
only weakly bound and used by V. cholerae (14, 26); however, V.
cholerae readily uses the siderophore secreted by enterobactin-
producing strains of E. coli (20). In this work, we show that V.
cholerae most efficiently uses the linear DBS dimer and DBS trimer
derivatives of enterobactin and that efficient use of cyclic entero-
bactin requires an enterobactin-specific outer membrane recep-
tor, such as FepA, and the enterobactin esterase Fes. To further
characterize the range of siderophores that can be used by V. chol-
erae, we also show that it will use vibriobactin and fluvibactin
derivatives in which the oxazoline rings have been cleaved, and
this cleavage affected neither the receptor specificity for the ligand
nor the requirement for viuB. We also show that V. cholerae will
use the synthetic, uncleavable enterobactin analog MECAM [1,3,5-
N,N=,N�-tris-(2,3-dihydroxybenzoyl)-triaminomethylbenzene] and
that, surprisingly, the use of iron from this ligand does not require
ViuB. Further, we show that viuB and its E. coli homologue yqjH can
functionally substitute for each other.

MATERIALS AND METHODS
Bacterial strains, plasmids, media, and iron utilization assays. The
strains and plasmids used in this study are listed in Table 1. The iron
chelator ethylenediamine di(ortho-hydroxyphenylacetic acid) (EDDA)
was deferrated by the method of Rogers (27). The antibiotic concentra-

FIG 1 Siderophore structures. Structures of siderophores and related com-
pounds used in this report.
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tions used were 250 �g ampicillin per ml, 50 �g kanamycin per ml, and 50
�g/ml (E. coli) or 5 �g/ml (V. cholerae) tetracycline. The bioassay for
siderophore utilization was performed as previously described (28).
Briefly, 10 �l of overnight culture was mixed with 20 ml molten LB agar
containing 100 �g EDDA per ml (V. cholerae) or 150 �g EDDA per ml (E.
coli). Then, 5 �l of siderophore solution or overnight culture of the indi-
cated bacterial strain was pipetted onto the surface of the solidified agar.
The plates were incubated at 37°C for 24 h, and the diameter of the
zone of growth stimulated by the siderophore was measured. The sid-
erophores used were at the following concentrations: 10 �M vibrio-
bactin, 10 �M vibriobactin A, 10 �M enterobactin, 100 �M MECAM,
100 �M DBS monomer, 100 �M DBS dimer, 100 �M DBS trimer, 200
�M fluvibactin, 100 �M fluvibactin A, and 200 �M ferrichrome. When
used, the concentration of FeSO4 was 10 mM. The concentration of the
ligands used was determined empirically and reflects both efficiency of
bacterial siderophore transport and ability of the siderophore to compete
with the EDDA chelator. Enterobactin was used at the concentration that

stimulated a well-defined zone of growth on an E. coli enterobactin bio-
synthesis mutant. All other siderophores were used at the concentration
that stimulated growth of a vibriobactin synthesis mutant of V. cholerae.
The siderophore biosynthetic mutants were used as the test strains to
reduce background growth in the assay.

Plasmid construction. The plasmids pFes1, pYqjH2, pViuA1, and
pViuB4 consist of PCR products amplified with Pfx polymerase (Life
Technologies) and inserted into the SmaI site of pWKS30. For pFes1, the
primers were Fes.for (5=-TCCCCAGATTGACCAACAAGGC) and Fes-
.rev (5=-GGCGACCAAAGGTAAATGCTG) and the template was E.
coli strain W3110. For pYqjH2, the primers were yqjH.for (5=-ACACCC
TTCGTGATGATGGCTC) and yqjH.rev (5=-AATCGCTTGGTCGCTGG
TTC) and the template was E. coli strain DH5�. For pViuA1, the prim-
ers were viuA.3006 (5=-GTGGTAAGCGAGTCATCAAGTAAGG) and
viuA.5964.rev (5=GAGGCGTTGTTTTGTTTCAGTCC) and the template
was V. cholerae strain Lou15. For pViuB4, the primers were viu.2009 (5=-
TGCCAATGCTCAGTTAGCCTATG) and viu.3546.rev (5=-CCCACAG

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Description Reference or source

Strains
V. cholerae

O395 Classical biotype 47
ALV101 O395 �vibB 48
JRB9 O395 �viuB 21
CA40130N Classical biotype; Vib� Nalr 29
ARM316 CA40130N irgA::Camr 20
AGO310 CA40130N vct::Kanr 20
ARM616 CA40130N irgA::Kanr vctA::Camr 20
EWV136 CA40130N irgA::Kanr vctA::Camr �viuA This study
AMV527 CA40130N tonB1::Kanr 29
ARM320 CA40130N exbB2::Camr 49
ARM330 CA40130N tonB1::Kanr exbB2::Camr A. R. Mey, unpublished data
Lou15 El Tor biotype 50

E. coli
DH5� Cloning strain; Ent� 51
BW25113 K-12 Ent� 52
W3110N Wild-type K-12 W3110; Nalr 53
ARM110 W3110N entF::Camr 53
EWE1018 ARM110 yqjH::Kanr This study
EWE1020 ARM110 fes::Kanr This study
EWE1024 ARM110 �fes This study
EWE1026 ARM110 �fes yqjH::Kanr This study
EWE1046 ARM110 fepA::Kanr This study
JW3041 BW25113 yqjH::Kanr 54
JW0576 BW25113 fes::Kanr 54
JW0587 BW25113 entB::Kanr 54
JW5086 BW25113 fepA::Kanr 54

Plasmids
pWKS30 Low-copy-number cloning vector 55
pCP20 Flp recombinase vector 56
pFepA pACYC184 carrying E. coli fepA 49
pFes1 pWKS30 carrying E. coli fes This study
pYqjH2 pWKS30 carrying E. coli yqjH This study
pViuB4 pWKS30 carrying V. cholerae viuB This study
pCat119 pWKS30 carrying V. cholerae vctA 20
pCat121 pWKS30 carrying V. cholerae irgAB 20
pViuA1 pWKS30 carrying V. cholerae viuA This study
pACYC184 Medium-copy-number cloning vector 57
pRK1013 Helper plasmid for triparental mating 58
pCVD442N Suicide vector pCVD442 with NotI adaptor 48
pSViuA pCVD442N with V. cholerae sequences for deleting viuA E. Peng, unpublished data
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ATTCATCCCTTTACTCG) and the template was V. cholerae strain
Lou15.

Strain construction. E. coli strains EWE1018, EWE1020, and
EWE1046 were constructed by bacteriophage P1 transduction of the
yqjH::Kanr mutation from strain JW3041, the fes::Kanr mutation from
strain JW0576, or the fepA::Kanr mutation from strain JW5086, respec-
tively, into strain ARM110. The Flp recombinase encoded on plasmid
pCP20 was used to delete the kanamycin cassette from the fes gene in
EWE1020, and the yqjH::Kanr mutation was then introduced by P1 trans-
duction from strain JW3041 to yield the fes yqjH double mutant strain
EWE1026.

V. cholerae strain EWV136 (CA40130 aro irgA::Kanr vctA::Camr

�viuA) was constructed by introducing the plasmid pSViuA into
ARM616 by triparental mating. Allelic exchange was performed as previ-
ously described (29).

Siderophore synthesis. Enterobactin, MECAM, DBS monomer, flu-
vibactin, fluvibactin A, vibriobactin, and vibriobactin A were synthesized
as previously published (30–33). The synthesis of DBS dimers and DBS
trimers is reported in the supplemental material.

RESULTS
Use of enterobactin derivatives by V. cholerae. It was previously
reported that V. cholerae does not efficiently use ferrienterobactin
as a source of iron (14, 26). However, its growth is strongly stim-
ulated in iron-restricted medium by compounds secreted by wild-
type E. coli but not by E. coli strains defective in enterobactin
biosynthesis (18, 20). This apparently contradictory result is
shown again here in a bioassay (Fig. 2A). However, wild-type E.
coli secretes not just cyclic enterobactin but also enterobactin de-
rivatives that are monomers, dimers, and trimers of DBS (Fig. 1)
(34), which may also function as siderophores (13). When we
tested these compounds in the siderophore utilization assay, we
found that both the DBS dimer and DBS trimer supplied iron to V.
cholerae, but the DBS monomer did not (Fig. 2A), suggesting that
the DBS dimer and DBS trimer are the compounds secreted by
enterobactin-producing strains of E. coli that are used by V. chol-
erae.

This phenotype is similar to an E. coli strain carrying a muta-
tion in the gene for the cyclic enterobactin receptor fepA, which
fails to use cyclic enterobactin but transports the linear enterobac-
tin derivatives through the receptors CirA and Fiu (13). It is an-
ticipated that growth of an E. coli fepA mutant would be stimu-
lated by an enterobactin-producing strain of E. coli but not by
purified enterobactin, and that result was observed in our assays
(Fig. 2B). In the positive control, purified enterobactin stimulated
growth of the FepA� E. coli strain (Fig. 2B), indicating that the
enterobactin used in these assays is functional.

This similarity between the enterobactin utilization pheno-
types of V. cholerae and the E. coli fepA mutant suggests that the
failure of V. cholerae to use enterobactin may be due to lack of an
appropriate receptor. To test this, a plasmid containing fepA was
introduced into V. cholerae. In most assays with V. cholerae carry-
ing this plasmid, no growth was observed around enterobactin
(Fig. 2C), although in a few of the assays there was a low level of

Ent (0)

Ent (0)Ent (17.8 +/- 0.84)

E. coli (Ent+)
 (20.7 +/- 0.6)

E. coli (Ent-) (0)

pFepA pFes pFes,pFepA

entF entF, fepA

E. coli (Ent+)
 (20.7 +/- 0.6)

entF, fepA

A.

B.

C.

V. cholerae  vibB mutant

E. coli (indicated genotype)

V. cholerae vibB mutant with indicated plasmids

DBS-Monomer (0) DBS3 (20.2 +/- 2.0)DBS2 (17.1 +/-3.4)

MECAM (17.6 +/-2.4) VibA (23.3 +/- 4.3) Vib (23.3 +/- 3.0)

Ent (0) Ent (0) Ent (16.0 +/- 1.0)

FIG 2 Siderophore utilization bioassays. The indicated strains were seeded
into LB agar containing the iron chelator EDDA. The siderophore or E. coli
strain spotted on the agar is noted below each picture. The siderophore then
diffuses onto the agar, and to give a positive signal in the assay, it must bind
iron efficiently in competition with the chelator and be transported and used
by the bacteria embedded in the agar. The growth around each siderophore
was photographed after 24 h of incubation at 37°C. The numbers in parenthe-
ses are the average diameter in millimeters of the zone of growth � standard

deviation measured in at least three independent assays. The agar was seeded
with the following strains: V. cholerae vibB mutant ALV101 (A), E. coli strain
ARM110 (entF) or EWE1046 (entF fepA) (B), and V. cholerae strain ALV101
(vibB) carrying the plasmid pFepA, pFes1, or pFepA and pFes1 (C). The vibB
(V. cholerae) and entF (E. coli) mutants were used to reduce the background
growth in the assay.
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growth that was too faint to be reproducibly quantified. The lack
of robust growth of V. cholerae carrying fepA in the presence of
enterobactin may indicate that FepA has limited transport func-
tion in V. cholerae or that something in addition to functional
FepA is needed for efficient enterobactin utilization by V. cholerae.

Another difference between V. cholerae and E. coli is that V.
cholerae lacks a gene for the enterobactin esterase Fes. Supplying E.
coli fes on a plasmid to V. cholerae did not stimulate use of entero-
bactin (Fig. 2C); however, supplying both fepA and fes on compat-
ible plasmids promoted efficient utilization of enterobactin (Fig.
2C). We conclude that use of enterobactin in V. cholerae is limited
both by lack of an outer membrane receptor for cyclic enterobac-
tin and by lack of the ability to cleave the cyclic enterobactin in-
tracellularly to efficiently remove the iron. It does not appear that
failure to transport ferrienterobactin across the inner membrane
is a significant factor, since the V. cholerae inner membrane ABC
transporter VctPDGC was able to transport purified enterobactin
across the inner membrane in an E. coli strain defective in FepB, a
component of the E. coli inner membrane enterobactin transport
system (see Table S1 in the supplemental material).

Use of structurally related catechol siderophores by V. chol-
erae. To further characterize the specificity of siderophore utiliza-
tion by V. cholerae, its ability to use structurally distinct catechols
was tested. MECAM is a cyclic catechol similar to enterobactin,
except that the three dihydroxybenzoate (DHB) moieties are
joined through a benzene ring rather than through three serines
(Fig. 1). MECAM is efficiently used as a siderophore by E. coli (35),
and we found that MECAM is also used efficiently by V. cholerae
(Fig. 2A). This synthetic catechol is frequently used in structural
and enzymatic studies of siderophore transport and utilization,
and to our knowledge it was not previously known whether V.
cholerae can use this for iron uptake.

Vibriobactin includes two oxazoline rings formed from threo-
nine (Fig. 1) (14), but the role of these oxazoline rings in vibrio-
bactin function is unknown. To explore this, a modified form of
vibriobactin, termed vibriobactin A, in which the oxazoline rings
have been opened (Fig. 1), was tested. Like native vibriobactin,
vibriobactin A stimulated iron acquisition by V. cholerae (Fig. 2A),
indicating that intact oxazoline rings are not required for use of
this siderophore.

V. cholerae uses the siderophore fluvibactin, which is normally
produced by Vibrio fluvialis (24, 25). Fluvibactin is similar to
vibriobactin in that three DHB moieties are carried on a norsper-
midine backbone, but in fluvibactin, only the central DHB is
linked through an oxazoline ring, while the DHB moieties on the
ends are directly attached to the norspermidine (Fig. 1) (25). In
our bioassays, fluvibactin gave an unusual pattern when tested for
stimulation of growth of V. cholerae. There was a dense zone of
growth, surrounded by a larger, more diffuse zone (Table 2). Flu-
vibactin A, a fluvibactin-related compound in which the single
oxazoline ring has been opened (Fig. 1), stimulated a single dense
zone of growth, and no diffuse zone of growth was observed (Ta-
ble 2).

Defining the outer membrane receptor used by the sidero-
phore ligands. In previous work, it was found that ViuA is specif-
ically required for the transport of vibriobactin (17), while the
siderophore secreted by E. coli could be transported by either VctA
or IrgA but not by ViuA (20). To identify the outer membrane
receptors required for transport of the siderophores described
here, a V. cholerae vib irgA vctA viuA quadruple mutant was con-
structed and transformed individually with low-copy-number
plasmids carrying one each of the catechol receptor genes (Table
2). As expected, vibriobactin was used only when viuA was sup-
plied on a plasmid. Vibriobactin A also specifically required viuA,
indicating that opening the oxazoline rings did not change the
receptor specificity. As observed with the siderophore secreted by
E. coli, the DBS dimer and DBS trimer were transported by either
VctA or IrgA. There was also a weak but reproducible zone of
growth of the strain carrying viuA around the DBS trimer, which
may reflect a low level of transport by this receptor. This was
surprising, given that no zone was seen when the enterobactin-
producing E. coli was the source of the siderophore, but this may
reflect a quantitative difference between the amount of pure DBS
trimer spotted on the plate and the amount secreted by E. coli.
MECAM was also transported by either VctA or IrgA (Table 2).

Fluvibactin was transported by all three receptors, but interest-
ingly, ViuA was required for the larger, diffuse zone of growth,
while either VctA or IrgA was needed for the more dense, compact
zone (Table 2). Since the concentration of fluvibactin should de-
crease over distance from the spot as it diffuses though the agar, we

TABLE 2 Ligand transport by V. cholerae outer membrane receptorsa

Ligand
Zone of stimulation (mm) � SD on
CA40130N (vib)

Zone of stimulation (mm) � SD on EWV136b carrying plasmid gene:

None viuA vctA irgA

Vibriobactin 20.0 � 3.1 0 20.3 � 1.5 0 0
Vibriobactin A 21.0 � 2.9 0 23.3 � 3.2 0 0
DH5� 19.6 � 2.8 0 0 22.0 � 3.0 21.3 � 2.1
DBS trimer 23.5 � 2.1 0 17.3 � 2.5c 22.3 � 1.2 19.0 � 1.0
DBS dimer 22.0 � 2.3 0 0 21.0 � 5.2 15.7 � 0.6
MECAM 25.3 � 0.58 0 0 24.0 � 2.0 19.3 � 1.1
Fluvibactin (diffuse)d 18.7 � 1.2 (49.0 � 2.0) 0 (0) 0 (39.7 � 8.4) 19.3 � 1.5 (0) 14.3 � 3.1 (0)
Fluvibactin A 24.4 � 2.2 0 28.3 � 1.5 27.0 � 2.0 16.0 � 1.7
Ferrichrome 19.0 � 2.4 22.0 � 1.9 22.6 � 2.4 21.9 � 1.6 21.4 � 1.6
a Cultures of the indicated strains were seeded into LB agar containing 100 �M EDDA per ml, and the indicated siderophores or bacterial strain was spotted on the surface. The
zone of growth was measured after 24 h of growth. The numbers are the average � standard deviation for at least three independent assays. CA40130N is the parental strain of
EWV136. The vibriobactin biosynthesis defect was included to reduce background growth in the assay.
b EWV136 is CA40130N vib viuA irgA vctA. The plasmids used are pViuA1 (viuA), pCat119 (vctA), and pCat121 (irgA).
c This was a diffuse zone of growth.
d The numbers not in parentheses are the diameter of the compact zone of growth, while the numbers in parentheses are the diameter of the more diffuse zone.
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speculate that ViuA may have higher affinity for fluvibactin than
VctA and IrgA but that the rate of transport of this ligand may be
lower. Fluvibactin A was also transported by all three receptors,
but the sizes and the densities of the zones of growth were similar
for all three receptors (Table 2). To our knowledge, this is the first
example of siderophores that can be efficiently transported by
all three of the V. cholerae catechol siderophore receptors. The
positive control, ferrichrome, which is transported indepen-
dently of the catechol-specific systems (22), was used by all
strains (Table 2).

TonB requirements for transport of the ligands. V. cholerae
has two TonB systems with partially redundant functions. The
TonB2 system is required for transport of the siderophore secreted
by E. coli, while either TonB system can function in the transport
of vibriobactin and ferrichrome (18, 36). Each of the ligands stud-
ied here was tested for transport by V. cholerae tonB1 and tonB2
single mutants and the tonB1 tonB2 double mutant (Table 3).
Both vibriobactin and vibriobactin A were transported by strains
with either an active TonB1 or an active TonB2 system, as previ-
ously observed for ligands transported by ViuA (36). In contrast,
the E. coli-produced siderophore, the DBS dimer, and MECAM
specifically required TonB2 for transport, again consistent with
transport by either VctA or IrgA (18). The DBS trimer was trans-
ported most efficiently when TonB2 was present, but a weak zone
of growth was sometimes observed in the presence of TonB1, con-
sistent with a low level of transport by ViuA. The TonB require-
ments for fluvibactin utilization are consistent with the receptor
data. The larger diffuse zone of growth was observed in both the
tonB1 and the tonB2 single mutants, as expected given its associa-
tion with the ViuA receptor. In contrast, the small, compact zone
of growth required either VctA or IrgA and here specifically re-
quired TonB2. Fluvibactin A transport could be facilitated by ei-
ther TonB1 or TonB2 (Table 3).

In control experiments, either TonB system could function in
ferrichrome transport, as previously observed (18). None of the
siderophores was transported in a strain lacking both the TonB1
and TonB2 systems, indicating that there was no detectable TonB-
independent transport of these ligands. Ferric sulfate, which can
be transported by TonB-independent systems, stimulated the

growth of the strain defective in both TonB systems, showing that
failure of the siderophores to stimulate growth of this strain was
due to their inability to supply iron to the cell in the absence of a
functional TonB.

ViuB and YqjH can functionally substitute for each other.
ViuB was initially identified as an apparent cytosolic protein re-
quired for vibriobactin utilization by V. cholerae. The observation
that viuB suppressed an E. coli fes mutation when expressed from
a high-copy-number vector led to the model that it is involved in
the removal of iron from the ferrisiderophore following its trans-
port into the cytoplasm (21). More recently, a screen for iron-
regulated genes in E. coli identified yqjH, which encodes a protein
with 23% amino acid identity with ViuB (37). Subsequent struc-
tural and functional studies of YqjH have shown that it is an FAD-
containing enzyme that uses NADPH to reduce ferric iron in
triscatecholates and ferric dicitrate (11, 12, 38). This class of pro-
teins has been termed siderophore-interacting proteins (SIPs),
and though it is generally assumed that ViuB also functions as a
SIP, to our knowledge this was not previously supported by exper-
imental data. To test whether yqjH can functionally substitute for
viuB, viuB and yqjH were separately cloned onto the low-copy-
number vector pWKS30 and transformed into the V. cholerae viuB
mutant, which is also defective in the synthesis of vibriobactin.
Plasmids carrying either yqjH or viuB allowed the use of vibrio-
bactin and vibriobactin A as iron sources (Fig. 3A), indicating that
yqjH can substitute for viuB in V. cholerae. To determine whether
viuB can functionally substitute for yqjH in E. coli, an E. coli entF
yqjH fes mutant was constructed. This mutant carrying the empty
plasmid vector failed to use purified enterobactin, MECAM, or
the siderophore secreted by wild-type E. coli in a cross-feeding
assay, consistent with published data (12). As expected, providing
fes allowed use of enterobactin and the siderophore secreted by E.
coli but not the uncleavable synthetic siderophore MECAM (Fig.
3B). When either yqjH or viuB was supplied on a plasmid,
MECAM, in addition to enterobactin and the E. coli siderophore,
was used (Fig. 3B). This shows that ViuB can functionally substi-
tute for YqjH.

Requirement for ViuB. To further characterize the role of
ViuB in V. cholerae, we tested siderophore utilization by the viuB

TABLE 3 TonB requirement for transport of ligands

Ligand

Zone of stimulation (mm) � SD on straina:

CA40130N (Vib�)
AMV527 (Vib�

TonB1�)
ARM320
(Vib� TonB2�)

ARM330 (Vib�

TonB1� TonB2�)

Vibriobactin 20.0 � 3.1 22.0 � 5.1 21.3 � 3.1 0
Vibriobactin A 21.0 � 2.9 22.5 � 2.4 23.5 � 1.9 0
DH5� 19.6 � 2.8 21.7 � 2.3 0 0
DBS trimer 23.5 � 2.1 22.0 � 1.0 0b 0
DBS dimer 22.0 � 2.3 23.0 � 1.7 0 0
MECAM 25.3 � 0.58 15.3 � 0.6 0 0
Fluvibactin (diffuse)c 18.7 � 1.2 (49.0 � 2.0) 19.7 � 1.2 (50 � 2.6) 0 (45.3 � 7.2) 0
Fluvibactin A 24.4 � 2.2 26.3 � 1.5 20.3 � 3.2 0
Ferrichrome 19.0 � 2.4 19.8 � 3.3 19.4 � 1.7 0
FeSO4 16.0 � 4.9 14.9 � 3.6 15.9 � 4.7 12.4 � 3.9
a Cultures of the indicated strains were seeded into LB agar containing 100 �M EDDA per ml, and the indicated siderophores or bacterial strain was spotted on the surface. The
zone of growth was measured after 24 h of growth. The numbers are the average � standard deviation from at least three independent assays. CA40130N is the parental strain of the
tonB mutants.
b A faint zone of growth was seen in some assays.
c The numbers not in parentheses are the diameter of the compact zone of growth, while the numbers in parentheses are the diameter of the more diffuse zone.
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mutant JRB9 (21). As previously observed for vibriobactin, utili-
zation of vibriobactin A also required viuB (Fig. 3A). The viuB
mutant efficiently used the compounds secreted by wild-type E.
coli, and consistent with this, the use of the DBS dimer and
DBS trimer did not require ViuB (Fig. 4). ViuB was not re-
quired for utilization of MECAM (Fig. 4), which is distinct
from the observation for E. coli, where use of MECAM requires
YqjH (12). ViuB was also not required for the use of fluvibactin,
fluvibactin A, or ferrichrome (the zones of stimulation for the
viuB mutant JRB9 were 21.0 � 3.5, 26.3 � 3.1, and 22.2 � 2.9 mm,
respectively).

DISCUSSION

It was previously observed that V. cholerae efficiently used a sid-
erophore secreted by enterobactin-producing strains of E. coli, but
it was not known which of the enterobactin-related compounds
secreted by E. coli can be used by V. cholerae. We show here that it
is primarily the linear DBS dimer and DBS trimer that are used.
Efficient use of enterobactin by V. cholerae occurred only when
both E. coli fepA and fes were supplied on plasmids (Fig. 2C),
indicating that both transport and utilization of the cytoplasmic
ferrienterobactin are deficient in V. cholerae. The requirement for
Fes is of interest, because plasmid-carried viuB was sufficient to
allow utilization of enterobactin in an E. coli strain deficient in Fes
and YqjH (Fig. 3), indicating that ViuB can reduce ferric iron
bound to enterobactin. It is not clear why ViuB allowed use of iron
from enterobactin in the absence of Fes in E. coli but not in V.
cholerae, but possibilities include that in E. coli, the level of ViuB is
higher due to expression from the plasmid (albeit having a low
copy number), more efficient transport of enterobactin by FepA
with its native TonB partner, or some unidentified difference in
the genetic background of the two species.

Consistent with published data (14), we observed weak usage
of enterobactin when high concentrations of cyclic enterobactin
were provided, and this level was similar to that observed when
elevated concentrations of enterobactin were spotted on an E. coli
fepA mutant (data not shown). In these experiments, it is not
possible to determine whether this is due to a low level of usage of
the cyclic enterobactin, or whether the enterobactin is breaking
down to its linear derivatives during the 24-h growth of the bac-
teria.

The genetic requirements for use of the siderophore ligands
investigated in this study are summarized in Table 4. V. cholerae
transports primarily linear siderophores, which is consistent with
its lack of a gene encoding the esterase Fes. Oddly, the sole cyclic
siderophore used by V. cholerae in our assays was MECAM. At this
time, there are no structural studies of IrgA or VctA, so the basis
for their ability to transport MECAM but not enterobactin is un-
known. MECAM lacks ester bonds that can be hydrolyzed by Fes,
and its use in E. coli requires reduction of the iron by the YqjH
reductase (12). By analogy, we had anticipated that use of
MECAM by V. cholerae would require ViuB, but this was not the
case (Fig. 4). Similarly, YqjH was required for use of the DBS
trimer by an E. coli fes mutant (12), but ViuB was not needed for
use of the DBS trimer in V. cholerae (Fig. 4). We also show that
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FIG 3 ViuB and YqjH can functionally substitute for each other. V. cholerae
(A) or E. coli (B) of the indicated genotypes and carrying the plasmid noted
below each set of bars was seeded in EDDA agar, and vibriobactin (Vib),
vibriobactin A (VibA), ferrichrome (Fc), enterobactin (Ent), MECAM, or E.
coli strain DH5� was spotted on the surface. The zone of growth was measured
after 24 h of incubation at 37°C. Each bar represents the average from at least
three independent experiments � standard derivation. The triangles indicate
no growth. The strains used in the assay were ALV101 (vibB), JRB9 (viuB),
ARM110 (entF), and EWE1026 (entF fes yqjH).

V. cholerae viuB

E. coli (Ent+)
(22.0 +/- 1.0)

E. coli (Ent-)
(0)

DBS-Dimer
(15.3 +/- 3.8)

DBS-Trimer
(20.2 +/- 2.0)

MECAM
(18.7 +/- 0.6)

FIG 4 Siderophore utilization by a V. cholerae viuB mutant. The V. cholerae viuB mutant strain JRB9 was seeded into EDDA-containing LB agar, and the E. coli
strain or the siderophore indicated below each picture was spotted on the surface. The numbers in parentheses are the average diameter in millimeters of the zone
of growth � standard deviation from at least three independent experiments. All zones were measured and photographed after 24 h of growth at 37°C.
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fluvibactin, fluvibactin A, ferrichrome, and the E. coli-produced
siderophores can all be used by a V. cholerae viuB mutant (Fig. 4)
(in the test described above). The molecular basis of this ViuB-
independent siderophore utilization is not known, but we specu-
late that V. cholerae may have an unidentified reductase that has
sufficient reducing potential to reduce ferric iron bound to the
ViuB-independent siderophores but not to vibriobactin or vibrio-
bactin A. We are not aware of a candidate for that reductase. V.
cholerae does not have a homologue of FhuF, which removes iron
from hydroxamate siderophores in E. coli (39), so it is also un-
known how iron is reduced from ferrichrome in V. cholerae.

Outer membrane receptors for siderophores are generally con-
sidered to be quite specific for their ligands, while the inner mem-
brane ABC transporters recognize a variety of closely related sid-
erophores. In this work, we show that the catechol receptors of V.
cholerae each possess considerable functional plasticity. This is
especially true for IrgA and VctA, both of which transported at
least five distinct ligands, including the cyclic siderophore
MECAM, and linear siderophores in which the dihydroxybenzoyl
moieties are joined either through serines or through norspermi-
dine (Fig. 1; Table 4). ViuA was more specific, in that it trans-
ported four different siderophores; however, their structures were
more similar, all consisting of three dihydroxybenzoyl moieties
joined on a linear norspermidine backbone (Fig. 1; Table 4). V.
cholerae uses one additional catechol siderophore, agrobactin, in
which the dihydroxybenzoyl moieties are connected through a
spermidine backbone (14, 23). It is likely to be transported by one
or more of these catechol siderophore receptors, but this has not
been determined. Recent work in Campylobacter jejuni shows that
the ability of a single outer membrane receptor to transport mul-
tiple, related ligands is not limited to V. cholerae receptors (40),
and this may represent an underappreciated aspect of siderophore
biology.

The biological relevance of the ability of V. cholerae to use the
linear forms of enterobactin is unknown. It is unlikely that V.
cholerae would encounter significant numbers of E. coli bacteria
during infection of the human host, since V. cholerae primarily
colonizes the small intestine, while E. coli is mostly located in the
colon. However, it is likely that V. cholerae would encounter E. coli
in sewers and in waters contaminated with sewage. The ability to
use the enterobactin breakdown products may contribute to its
ability to persist in these aquatic environments and cause periodic
outbreaks in regions where it is endemic.

Information about the specificities of the siderophore recep-
tors has implications beyond V. cholerae. Several members of the
Vibrionaceae have been shown to transport enterobactin, includ-
ing Vibrio parahaemolyticus (41), Aeromonas hydrophila (42), and
Vibrio anguillarum (43), and homologues of IrgA and/or VctA are
found in the sequenced genomes of a number of members of the
Vibrionaceae (Table 5 shows selected homologues). V. fluvialis,
Vibrio vulnificus, Vibrio alginolyticus, and V. parahaemolyticus
have been reported to use vibriobactin (24), and the vulnibactin
receptors of V. vulnificus (44) and V. fluvialis have significant se-
quence similarity with ViuA (Table 5). The structure of vulnibac-
tin is the same as that of vibriobactin, except that the two dihy-
droxybenzoate residues attached to the norspermidine through
the oxazoline moieties in vibriobactin are replaced with salicylate
in vulnibactin (45). We speculate that these vulnibactin receptors
may also function in the transport of vibriobactin. The V. algino-
lyticus genome contains a receptor gene with moderate similarity
with ViuA (Table 5), while we were not able to identify a candidate
receptor for vibriobactin in the V. parahaemolyticus genome. It is
not known whether the receptors of these other Vibrionaceae
strains show functional plasticity similar to that of the V. cholerae

TABLE 4 Summary of V. cholerae proteins participating in siderophore utilization

Ligand

Transport by catechol siderophore receptor: Utilization via:

ViuB requirementViuA VctA IrgA TonB1 TonB2

E. colia No Yes Yes No Yes No
DBS dimer No Yes Yes No Yes No
DBS trimer Nob Yes Yes No Yes No
MECAM No Yes Yes No Yes No
Vibriobactin Yes No No Yes Yes Yes
Vibriobactin A Yes No No Yes Yes Yes
Fluvibactin Yesc Yesd Yesd Yes Yesd No
Fluvibactin A Yes Yes Yes Yes Yes No
a The ligand is the siderophore secreted when 5 �l of an overnight culture of Ent� E. coli was spotted on the surface of the medium.
b A faint zone of growth was seen in some assays.
c Diffuse zone only.
d Compact zone only.

TABLE 5 Homologies of V. cholerae catechol transporters to selected
Vibrionaceae proteins

Protein (ORF)a and
species

Identity
(%)

Similarity
(%) GI no.

IrgA (VC0475)
V. alginolyticus 68 80 491523372
V. parahaemolyticus 67 80 646358207
V. anguillarum (FetA) 67 79 516401775
A. hydrophila 45 64 500026927
V. fluvialis 43 59 521097610

VctA (VCA0232)
V. fluvialis 70 82 520908277
V. parahaemolyticus 64 78 639559333
V. alginolyticus 64 78 491524981

ViuA (VC2211)
V. vulnificus (VuuA) 76 87 516401775
V. fluvialis (VuuA) 46 61 521097987
V. alginolyticus 30 48 305379311

a Open reading frame (ORF) number is according to the V. cholerae strain N16961 (27).
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receptors. However, vibrios are primarily aquatic species that live
in complex associations with each other and with varied zoo-
plankton and phytoplankton species (46). In these environments,
there may be strong selection to adapt existing siderophore acqui-
sition systems for the use of the varied available siderophores.
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