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Vibrio cholerae, the causative agent of the severe diarrheal disease cholera, thrives in both marine environments and the human
host. To do so, it must encode the tools necessary to acquire essential nutrients, including iron, under these vastly different con-
ditions. A number of V. cholerae iron acquisition systems have been identified; however, the precise role of each system is not
fully understood. To test the roles of individual systems, we generated a series of mutants in which only one of the four systems
that support iron acquisition on unsupplemented LB agar, Feo, Fbp, Vct, and Vib, remains functional. Analysis of these mutants
under different growth conditions showed that these systems are not redundant. The strain carrying only the ferrous iron trans-
porter Feo grew well at acidic, but not alkaline, pH, whereas the ferric iron transporter Fbp promoted better growth at alkaline
than at acidic pH. A strain defective in all four systems (null mutant) had a severe growth defect under aerobic conditions but
accumulated iron and grew as well as the wild type in the absence of oxygen, suggesting the presence of an additional, unidenti-
fied iron transporter in V. cholerae. In support of this, the null mutant was only moderately attenuated in an infant mouse
model of infection. While the null mutant used heme as an iron source in vitro, we demonstrate that heme is not available to V.
cholerae in the infant mouse intestine.

The Gram-negative bacterium Vibrio cholerae has an absolute
requirement for iron (1). Despite the prevalence of iron within

its environmental niches and human host, most of this iron is not
readily available. Iron occurs naturally as oxidized (ferric) or re-
duced (ferrous) iron (2). Ferric iron(III), found in oxygenated
environments at neutral to alkaline pH, has very low water solu-
bility and forms large insoluble complexes. Studies of ocean water
have found iron to be the limiting nutrient for microbial growth
(3). Soluble, ferrous iron(II) is more prevalent under the anoxic
conditions that V. cholerae may encounter while colonizing the
human host. However, access to iron in the host is limited due to
competition with other microbes on host surfaces, as well as se-
questration by high-affinity iron-binding host proteins such as
transferrin and lactoferrin (4–7). Despite the challenges of obtain-
ing iron in these various environments, V. cholerae is proficient in
growth in both marine and host environments.

The V. cholerae genome encodes multiple iron acquisition sys-
tems, which each transport a specific form of iron and may thus
optimize iron acquisition in the various niches that V. cholerae
inhabits (8–12). These include genes for the synthesis (vib) and
utilization (viu) of vibriobactin, a siderophore that is secreted into
the environment, where it binds ferric iron with extremely high
affinity (9, 13–15). Ferrivibriobactin is bound by the outer mem-
brane receptor ViuA (16, 17) and is transported across the outer
membrane in a process that requires either of two energy trans-
duction systems, TonB1 or TonB2 (18). Subsequent transport
into the cytoplasm occurs through either ViuPDGC (19) or
VctPDGC (11, 20), periplasmic binding protein-dependent, inner
membrane catechol transport systems. Iron is removed from
vibriobactin in the cytoplasm by ViuB (21). Heme, which also can
be used as an iron source, is transported through an analogous
TonB-dependent system involving the outer membrane receptor
HutA (22–24), HutR (24), or HasR (24) and the inner membrane
transport system HutBCD (18).

In addition to systems that allow transport of complexed iron,
V. cholerae also encodes systems for the uptake of ferrous and
ferric iron that is not bound to a siderophore or other high-affinity

chelator. Ferrous iron can be transported through FeoABC (10,
25). FeoB is an integral inner membrane protein which is believed
to form the pore through which iron is transported. The roles of
FeoA and FeoC in V. cholerae remain unclear, but both are essen-
tial for Feo function (26). Unchelated ferric iron can be trans-
ported through FbpABC, an inner membrane system with homol-
ogy to ABC transporters (10). In addition to its role in catechol
siderophore transport, the VctPDGC system is capable of sidero-
phore-independent transport of iron (11). Although the mecha-
nism and substrate of the siderophore-free iron transport by Vct
remain unknown, it supports moderate growth in the absence of
functional Feo, Fbp, and Vib systems. It is not currently known
how ferrous and ferric iron access the periplasmic space in V.
cholerae; however, when expressed in Escherichia coli, these sys-
tems do not require TonB for iron acquisition, suggesting diffu-
sion of unchelated iron through porins or similar proteins (10).
The Vib, Feo, Fbp, and Vct systems all participate in iron uptake in
V. cholerae growing under typical laboratory conditions, and ge-
netic disruption of all four of these systems rendered V. cholerae
unable to grow on LB agar, even with iron supplementation (11).
This mutant strain, referred to as the null strain, retains the heme
transport systems and could be maintained on medium contain-
ing heme. The relevant systems are listed in Table 1.

It is not clear what roles each of the iron transport systems play
in the acquisition of iron during growth in the environment or in
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human infection. The presence of multiple systems suggests that
V. cholerae might use different systems to optimally acquire iron
under different conditions. To test this, we constructed a set of
isogenic strains in which only one of the Feo, Fbp, Vct, and vibrio-
bactin systems is functional. By assessing the growth of these
strains under different environmental conditions, we demon-
strate that these iron acquisition systems are not functionally re-
dundant but differ in their ability to support growth as pH and
oxygen levels are varied. Further, we present evidence for an ad-
ditional, unidentified iron transport system that functions under
anoxic growth conditions. This system may also function when
the bacteria are growing in the intestine of a mammalian host,
since the feo fbp vct vib viuA mutant displayed only a modest loss of
fitness in the infant mouse model, despite its severe growth defect
in vitro.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plas-
mids used in this study are listed in Table 2. Strains were maintained at
�80°C in tryptic soy broth with 20% glycerol. Strains were routinely
grown in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, and
1% sodium chloride) or on LB agar (1.5% agar) at 37°C. Heme (5 �M)
was used for the routine growth of iron transport-deficient strains. Anti-
biotics were used as follows for V. cholerae strains: 75 �g/ml streptomycin,
50 �g/ml kanamycin, 100 �g/ml ampicillin, 5 �g/ml chloramphenicol,
and 5 �g/ml gentamicin. For E. coli strains, 50 �g/ml kanamycin and 100
�g/ml ampicillin were used.

The iron content of the LB broth was determined by a FerroZine-
based assay. Iron sulfate was added to LB broth at final concentrations of
0, 5, 10, and 20 �M. The reducing agent ascorbate was added to a final
concentration of 10 mM to reduce total iron in the samples to the ferrous
state. Total iron was then quantified by the addition of 1 mM (final)
FerroZine (Sigma), vortexed, and incubated at room temperature for 5
min prior to measuring the absorbance at 562 nm. This assay was per-
formed on three separate LB broth samples prepared on separate days.
Linear regression was used (GraphPad Prism), and the molar extinction
coefficient of Fe-FerroZine (27.9 mM�1 cm�1 at 562 nm) was used to
calculate iron in LB broth with no added iron. For growth assays, iron
sulfate (FeSO4) and heme were added where indicated to final concentra-
tions of 40 �M and 10 �M, respectively. LB medium at pH 6.5, 7.5, and 8.5
was buffered with 50 mM piperazine-N,N=-bis(2-ethanesulfonic acid)
(PIPES), HEPES, or N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine
(Tricine), respectively. Deferrated ethylene diamine diorthohydroxyphe-
nyl acetic acid (EDDA) (27) was used at a final concentration of 20 �g/ml
to induce iron starvation. Microaerobic environments were generated

using the GasPak EZ Campy container system (BD Biosciences); anaero-
bic environments were generated using AnaeroGen 2.5L (Thermo Scien-
tific). Sucrose supplementation was used at a final concentration of 0.4%
(wt/vol) for inductively coupled plasma mass spectrometry (ICP-MS)
sample preparation.

Liquid growth assays. Liquid growth assays were carried out in 96-
well plates (Corning) with automated readings using a Flexstation 3 (Mo-
lecular Devices). Cultures were grown overnight in LB supplemented with
streptomycin and heme and were then diluted 1:100 or 1:200 into fresh LB
medium with the indicated supplements. Optical density was assessed at
650 nm every 2.5 min over 10 h at 37°C; a reduced number of data points
are depicted in the figures here. All liquid growth assays displayed are the
means from three biological replicates.

Colony size assays. Colony size assays were performed on LB agar.
Overnight cultures of indicated strains were diluted and plated to obtain
well-isolated colonies. After 24 h of incubation at 37°C, the diameters of
10 well-isolated colonies were measured using a reticle. The data shown
are the means from single experiments and are representative of biological
replicates.

Plasmid construction. Primers used for PCR are listed in Table 3. For
the generation of vctP mutations, the SmaI fragment of pGM�1 (28) was
cloned into the blunted pCat120 (11) AvrII and Mlul sites. The SalI/NotI
fragment of this plasmid was then cloned into the SalI/NotI sites of
pCVD442N to result in pCGM120.

The deletion of feoABC was created using pSfeo�::kan. Primers feo1-
sal–feo2-sma and feo3-sma–feo4-RV were used to amplify V. cholerae
N16961 sequence. Splice overlap PCR was performed to join these frag-
ments together, and the resulting product was ligated into the SmaI site of
pWKS30. Primers were designed to introduce a SmaI site at the junction
of the splice overlap PCR product, and the SmaI site was used to introduce
the kan cassette from pUC4K (Amersham). This construct was moved
into pHM5 using SalI and EcoRV restriction sites to generate pSfeo�::kan.

Deletion of viuA was achieved using pSviuA. Regions up- and down-
stream of viuA (VC2211) were amplified from V. cholerae O395 using
PCR with primers ViuA.776-ViuA.1817.rev and ViuA.3912.SO-
ViuA.4941.rev. Splice overlap PCR was performed to join these fragments
together, and the resultant product was ligated into the SmaI site of
pCVD442N to generate pSviuA.

Mutations in hemA (VC2180) were generated using pShemA. PCR
fragments were amplified from V. cholerae O395 using primers
HemA.234-HemA.1233.rev and HemA.2134.SO-HemA.3133.rev. Splice
overlap PCR was used to join these fragments together, and the resultant
product was ligated into the SmaI site of pCVD442N to generate pShemA.

The V. cholerae O395 hemA gene locus was amplified using primers
HemA.934-HemA.2493.rev by PCR. The blunt product was ligated into
the SmaI site of pWKS30 to generate the plasmid pHemA.

TABLE 1 Known iron acquisition systems of V. cholerae

Gene(s) Function Locus tag(s) Reference(s)

feoABC Transport of ferrous iron (Fe2�) VC2078-VC2076 10
fbpABC Transport of ferric iron (Fe3�) VC0608-VC0610 10
vctPDGC Inner membrane transport of vibriobactin,

enterobactin, and unknown
VCA0227-VCA0230 11, 20

viuPDGC Inner membrane transport of vibriobactin and
enterobactin

VC0776-VC0779 19

viuA Outer membrane vibriobactin receptor VC2211 16, 17
vibABCDEFH Vibriobactin biosynthesis VC0774, VC0771, VC0773, VC0780,

VC0772, VC2209, VC0775
13, 15, 66, 67

hutBCD Inner membrane transport of heme VCA0914-VCA0916 18
hutA, hutR, hasR Outer membrane heme receptors VCA0576, VCA0064, VCA0625 22–24
irgA, vctA Outer membrane enterobactin receptors VC0475, VCA0232 20
fhuBCD Inner membrane transport of ferrichrome VC0203, VC0201, VC0202 68
fhuA Outer membrane ferrichrome receptor VC0200 68
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Mutant construction. Allelic exchange, as described previously (24),
was used to generate all mutations in this study. Mutations in fbpA and
vibB were created using pSfbpA::cam and pSvibB� as described previ-
ously (10). Mutations in vctP, feoABC, viuA, and hemA were introduced
using plasmids pCGM120, pSfeo�::kan, pSviuA, and pShemA, respec-
tively. Allelic exchange was performed using SM10 �pir, which carries the
necessary genes for conjugation. Selection for sucrose-resistant exconju-
gants was carried out in the presence of 10% (wt/vol) sucrose with 5 �M
heme, as needed.

(i) EPV102 (�viuA �vibB feoABC::kan vctP::gent fbpA::cam) (null).
The gent cassette was introduced into the vctP locus of ARM591 (10) to
generate ARM592. The kan cassette was then used to replace feoABC to
create EPV6. The unmarked deletion of viuA was then introduced into
EPV6 to result in EPV102.

(ii) EPV104 (�viuA �vibB vctP::gent fbpA::cam) (vFeo). The un-
marked viuA deletion was introduced into ARM592 to generate EPV104.

(iii) EPV115 (�viuA �vibB feoABC::kan vctP::gent) (vFbp). The un-
marked viuA deletion was introduced into ALV101 (10) to generate
EPV105. The gent insertion into vctP was then introduced to create
EPV113. The replacement of the feoABC locus with the kan cassette was
then introduced into EPV113 to generate EPV115.

(iv) EPV103 (�viuA �vibB feoB::tmp fbpA::cam) (vVct). The un-
marked viuA deletion was introduced into CFV1 (10) to generate EPV103.

(v) EPV126 (feoABC::kan vctP::gent fbpA::cam) (vVib). The
feoABC::kan mutation was introduced into wild-type O395 to generate

EPV111. Next, the gent insertion into vctP was introduced into EPV111 to
generate EPV114. Finally, the fbpA::cam mutation was introduced into
EPV114 to generate EPV126.

(vi) EPV134 (�hemA). EPV134 (�hemA) was created through the
introduction of the unmarked hemA mutation into the wild-type O395
background, resulting in deletion of hemA.

qPCR. Overnight cultures of O395 were diluted 1:200 into 25 ml LB
buffered at pH 6.5, 7.5, or 8.5 and grown to mid-logarithmic phase. EDDA
was then added to induce iron starvation. Fifteen minutes after the addi-
tion of EDDA, RNA was harvested from cells using RNA-Bee (Tel-Test,
Inc.). Following DNase I (Life Technologies) treatment, Superscript III
reverse transcriptase (Life Technologies) was used to generate cDNA.
Power SYBR green (Life Technologies) chemistry was used for the ampli-
fication and detection of products. Samples were prepared and processed
in biological triplicate. Primers used for quantitative PCR (qPCR) are
listed in Table 3. Threshold cycle (CT) values were normalized against
those for rpoZ. Analysis of values was done through the ��CT approach.

ICP-MS. Overnight cultures of O395 (wild type) or EPV102 (null)
were diluted in LB and plated for single colonies on LB agar supplemented
with sucrose. Cells were washed from plates with sterile saline after 24 h of
incubation aerobically or anaerobically at 37°C, and 2.5 � 109 to 5 � 109

cells (determined by A650) were pelleted and washed with saline. Pellets
were then resuspended in 1 ml of 35% (vol/vol) trace-metal-grade nitric
acid (Fisher Scientific). Cell suspensions were transferred to 5-ml Savillex
vials, sealed, and heated at 80°C for 3 to 6 h. Vials were cooled and allowed

TABLE 2 Strains and plasmids

Strain or plasmid Description Reference or source

Strains
V. cholerae

O395 Classical biotype 69
ARM591 O395 �vibB fbpA::cam 10
ARM592 O395 �vibB fbpA::cam vctP::gent This study
EPV6 O395 �vibB fbpA::cam vctP::gent feoABC::kan This study
EPV102 (null) O395 �vibB fbpA::cam vctP::gent feoABC::kan �viuA This study
EPV104 (vFeo) O395 �vibB fbpA::cam vctP::gent viuA This study
ALV101 O395 �vibB 10
EPV105 O395 �vibB �viuA This study
EPV113 O395 �vibB �viuA vctP::gent This study
EPV115 (vFbp) O395 �vibB �viuA vctP::gent feoABC::kan This study
CFV1 O395 feoB::tmp �vibB fbpA::cam 10
EPV103 (vVct) O395 feoB::tmp �vibB fbpA::cam �viuA This study
EPV111 O395 feoABC::kan This study
EPV114 O395 feoABC::kan vctP::gent This study
EPV126 (vVib) O395 feoABC::kan vctP::gent fbpA::cam This study
EPV134 O395 �hemA This study
N16961 El Tor biotype 70

E. coli
DH5	 Cloning strain 71
DH5	 �pir Cloning strain 71
SM10 �pir Conjugation strain 72

Plasmids
pWKS30 Cloning vector 73
pHM5 Suicide vector pGP704 carrying sacB 74
pCVD442N pCVD442 with a NotI adapter inserted in the SacI site 10
pCGM120 pCVD442N with V. cholerae sequences for vctP::gent This study
pSfeo�::kan pCVD442N with V. cholerae sequences for feoABC::kan This study
pSviuA pCVD442N with V. cholerae sequences for deleting viuA This study
pShemA pCVD442N with V. cholerae sequences for deleting hemA This study
pSfbpA::cam pCVD442N with V. cholerae sequences for fbpA::cam 10
pSvibB� pCVD442N with V. cholerae sequences for deleting vibB 10
pHemA V. cholerae hemA cloned into pWKS30 This study
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to evaporate to dryness at 60°C overnight. The residue was resuspended in
1 ml of 2% (vol/vol) nitric acid and incubated at 60°C overnight. Metal
content was measured using the Agilent 7500ce inductively coupled
plasma mass spectrometer and analyzed against defined standards at the
quadrupole inductively coupled plasma mass spectrometry (ICP-MS)
laboratory in the Jackson School of Geosciences at the University of Texas
at Austin. Samples were prepared in biological triplicate.

In vivo and in vitro competition. The in vivo competition assays in
5-day-old BALB/c mice were performed as described by Taylor et al. (29),
using a protocol approved by the University of Texas Institutional Animal
Use and Care Committee. A minimum of five mice per experiment were
inoculated intragastrically with 50 �l saline containing 0.02% Evans blue
dye and 105 CFU of each competing strain grown to mid-logarithmic
phase in LB medium supplemented with 5 �M heme. The mice were
sacrificed 18 h after inoculation, and the total intestine was homogenized
in sterile saline. Serial dilutions of both the inoculum and the homogenate
were plated on selective medium to allow determination of the ratios of
the competing strains. For competition of the hemA mutant (EPV134)
and its wild-type parental strain, quantification of strains was done by
plating on streptomycin with heme (2.5 �M) and patching colonies onto
streptomycin plates lacking heme to identify hemA mutants. In vitro com-
petitions were performed by inoculating a 3-ml LB culture with 50 �l
saline containing approximately 105 CFU of each strain in competition.
For competition between the hemA mutant and wild type, heme was
added to the medium at indicated amounts. Anaerobic competition as-
says were performed in an anaerobic chamber (Coy Laboratories). All
cultures were incubated at 37°C with shaking. Cultures were serially di-
luted and plated at time zero and at 18 h on selective medium to allow
quantification of each strain in competition.

Relative fitness was determined through calculating the competitive
index (CI) as follows: CI 
 (mutantoutput/wild typeoutput)/(mutantinput/

wild typeinput). A CI equal to 1 indicates no fitness defect, while a CI of �1
indicates a fitness defect in the mutant and a CI of �1 indicates a fitness
advantage for the mutant.

RESULTS
Characterization of the roles of individual V. cholerae iron
transport systems. We previously demonstrated that mutation of
four iron acquisition systems, feo, fbp, vct, and vib, in a single V.
cholerae strain background eliminated growth on LB medium
(11). The amount of iron in LB medium is 5.5  0.2 �M, as
determined by the FerroZine assay, which is sufficient to support
growth of the wild-type strain. Failure of the mutant to grow in
this medium indicates that even where iron is abundant, at least
one of the iron transporters is needed. To investigate the roles of
these systems, we constructed a series of isogenic strains in which
only one of these four systems is functional. viuA, which encodes
the vibriobactin receptor, was also deleted from vibriobactin bio-
synthesis mutant (vibB) strains to eliminate cross-feeding when a
vibriobactin-producing strain was used in competition assays.
The strain with all four systems disrupted is designated the null
strain, and strains retaining only a single functional system are
designated vFeo, vFbp, vVct, and vVib for their respective func-
tional system (Table 2 and Fig. 1). As expected, the wild-type
strain carrying the full complement of iron acquisition genes dis-
played robust growth on LB agar while the null strain failed to
grow (Fig. 1A). The strains with individual systems varied in
growth density on LB agar. Neither vFeo nor vVct appeared to
grow as densely as the wild type, vFbp, or vVib in this assay, sug-

FIG 1 Single-system strains and null growth on LB agar plates. Overnight
cultures of wild-type O395, null (EPV102), vFeo (EPV104), vFbp (EPV115),
vVct (EPV103), and vVib (EPV126) were streaked on unsupplemented LB
agar plates (A) or LB agar plates supplemented with heme (B). Plates were
incubated overnight at 37°C.

TABLE 3 Primers used for this study

Primer Sequence (5= to 3=)
Cloning

feo1-sal CAAAGTCGACAAACTGATTGAGC
feo2-sma CGTTGCCAACACCCGGGAGAACGCC
feo3-sma GGCGTTCTCCCGGGTGTTGGGAACG
feo4-RV TGGATATCAATGAGCTAACAGGC
ViuA.776 ATGCGCGGCCAATAGGGC
ViuA.1817.rev CTCTAAATTAACCACTACACTGCG
ViuA.3912.SO CGCAGTGTAGTGGTTAATTTAGAGGGACT

GAAACAAAACAACGCT
ViuA.4941.rev AATGGCGTAAATCTTATCTCTTGC
HemA.234 TGCCATCGCGGCTTTGTAAATC
HemA.1233.rev CTATAGAGGATTCTCAGATATGTG
HemA.2134.SO CACATATCTGAGAATCCTCTATAGTTGCAG

TCGATTGTCGATAGC
HemA.3133.rev GTACAAGCGGACGTGTGGAT
HemA.934 ATTGATAATGTTGAATTTGTTCTAGAG
HemA.2493.rev TTAGTTCAGATCGTCAAGACCTA

Quantitative PCR
feoB_RTFor ACGATTTGCTGGCGAGTTTG
feoB_RTRev TTCTTGCTCTTGCGCAACAG
fbpA_RTFor AAACGCGCAGAAACTGATGG
fbpA_RTRev TCCACCAATGCAGAACGTTG
vctP_RTFor TGCGGTCGAAGCCAAAATTG
vctP_RTRev TTGGCACCAAAAGTCGTCAG
vibB_RTFor AAGCTTGCGAACCATGCAAC
vibB_RTRev ACAACTGAATCGCGCGAATC
rpoZ_RTFor TCTGCGCGAAATCGAAGAAG
rpoZ_RTRev AACGGTTGTGCATGATGCTG
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gesting differences in the ability of these transport systems to ac-
quire iron under this condition. All of these strains, including the
null strain, retain the ability to acquire and utilize heme as an iron
source, allowing strains to be routinely maintained on medium
with heme. Growth was observed for the null strain on LB agar
supplemented with heme, and differences in growth density
among the other strains were reduced (Fig. 1B).

Differential growth of single-system strains on solid or in
liquid medium. Because the initial screening on agar suggested
that the single-system strains differed in their growth, quantitative
assays were used to compare the strains. Colony sizes were deter-
mined for each strain growing on LB agar as described previously
(11), and growth in liquid culture was used to measure differences
in both final cell density and growth rate. The wild type grew well
on solid medium and in liquid culture, and there was no signifi-
cant difference between growth on unsupplemented medium and
in the medium containing additional iron (Fig. 2A). The null
strain formed microcolonies on LB agar in the absence of heme,
and the colony size was not stimulated by the addition of iron to
the medium (Fig. 2A). In LB broth, the null strain underwent 3 to
4 doublings, most likely the result of iron stores acquired during
overnight growth in heme (Fig. 2B). As observed with the colony
size assay, supplementation of the liquid medium with iron did
not cause a significant increase in growth, suggesting that there is
at most minimal iron acquisition during the course of the exper-
iment. Supplementation with the usable iron source, heme, al-
lowed the null mutant to grow to the same final density as the wild
type. All of the single-system strains grew to near-wild-type levels
when grown in medium containing heme in both assays (Fig. 2A
and C), but there were distinct differences in their growth in un-
supplemented or iron-supplemented medium (Fig. 2A and B).

vFeo formed small colonies on LB agar (Fig. 2A). While the
amount of iron found in LB agar was sufficient for robust growth
of the wild-type strain, supplemental iron was necessary for the
vFeo strain to achieve wild-type colony sizes, suggesting that fer-
rous iron is limiting. In contrast, growth of vFeo in liquid medium
was similar to that of the wild type, independent of supplementa-
tion. This may be due to differences in the oxidation state of iron
in these media due to aeration, increased access to iron ligands due
to greater diffusion in liquid than solid media, or differences in
expression of iron transport genes.

vFbp showed the most robust growth on LB agar of any of the
single-system strains (Fig. 2A). This was most evident in growth
on unsupplemented agar, although the colony size for vFbp was
still smaller than the wild type, even with iron supplementa-
tion. In liquid medium, vFbp grew similarly to the wild type
(Fig. 2A and B).

vVct had the poorest growth of the single-system strains in
both assays (Fig. 2A and B). Although larger than the null mutant,
the colonies were small on unsupplemented agar and were signif-
icantly smaller than the wild type, even in the presence of supple-
mental iron. The poor growth of vVct was most evident in liquid
medium. In the absence of iron supplementation, its growth was
not significantly better than the null mutant (Fig. 2B). However,
unlike the null mutant, its growth was significantly stimulated by
supplemental iron (Fig. 2A). The reason for the poor growth in
liquid medium is not known, but it may reflect properties of this
transporter’s ligand, which has not been identified.

vVib produced small colonies and had a low growth rate in the
absence of heme (Fig. 2A and B). This was unexpected, given the

high iron-binding affinity of the vibriobactin system (9). The re-
duced growth and absence of stimulation by FeSO4 in either solid
or broth medium suggest that vibriobactin, and not iron, is the
limiting factor for the growth of this strain. In the absence of
siderophore-independent systems, growth of vVib may be con-
strained until significant vibriobactin accumulates in the medium.

These data show that these iron transport systems, Feo, Fbp,
Vct, and Vib, differ in their ability to support growth in complex
media. To characterize these differences in more detail, the single-
system strains were grown under specific conditions to determine
environmental effects on the ability of each system to provide iron
for growth.

pH affects the function of the V. cholerae iron acquisition
systems. Because pH can affect the relative amounts of available
ferrous and ferric iron, we wanted to test the function of these
systems under differing pH conditions. V. cholerae encounters a
wide range of pHs in infection of the human small intestine (pH
6.4 to 7.5) (30) and in marine environments (pH 7.5 to 8.4) (31).
Growth of the single-system strains was assayed in LB buffered at
pH 6.5, 7.5, or 8.5 (Fig. 3). While the wild type maintained robust
growth under all three pH conditions (Fig. 3A), the null strain
grew poorly under the tested conditions (Fig. 3B), indicating that
at least one of the four systems is needed for growth at each pH.
vFeo grew robustly at pH 6.5 and 7.5 but had the same phenotype
as the null strain at pH 8.5 (Fig. 3C). This is consistent with the
ligand for the Feo system, ferrous iron, being less abundant under
more alkaline conditions. Conversely, the strain with only the fer-
ric iron transporter Fbp grew robustly at pH 7.5 and 8.5, condi-
tions under which most of the iron would be in the ferric form,
and grew poorly at pH 6.5 (Fig. 3D). vVct grew best at pH 7.5. It is
not known what nonsiderophore iron substrate the VctPDGC sys-
tem transports, but given the poor growth at pH 6.5, it is unlikely
that VctPDGC transports ferrous iron (Fig. 3E). vVib grew best at
pH 7.5, and intermediate phenotypes were observed at both pH
6.5 and 8.5. Even at pH 7.5, vVib grew more slowly than the wild
type. This may again suggest that the amount of vibriobactin syn-
thesis or transport, rather than the amount or state of available
iron, is the growth-limiting factor for this strain.

Effects of pH on growth are not solely due to changes in ex-
pression of iron acquisition genes. Differences in growth at the
different pHs may reflect not only the relative abundance of ferric
and ferrous iron but may also be attributable to the effects of pH
on expression of the genes encoding the transport systems. The
transcriptional regulator Fur is known to repress each of these
systems under high-iron conditions (32). Binding of iron to Fur
allows Fur to repress transcription of genes with the Fur-box motif
(32–34). However, it is not known whether expression of these
genes is also controlled by regulators that respond to environmen-
tal pH. To assess regulatory effects on the expression of iron ac-
quisition genes under the different pH conditions, wild-type O395
was grown in LB buffered at pH 6.5, 7.5, or 8.5, and iron starvation
was induced by the addition of the iron chelator EDDA. RNA was
isolated, and quantitative PCR was used to assess the relative levels
of feoB, fbpA, vctP, and vibB mRNA. In each case, the level of
mRNA was compared to the level in cells grown at pH 7.5. For
vibB, the mRNA levels were nearly equivalent at all three pHs (Fig.
4), suggesting that the difference in growth as a function of pH was
not due to differential expression of vib genes.

While growth of vFeo was robust at pH 7.5 and poor at pH 8.5
(Fig. 3C), feoB expression was not different between pH 7.5 and
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pH 8.5 (Fig. 4), suggesting that the poor growth of vFeo at pH 8.5
was not a consequence of feoB transcriptional repression. How-
ever, a significant increase in mRNA levels at pH 6.5 was observed
compared to levels at pH 8.5. Increased expression of feoB at lower
pH may benefit V. cholerae, as ferrous iron, the substrate of the Feo
system, is expected to be more prevalent at acidic pH.

For vctP, significantly higher expression was observed at pH 8.5
than pH 6.5, consistent with the reduced growth of vVct at lower
pH (Fig. 3E).

fbpA mRNA levels were approximately 2-fold higher at pH 8.5
than at lower pH (Fig. 4). While the expression of fbp at higher pH
may increase the amount of Fbp available for transport of ferric
iron under conditions where this form of metal may be more
abundant, growth at pH 7.5 was not impaired, indicating that Fbp
is not rate-limiting for growth. While the growth of vFbp was
reduced at pH 6.5 compared to pH 7.5 (Fig. 3D), relative expres-
sion of fbpA was not significantly different between cells grown
under the two pH conditions (Fig. 4). Altogether, these data sug-

FIG 2 Differential growth of single-system strains on solid or in liquid medium. (A) For colony size assays (left), the diameters of 10 well-isolated colonies were
measured using a reticle after 24 h of incubation at 37°C on unsupplemented LB agar or agar supplemented with FeSO4 or heme. The data indicate the means and
standard deviations and are representative of biological replicates. For monitoring growth in liquid medium (right), overnight cultures of strains were diluted
1:100 into LB with supplements as indicated. The values are the means and standard deviations of optical density values (A650) measured after 10 h of growth for
three independent experiments. The strains assessed in each panel are O395 (wild type), EPV102 (null), EPV104 (vFeo), EPV115 (vFbp), EPV103 (vVct), and
EPV126 (vVib). In both assays, *, **, and *** indicate significance as determined by two-way analysis of variance, Holm-Šidák multiple-comparison test, with P
values of �0.05, 0.01, and 0.0001, respectively. (B and C) The growth of the individual strains was assayed through the measurement of A650 over time in LB
medium (B) and LB medium with heme supplementation (C). The means from three independent experiments are represented in both assays.
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gest that the differential growth of these strains as a function of pH
was not solely the result of transcriptional repression.

Effect of oxygen levels on iron acquisition. Oxygen oxidizes
ferrous iron to ferric iron. Under reduced-oxygen (microaerobic)
conditions, more ferrous iron is expected to be present; as such,
the amount of oxygen in an environment is expected to have an
impact on the function of iron transport systems with ferrous and
ferric iron substrates. When oxygen is absent from an environ-
ment, iron is expected to be predominantly in the reduced ferrous
form. First, we tested the effects of reduced environmental oxygen
on the growth of the single-system strains using the colony size
assay, and plates were incubated under aerobic or microaerobic
conditions. The wild-type strain displayed a modest reduction in

colony size when oxygen was reduced, while the null strain grew
equally poorly under both conditions (Fig. 5A). The strains that
transport ferric iron, vFbp and vVib, had slightly reduced colony
sizes, while vFeo, the strain with the ferrous iron transporter,
formed larger colonies when growing microaerobically than aer-
obically. This is consistent with oxygen-limiting conditions in-
creasing the availability of ferrous iron for transport through the
Feo system while decreasing available ferric iron. vVct formed
similarly sized colonies under both conditions, suggesting that its
substrate is not significantly affected by reduced oxygen.

We next assessed the growth of these strains in the absence of
oxygen. The wild-type strain growing anaerobically formed
smaller colonies than those with either aerobic or microaerobic
growth. In contrast, the null strain grown anaerobically formed
colonies that were larger than those under aerobic or microaero-
bic conditions and, in fact, were similar in size to wild-type colo-
nies (Fig. 5B). Since the wild-type and null strains had nearly iden-
tical colony sizes, the strains with single functional systems were
not assessed in this assay.

The ability of the null strain to form larger colonies in the
absence of oxygen may indicate that a reduced amount of iron is
necessary for anaerobic growth, such that iron stored from growth
in the presence of heme prior to the start of the assay was suffi-
cient. Alternatively, there may be an additional iron acquisition
system that specifically functions under anaerobic conditions. If
the iron requirement anaerobically can be fulfilled through iron
stores, iron should not be required in the growth medium during
the assay. To test this, colony sizes of the null strain were measured
after anaerobic growth with or without the addition of the iron
chelator EDDA to the agar (Fig. 5C). The addition of iron chelator
resulted in a significant reduction in colony size, suggesting that

FIG 3 pH affects growth of single-system strains. The growth of strains was assessed under different pH conditions. Overnight cultures of strains were diluted
1:200 into LB medium buffered at pH 6.5, 7.5, and 8.5. Growth of strains was assessed over 10 h at 37°C. The strains assessed in each panel are O395 (wild type)
(A), EPV102 (null) (B), EPV104 (vFeo) (C), EPV115 (vFbp) (D), EPV103 (vVct) (E), and EPV126 (vVib) (F). The data represent the means from three biological
replicates.

FIG 4 mRNA levels of iron transport genes in response to pH changes. Quan-
titative PCR was used to measure relative levels of mRNA isolated from wild-
type bacteria grown to mid-logarithmic phase and exposed to iron starvation
stress through the addition of the iron chelator EDDA. The level of feoB, fbpA,
vctP, and vibB mRNAs was assessed. The data represent the means and stan-
dard deviations from biological triplicates. *, P � 0.05; **, P � 0.01; and ***,
P � 0.0001, as determined by two-way analysis of variance, Holm-Šidák mul-
tiple-comparison test for �CT values.
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the intracellular iron stores are insufficient for growth anaerobi-
cally, and thus, the growth of the null strain is dependent upon
acquiring iron from the medium.

To confirm that the null strain was accumulating iron when
grown anaerobically, ICP-MS was used to quantify the metal ions
in bacterial cells growing aerobically and anaerobically. The wild-
type and null strains were grown overnight in the presence of
heme and plated onto LB agar for isolated colonies. After 24 h of
incubation in either the presence or absence of atmospheric oxy-
gen, bacterial cells were harvested from the plates to assess metal
content. While the null strain accumulated only a very low level of
iron when grown aerobically, a 5-fold-higher level of iron was
found in cells grown anaerobically (Table 4). This suggests that
there is an iron uptake system, separate from the four systems
deleted from the null strain, that allows the cells to accumulate
iron when growing in the absence of oxygen. The wild-type strain
also showed a modest increase in intracellular iron levels when

growing anaerobically. This result is distinct from observations in
E. coli, where differences in intracellular iron levels were not seen
when comparing cells grown aerobically and anaerobically (35).
Zinc contents were not significantly different among samples, in-
dicating that there was not a general impairment of metal acqui-
sition in response to iron starvation or oxygen presence.

The manganese content in null bacteria grown aerobically was
significantly higher than that found in cells grown anaerobically or
in wild-type cells under either condition. This is consistent with
misregulation of Mn uptake as a consequence of iron starvation,
as has been found in other bacteria (36, 37). Under iron-replete
conditions, Fe-Fur represses not only iron acquisition genes but
also a manganese import system (VC1688) (38) and the small
RNA RyhB (32). When expressed, RyhB represses the genes sodB
and fumC (39), which encode the manganese-containing super-
oxide dismutase and the noniron form of fumarate hydratase,
respectively. Under low-iron conditions, the expression levels of
VC1688, sodB, and fumC increase, suggesting that manganese and
manganese enzymes fulfill some of the roles that would otherwise
be performed by their iron-containing equivalents.

Iron acquisition by V. cholerae in the infant mouse. Oxygen
is low or absent in the intestine, and we hypothesize that a V.
cholerae iron transport system that supports sufficient iron acqui-
sition for anaerobic growth in vitro could allow the bacteria to
obtain iron in the intestine. Therefore, we assessed the ability of
the null mutant to compete with the wild type for colonization
and growth in the infant mouse intestinal infection model (29,
40). In prior studies, the infant mouse infection model has been
employed to explore the function of iron acquisition systems in
vivo, but most of the iron transport mutants tested thus far were
only moderately attenuated or fully virulent (12). To determine
whether the null mutant (vib viuA feo fbp vct) has an iron transport
system capable of supporting growth in the host, infant mice were
inoculated with equal numbers of the null and wild-type strains.
The mean competitive index of the null strain in this assay was
0.28 (Fig. 6). This equates to a 3- to 4-fold loss of fitness relative to
the wild type. This is a larger effect than seen with the vib feo fbp

FIG 5 Oxygen level affects colony formation. To assess the effect of oxygenation on the growth of strains, overnight cultures were diluted and plated for isolated
colonies on LB agar with supplements as indicated, and colony diameters were measured after 24 h at 37°C under the indicated oxygen condition. (A)
Comparison of growth in aerobic and microaerobic environments for the wild-type, null, and single-system strains. (B) Comparison of growth in aerobic and
anaerobic environments for the wild-type and null strains. (C) Comparison of null strain growth in aerobic and anaerobic environments with the iron chelator
EDDA (20 �g/ml) as indicated. The data are means and standard deviations and are representative of biological replicates. * indicates significance as determined
by two-way analysis of variance, Šidák multiple-comparison test, P value of �0.0001. ** indicates significance as determined by one-way analysis of variance,
Holm-Šidák multiple-comparison test, P value of �0.0001. LBA, LB agar.

TABLE 4 Metal content of cells growing aerobically and anaerobically

Strain Condition

Content (ng/109 cells  SD)

Iron Manganese Zinc

Wild type Aerobic 35.7  5.8a 1.3  0.2 25.1  5.4d

Anaerobic 50.4  3.0a 0.4  0.3 23.1  5.0d

Null Aerobic 6.2  4.5b 13.6  0.7c 28.2  2.1d

Anaerobic 29.6  8.4b 2.8  0.3c 28.1  4.8d

a The difference in iron concentrations found between indicated sample sets is
statistically significant as determined by two-way analysis of variance, Holm-Šidák
multiple-comparison test, P value of �0.001.
b The difference in iron concentrations found between indicated sample sets is
statistically significant as determined by two-way analysis of variance, Holm-Šidák
multiple-comparison test, P value of �0.0001.
c The difference in manganese concentrations found between indicated samples sets is
statistically significant as determined by two-way analysis of variance, Holm-Šidák
multiple-comparison test, P value of �0.05.
d Differences in zinc concentrations among all samples are not statistically significant as
determined by two-way analysis of variance, Holm-Šidák multiple-comparison test, P
value of �0.05.
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mutant (12), and this may indicate a role for vctP in vivo. However,
this decrease in fitness is relatively modest compared with the loss
of fitness of the null strain grown in vitro in the presence of oxygen
(mean competitive index, 0.006). In fact, it is more consistent with
the relative fitness observed in vitro in the absence of oxygen
(mean competitive index, 0.19), suggesting that V. cholerae grow-
ing in the infant mouse intestine behaves similarly to cells growing
anaerobically in vitro. The moderate defect of the null strain in the
mouse infection model, in addition to the demonstrated anaero-
bic iron accumulation in this strain (Table 4), suggests that there is
an iron transport system in V. cholerae that functions in the ab-
sence of oxygen and supports growth of the bacteria in vivo. Iden-
tification of this system will be crucial to understanding the inter-
actions of this pathogen with its host.

Heme is not a source of iron for V. cholerae in the infant
mouse. Because the null mutant retains the ability to use heme as
an iron source, it was possible that heme could serve as an iron
source for V. cholerae in the infant mouse intestine. Previous stud-
ies indicated that the heme transporters are not essential for
growth of V. cholerae in the infant mouse intestine, but the pres-
ence of additional iron transport systems did not allow determi-
nation of whether heme is available as a potential iron source
within the host (24). To determine whether heme is present in the
infant mouse intestine, a hemA deletion mutant in the wild-type
O395 background was generated (EPV134). HemA catalyzes the
first committed step of heme biosynthesis (41, 42), and a V. chol-
erae O139 hemA mutant was reported to have a significant growth
defect (43). Because the heme transport systems allow V. cholerae
to utilize available heme, we reasoned that growth of a hemA mu-
tant could serve as a sensor for the presence of heme in the envi-
ronment. Indeed, EPV134 grew as well as the wild type in LB
medium supplemented with heme but poorly in the absence of
supplementation (Fig. 7A). Supplying the wild-type copy of hemA
on a low-copy-number vector allowed normal growth in the ab-
sence of heme supplementation (Fig. 7B), confirming that the
defect in EPV134 is in the hemA gene. An in vitro competition

assay was used to assess the growth of the hemA mutant relative to
the wild type at different heme concentrations. The hemA mutant
competed poorly with the wild type in the absence of heme in
vitro, but relative fitness increased in the presence of increasing
concentrations of supplemental heme (Fig. 8A). Heme concentra-
tions of �10 �M eliminated the competitive advantage of the wild
type over the hemA mutant. This concentration of heme sup-
ported growth of the null strain (Fig. 1B). Thus, if the hemA mu-
tant is able to acquire sufficient heme for growth in the intestine,
the level of heme available for growth should also be sufficient to
sustain growth of the null mutant.

When in vivo competition of the hemA strain against the wild
type was performed, few hemA mutants were recovered from the
infant mice after 18 h of infection (Fig. 8B). Of 23 infected mice,
hemA mutants were recovered from only 7 animals (mean com-
petitive index, 0.006), while the recovery of hemA mutants was
below the level of detection in the remaining 16 mice (Fig. 8B).
The mean competitive index observed in the mice was similar to
that observed in the absence of heme in vitro (mean competitive
index, 0.02) (Fig. 8A). The severe attenuation of the hemA mutant
suggests that there is minimal heme available to V. cholerae in the
infant mouse intestine, and growth of V. cholerae in this environ-
ment must depend on a source of iron other than heme. The null
strain likely acquires this iron via an uncharacterized system that
functions in anoxic environments.

DISCUSSION

V. cholerae has a large number of iron transport systems (11, 12).
These include siderophore synthesis (Vib) and transport (Viu),
transporters for xenosiderophores (IrgA, Vct, and Fhu), ferric

FIG 6 In vitro and in vivo competition between null and wild-type strains. The
competitive index (CI) was calculated by normalizing the output ratio to the
input ratio of the two competing strains. (A) Relative fitness of the wild-type
and null strains was assessed in vitro in the presence of oxygen (atmospheric
oxygen conditions) and absence of oxygen (anaerobic chamber). Each point
represents an individual culture. The lines indicate the means and standard
deviations. (B) Relative fitness of the wild-type and null strains was assessed in
the infant mouse infection model. Each circle indicates a separate infant
mouse, and horizontal lines indicate the means and standard deviations. A
competitive index of �1 indicates a fitness defect for the null mutant under the
condition.

FIG 7 Growth of the V. cholerae O395 hemA mutant. (A) Overnight cultures
of EPV134 (O395 �hemA) and wild-type O395 were diluted 1:200 in LB or LB
supplemented with heme. Growth was determined by monitoring A650 over
the course of 10 h. (B) Overnight cultures of EPV134 bearing empty vector
(pWKS30) or pHemA were diluted 1:200 in LB, and growth was monitored as
described above. The data represent the means from biological triplicates.
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(Fbp) and ferrous (Feo) iron transporters, and heme uptake sys-
tems (Hut and Has). Vct can also transport iron in the absence of
siderophore (11). The maintenance of all these genes within the
genome suggests that, while there may be some redundancy, each
system confers a selective advantage during some stage of the V.
cholerae life cycle. Having multiple iron acquisition systems may
allow V. cholerae to acquire iron efficiently from the diverse
sources available in the different environments that it inhabits.
The need for multiple iron transport systems for optimal growth
in different environments has been noted for other pathogens. In
Yersinia pestis, the siderophore yersiniabactin is essential for the
early stages of bubonic plague but is not needed for septicemic
infection (44). Y. pestis has multiple ferrous iron transporters,
including Feo, Yfe, and Fet. These do not appear to be redundant,
as mutations in either feo or yfe resulted in a significant growth
defect (45). Similarly, Bordetella pertussis uses different systems at
different times during infection (46). The alcaligin and enterobac-
tin siderophore systems are expressed early in the course of infec-
tion, while heme transport is induced late, reflecting the availabil-
ity of different iron sources during the course of infection.

In V. cholerae, the presence of multiple systems, some with
potentially overlapping functions, makes it difficult to assess the
role of individual systems. To more fully characterize the role of
each system, we constructed and analyzed strains that have only
one of the four systems that promote growth in standard, un-
supplemented LB medium. Our data indicate that the different
iron acquisition systems are not functionally redundant but are
needed to optimize iron acquisition under a variety of conditions.
For example, the Feo system appears to function best at low pH or
reduced oxygen, where its substrate ferrous iron is expected to be
present. Conversely, the Fbp system supports robust growth at
alkaline pH or normal atmospheric oxygen levels where more fer-
ric iron is expected. However, when strains with either system are
grown in a pH environment where their respective substrate is less

prevalent, these systems do not appear to be capable of supporting
growth, growing as poorly as the strain deficient in all four of the
iron transport systems.

Vibriobactin is often considered the most effective iron acqui-
sition system in V. cholerae, because of the high affinity of the
siderophore for iron. Therefore, it was surprising that vVib did
relatively poorly in growth assays, especially as individual colonies
on a solid medium (Fig. 2A), compared to vFbp, which also trans-
ports ferric iron. While siderophores are often considered the pri-
mary iron transport systems, their role is generally assessed in
assays that are different from those used here (5, 47, 48). Usually,
assays measure the ability of the siderophore to compete with a
soluble chelator, such as dipyridyl or EDDA, and frequently there
is at least one nonsiderophore transport system, such as Feo, in the
genetic background of the strain. In the experiments presented
here, there is very limited siderophore available at the time when
the strain is spread on the plate or diluted into fresh medium due
to dilution at the beginning of the assays. The only way for the
strain to obtain iron is to produce siderophore such that it would
accumulate to a threshold concentration in the medium. We spec-
ulate that the growth defect is more pronounced in the colony size
assay (Fig. 2A), since cells can easily use siderophore produced by
other cells in liquid culture, while on solid medium, this will be
limited by the rate of diffusion of siderophore in the agar.

Anaerobic growth of the null mutant in the absence of heme
appears to be due to the presence of an additional, unidentified
iron transport system. Both the null and the wild-type strains ac-
cumulate iron when grown anaerobically, and growth is signifi-
cantly reduced when an iron chelator is added to the medium.
This indicates that the ability of the null strain to grow anaerobi-
cally is dependent upon its ability to acquire iron. Growth of the
null strain anaerobically, but not aerobically, suggests that ferrous
iron is the likely ligand for the system. Feo also transports only
ferrous iron, but unlike the null mutant, vFeo grows in the pres-
ence of oxygen, indicating that ferrous iron is available aerobi-
cally, possibly due to the presence of the VciB protein, which was
proposed to act as a ferric iron reductase under aerobic conditions
(49). This suggests that it is not a lack of ferrous iron that prevents
the growth of the null mutant in oxygen. It is more likely that the
system is expressed only under anoxic conditions. V. cholerae has
both the Fnr and ArcAB oxygen-sensing transcriptional regula-
tors, and regulation of feo expression by the presence of oxygen
has been reported (50). One, or both, of these regulators may
control expression of iron transport genes. Having oxygen, as well
as iron, regulate iron uptake systems can help protect the cells
from oxidative stress and damaging radicals associated with the
Fenton reaction in the presence of iron (51). While iron is essen-
tial, excess intracellular iron in the presence of oxygen can be
lethal (52), and the cell may repress some systems in aerobic en-
vironments to reduce potential toxic effects of iron. An effect of
oxygen on expression of V. cholerae iron transport systems is sug-
gested by the observation that the wild type accumulated higher
levels of iron anaerobically than under aerobic conditions.

Although the growth and metal accumulation data strongly
suggest the presence of an additional mechanism of iron acquisi-
tion, the identity of the system is unknown at this time. No clear
homologues of the characterized ferrous iron transport systems
Shigella flexneri SitABCD (53), S. flexneri MntH (54), Yersinia pes-
tis YfeABCD (55, 56), E. coli EfeUOB (57), E. coli CorA (58), E. coli
FetM (59), E. coli FecA (60), or Bordetella FtrABCD (61) are pres-

FIG 8 Heme is not available as an iron source to V. cholerae in the infant
mouse intestinal tract. (A) Relative fitnesses of wild-type O395 and EPV134
(O395 �hemA) were determined in vitro in LB supplemented with the indi-
cated concentrations of heme. Each point represents a separate culture; lines
indicate the means and standard deviations. (B) Relative fitness of wild-type
O395 and EPV134 (O395 �hemA) was determined in vivo. Each circle indi-
cates a separate infant mouse. Circles indicate the calculated competitive index
in mice from which EPV134 was isolated (n 
 7); EPV134 was not isolated
from an additional 16 mice (not depicted). The competitive index (CI) was
calculated by normalizing the output ratio to the input ratio of the two com-
peting strains. Each data point represents one mouse, and the mean CI and
standard deviation are represented by horizontal lines. A competitive index
of �1 indicates a fitness defect for the hemA mutant under the condition.
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ent within the V. cholerae genome, and mutation of other candi-
date iron-regulated iron transporter genes (32, 34) has, thus far,
not been successful in abrogating anaerobic growth. It is possible
that a transporter for another metal, such as manganese, can also
transport iron, as has been noted for the Salmonella Sit system (36)
and S. flexneri MntH (54).

It is of particular interest to identify the system(s) that enables
V. cholerae to acquire iron during colonization of the mammalian
intestine. Previous studies using single or multiple gene knockouts
failed to identify any one iron transport system as critical for in
vivo colonization and pathogenesis. Mutations in vibriobactin
synthesis had reduced multiplication but still caused fluid accu-
mulation in the mouse (62, 63) and a vibB fbpA feoB triple mutant
competed well with its parent (10). The most severe defect ob-
served in the mouse model was seen in a mutant in which vibrio-
bactin synthesis as well as the genes encoding both TonB systems
was mutated, but interpretation of this is complicated by the fact
that TonB may have effects in addition to iron transport (63), and
toxic peptides may have resulted from the manner in which the
genes were disrupted. In competition assays, the null strain, lack-
ing Vib, Feo, Fbp, and Vct, had a small but consistent defect in
colonization. This indicates that one or more of these systems
contribute to wild-type growth in the mouse. However, the null
strain competed surprisingly well and could be recovered in rela-
tively high numbers from the infected animals. This suggests that
the null strain is able to acquire iron in vivo, most likely using the
same system that allows it to grow and compete with the wild type
under anaerobic conditions in vitro. Attempts to identify a candi-
date gene by bioinformatics approaches have, thus far, been un-
successful. We have not excluded the possibility of a reduced iron
requirement for V. cholerae during growth in vivo. However, the
fact that the bacteria accumulate iron and are sensitive to an iron
chelator when growing anaerobically suggests that iron is needed
for growth under conditions that are similar to those in the intes-
tine.

Heme is a potential iron source in the intestine and was re-
ported to be present within the cecal fluid of the rabbit intestine
(64, 65); however, to our knowledge, this has not been assessed in
infant mice. Disruption of the three heme receptors in V. cholerae,
which prevented heme transport, did not result in a loss of fitness
during in vivo competition with the wild type (24). This indicated
that heme transport was not essential for V. cholerae virulence but
did not establish whether heme is available to serve as an iron
source in vivo. The hemA mutant, which cannot synthesize heme
but can grow in the presence of exogenous heme, was unable to
acquire sufficient heme to colonize and compete with the wild-
type strain, suggesting that little or no heme is available to V.
cholerae growing in the mouse intestine. This indicates that the
system used by the null mutant to acquire iron in the infant mouse
model is not heme.

The data presented in this study support a model whereby mul-
tiple iron acquisition systems contribute to the growth of V. chol-
erae in different environments. These systems have optimal con-
ditions for iron acquisition, but there is overlap, ensuring some
redundancy for acquiring this essential element. More than one
system contributes to iron acquisition in vivo. The null strain had
a reduction in fitness, indicating that at least one of the four sys-
tems missing in this strain contributes to colonization; however,
the defect was modest, suggesting the presence of an additional
system. Identifying this system, which is likely the same one sup-

plying iron in anaerobiosis, is important to understanding the
pathogenicity of this organism.

ACKNOWLEDGMENTS

We thank Bryan Davies, Mary Lozano, and Jaquelin Dudley for technical
assistance and advice. We also thank Shanzhong Gong for technical assis-
tance. Additionally, we thank Marvin Whiteley for generously allowing
use of his anaerobic chamber. We are grateful to Nathaniel Miller for
helpful discussions and processing ICP-MS samples.

FUNDING INFORMATION
This work was funded by HHS | NIH | National Institute of Allergy and
Infectious Diseases (NIAID) under grant AI091957.

REFERENCES
1. Weinberg ED. 1989. Cellular regulation of iron assimilation. Q Rev Biol

64:261–290. http://dx.doi.org/10.1086/416359.
2. Hem JD. 1972. Chemical factors that influence the availability of iron and

manganese in aqueous systems. Geol Soc Am Spec Pap 140:17–24.
3. Martin JH, Gordon M, Fitzwater SE. 1991. The case for iron. Limnol

Oceanogr 36:1793–1802. http://dx.doi.org/10.4319/lo.1991.36.8.1793.
4. Deriu E, Liu JZ, Pezeshki M, Edwards RA, Ochoa RJ, Contreras H,

Libby SJ, Fang FC, Raffatellu M. 2013. Probiotic bacteria reduce Salmo-
nella typhimurium intestinal colonization by competing for iron. Cell
Host Microbe 14:26 –37. http://dx.doi.org/10.1016/j.chom.2013.06.007.

5. Caza M, Kronstad JW. 2013. Shared and distinct mechanisms of iron
acquisition by bacterial and fungal pathogens of humans. Front Cell Infect
Microbiol 3:80. http://dx.doi.org/10.3389/fcimb.2013.00080.

6. Cassat JE, Skaar EP. 2013. Iron in infection and immunity. Cell Host
Microbe 13:509 –519. http://dx.doi.org/10.1016/j.chom.2013.04.010.

7. Becker KW, Skaar EP. 2014. Metal limitation and toxicity at the interface
between host and pathogen. FEMS Microbiol Rev 38:1235–1249. http://dx
.doi.org/10.1111/1574-6976.12087.

8. Payne SM, Finkelstein RA. 1978. Siderophore production by Vibrio chol-
erae. Infect Immun 20:310 –311.

9. Griffiths GL, Sigel SP, Payne SM, Neilands JB. 1984. Vibriobactin, a
siderophore from Vibrio cholerae. J Biol Chem 259:383–385.

10. Wyckoff EE, Mey AR, Leimbach A, Fisher CF, Payne SM. 2006. Char-
acterization of ferric and ferrous iron transport systems in Vibrio cholerae.
J Bacteriol 188:6515– 6523. http://dx.doi.org/10.1128/JB.00626-06.

11. Wyckoff EE, Payne SM. 2011. The Vibrio cholerae VctPDGC system
transports catechol siderophores and a siderophore-free iron ligand. Mol
Microbiol 81:1446 –1458. http://dx.doi.org/10.1111/j.1365-2958.2011
.07775.x.

12. Wyckoff EE, Mey AR, Payne SM. 2007. Iron acquisition in Vibrio
cholerae. Biometals 20:405– 416. http://dx.doi.org/10.1007/s10534-006
-9073-4.

13. Wyckoff EE, Stoebner JA, Reed KE, Payne SM. 1997. Cloning of a Vibrio
cholerae vibriobactin gene cluster: identification of genes required for early
steps in siderophore biosynthesis. J Bacteriol 179:7055–7062.

14. Keating TA, Marshall CG, Walsh CT. 2000. Vibriobactin biosynthesis in
Vibrio cholerae: VibH is an amide synthase homologous to nonribosomal
peptide synthetase condensation domains. Biochemistry 39:15513–
15521. http://dx.doi.org/10.1021/bi001651a.

15. Keating TA, Marshall CG, Walsh CT. 2000. Reconstitution and charac-
terization of the Vibrio cholerae vibriobactin synthetase from VibB, VibE,
VibF, and VibH. Biochemistry 39:15522–15530. http://dx.doi.org/10
.1021/bi0016523.

16. Butterton JR, Stoebner JA, Payne SM, Calderwood SB. 1992. Cloning,
sequencing, and transcriptional regulation of viuA, the gene encoding the
ferric vibriobactin receptor of Vibrio cholerae. J Bacteriol 174:3729 –3738.

17. Stoebner JA, Butterton JR, Calderwood SB, Payne SM. 1992. Identifi-
cation of the vibriobactin receptor of Vibrio cholerae. J Bacteriol 174:
3270 –3274.

18. Occhino DA, Wyckoff EE, Henderson DP, Wrona TJ, Payne SM. 1998.
Vibrio cholerae iron transport: haem transport genes are linked to one of
two sets of TonB, ExbB, ExbD genes. Mol Microbiol 29:1493–1507. http:
//dx.doi.org/10.1046/j.1365-2958.1998.01034.x.

19. Wyckoff EE, Valle AM, Smith SL, Payne SM. 1999. A multifunctional
ATP-binding cassette transporter system from Vibrio cholerae transports
vibriobactin and enterobactin. J Bacteriol 181:7588 –7596.

Vibrio cholerae Iron Transport

February 2016 Volume 84 Number 2 iai.asm.org 521Infection and Immunity

http://dx.doi.org/10.1086/416359
http://dx.doi.org/10.4319/lo.1991.36.8.1793
http://dx.doi.org/10.1016/j.chom.2013.06.007
http://dx.doi.org/10.3389/fcimb.2013.00080
http://dx.doi.org/10.1016/j.chom.2013.04.010
http://dx.doi.org/10.1111/1574-6976.12087
http://dx.doi.org/10.1111/1574-6976.12087
http://dx.doi.org/10.1128/JB.00626-06
http://dx.doi.org/10.1111/j.1365-2958.2011.07775.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07775.x
http://dx.doi.org/10.1007/s10534-006-9073-4
http://dx.doi.org/10.1007/s10534-006-9073-4
http://dx.doi.org/10.1021/bi001651a
http://dx.doi.org/10.1021/bi0016523
http://dx.doi.org/10.1021/bi0016523
http://dx.doi.org/10.1046/j.1365-2958.1998.01034.x
http://dx.doi.org/10.1046/j.1365-2958.1998.01034.x
http://iai.asm.org


20. Mey AR, Wyckoff EE, Oglesby AG, Rab E, Taylor RK, Payne SM. 2002.
Identification of the Vibrio cholerae enterobactin receptors VctA and IrgA:
IrgA is not required for virulence. Infect Immun 70:3419 –3426. http://dx
.doi.org/10.1128/IAI.70.7.3419-3426.2002.

21. Butterton JR, Calderwood SB. 1994. Identification, cloning, and se-
quencing of a gene required for ferric vibriobactin utilization by Vibrio
cholerae. J Bacteriol 176:5631–5638.

22. Henderson DP, Payne SM. 1993. Cloning and characterization of the
Vibrio cholerae genes encoding the utilization of iron from haemin and
haemoglobin. Mol Microbiol 7:461– 469. http://dx.doi.org/10.1111/j
.1365-2958.1993.tb01137.x.

23. Henderson DP, Payne SM. 1994. Characterization of the Vibrio cholerae
outer membrane heme transport protein HutA: sequence of the gene,
regulation of expression, and homology to the family of TonB-dependent
proteins. J Bacteriol 176:3269 –3277.

24. Mey AR, Payne SM. 2001. Haem utilization in Vibrio cholerae involves
multiple TonB-dependent haem receptors. Mol Microbiol 42:835– 849.

25. Kammler M, Schön C, Hantke K. 1993. Characterization of the ferrous
iron uptake system of Escherichia coli. J Bacteriol 175:6212– 6219.

26. Weaver EA, Wyckoff EE, Mey AR, Morrison R, Payne SM. 2013. FeoA
and FeoC are essential components of Vibrio cholerae ferrous iron uptake
system and FeoC interacts with FeoB. J Bacteriol 195:4826 – 4835. http:
//dx.doi.org/10.1128/JB.00738-13.

27. Rogers HJ. 1973. Iron-binding catechols and virulence in Escherichia coli.
Infect Immun 7:445– 456.

28. Schweizer HD. 1993. Small broad-host-range gentamycin resistance gene
cassettes for site-specific insertion and deletion mutagenesis. Biotech-
niques 15:831– 834.

29. Taylor RK, Miller VL, Furlong DB, Mekalanos JJ. 1987. Use of phoA
gene fusions to identify a pilus colonization factor coordinately regulated
with cholera toxin. Proc Natl Acad Sci U S A 84:2833–2837. http://dx.doi
.org/10.1073/pnas.84.9.2833.

30. Evans DF, Pye G, Bramley R, Clark AG, Dyson TJ, Hardcastle JD. 1988.
Measurement of gastrointestinal pH profiles in normal ambulant human
subjects. Gut 29:1035–1041. http://dx.doi.org/10.1136/gut.29.8.1035.

31. Chester R, Jickells TD. 2012. Marine geochemistry, 3rd ed. Wiley-
Blackwell, Chichester, West Sussex, United Kingdom.

32. Mey AR, Wyckoff EE, Kanukurthy V, Fisher CR, Payne SM. 2005. Iron
and fur regulation in Vibrio cholerae and the role of fur in virulence. Infect
Immun 73:8167– 8178. http://dx.doi.org/10.1128/IAI.73.12.8167-8178
.2005.

33. Bagg A, Neilands JB. 1987. Ferric uptake regulation protein acts as a
repressor, employing iron(II) as a cofactor to bind the operator of an iron
transport operon in Escherichia coli. Biochemistry 26:5471–5477. http:
//dx.doi.org/10.1021/bi00391a039.

34. Davies BW, Bogard RW, Mekalanos JJ. 2011. Mapping the regulon of
Vibrio cholerae ferric uptake regulator expands its known network of gene
regulation. Proc Natl Acad Sci U S A 108:12467–12472. http://dx.doi.org
/10.1073/pnas.1107894108.

35. Niehaus F, Hantke K, Unden G. 1991. Iron content and FNR-dependent
gene regulation in Escherichia coli. FEMS Microbiol Lett 84:319 –323. http:
//dx.doi.org/10.1111/j.1574-6968.1991.tb04617.x.

36. Kehres DG, Janakiraman A, Slauch JM, Maguire ME. 2002. Regulation
of Salmonella enterica serovar Typhimurium mntH transcription by H2O2,
Fe2�, and Mn2�. J Bacteriol 184:3151–3158. http://dx.doi.org/10.1128/JB
.184.12.3151-3158.2002.

37. Puri S, Hohle TH, O’Brian MR. 2010. Control of bacterial iron homeo-
stasis by manganese. Proc Natl Acad Sci U S A 107:10691–10695. http://dx
.doi.org/10.1073/pnas.1002342107.

38. Green RT, Todd JD, Johnston AWB. 2013. Manganese uptake in marine
bacteria; the novel MntX transporter is widespread in Roseobacters,
Vibrios, Alteromonadales and the SAR11 and SAR116 clades. ISME J
7:581–591. http://dx.doi.org/10.1038/ismej.2012.140.

39. Mey AR, Craig SA, Payne SM. 2005. Characterization of Vibrio cholerae
RyhB: the RyhB regulon and role of ryhB in biofilm formation. Infect
Immun 73:5706 –5719. http://dx.doi.org/10.1128/IAI.73.9.5706-5719
.2005.

40. Klose KE. 2000. The suckling mouse model of cholera. Trends Microbiol
8:189 –191. http://dx.doi.org/10.1016/S0966-842X(00)01721-2.
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