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Zinc is an essential trace metal required for numerous cellular processes in all forms of life. In order to maintain zinc homeosta-
sis, bacteria have developed several transport systems to regulate its uptake. In this study, we investigated zinc transport systems
in the enteric pathogen Vibrio cholerae, the causative agent of cholera. Bioinformatic analysis predicts that two gene clusters,
VC2081 to VC2083 (annotated as zinc utilization genes znuABC) and VC2551 to VC2555 (annotated as zinc-regulated genes
zrgABCDE), are regulated by the putative zinc uptake regulator Zur. Using promoter reporter and biochemical assays, we con-
firmed that Zur represses znuABC and zrgABCDE promoters in a Zn2�-dependent manner. Under Zn2�-limiting conditions, we
found that mutations in either the znuABC or zrgABCDE gene cluster affect bacterial growth, with znuABC mutants displaying a
more severe growth defect, suggesting that both ZnuABC and ZrgABCDE are involved in Zn2� uptake and that ZnuABC plays
the predominant role. Furthermore, we reveal that ZnuABC and ZrgABCDE are important for V. cholerae colonization in both
infant and adult mouse models, particularly in the presence of other intestinal microbiota. Collectively, our studies indicate that
these two zinc transporter systems play vital roles in maintaining zinc homeostasis during V. cholerae growth and pathogenesis.

Metal ions are required for many crucial biological processes
and are necessary for the survival of living organisms, in-

cluding bacteria (1). For example, zinc is an essential cofactor for
enzymatic reactions, DNA synthesis, and gene expression (2). One
study has shown that over 3% of Escherichia coli proteins contain
zinc (3). Bacteria have therefore evolved sophisticated systems to
control their intracellular zinc concentrations in response to zinc
fluctuations in the environment. One system utilized by nearly all
bacteria is ZnuABC, a high-affinity zinc uptake system belonging
to the ATP binding cassette (ABC) transporter family (4). Three
proteins constitute this system: ZnuA, a periplasmic Zn2� binding
protein that captures and delivers zinc to ZnuB, which serves as an
inner membrane channel, and ZnuC, an ATPase that provides the
energy needed for zinc transport (4). On the other hand, zinc
levels in bacteria need to be tightly regulated, as excess zinc has
deleterious effects on cells, such as prevention of Mn2� intracel-
lular accumulation (5) and inhibition of enzymes (6). Zinc trans-
port genes are generally controlled by Zur, a member of the Fur
protein family of metal-dependent transcriptional regulators (7).
Under zinc-replete conditions, Zur binds free Zn2�. The Zur-Zn
complex then binds to the promoter of znuABC, thus blocking the
binding of RNA polymerase (8). Under zinc-deficient conditions,
the zinc binding sites of Zur are unoccupied, leading to the desta-
bilization of Zur and the inability to bind and repress znuABC
transcription, thus allowing zinc acquisition. In some bacteria, in
addition to repressing Zn2� uptake transporters, Zur can also
function as an activator for a Zn2� efflux pump (9).

It has been shown that vertebrate hosts sequester zinc to pro-
tect against bacterial infection (10). Commensal bacteria in the
host may also limit zinc availability (11). Consequently, many
bacterial pathogens must be able to acquire zinc in order to cause
disease. A number of pathogens, including E. coli, Haemophilus,
Salmonella, Listeria, and Campylobacter, require the ZnuABC
transporter system to colonize hosts (12–17). However, it is less

clear how another important pathogen, Vibrio cholerae, regulates
its zinc homeostasis in different environmental niches and
whether zinc uptake systems contribute to its pathogenesis. V.
cholerae is a Gram-negative bacterium and the causative agent of
the severe waterborne disease cholera (18). Characterized by dev-
astating rice-water diarrhea, dehydration, and death, cholera is
still a major public health issue in developing countries (19). V.
cholerae resides in aquatic reservoirs, and upon ingestion by a
human host, it transitions to a pathogenic lifestyle. Upon entering
the small intestines, virulence factors are induced, including two
primary virulence factors: cholera toxin (CTX) and toxin-coregu-
lated pilus (TCP) (20). Both CTX expression and TCP expression
are activated by a master virulence activator, ToxT, which in turn
is regulated by ToxR and TcpP, the transmembrane regulators
that integrate environmental signals, such as quorum-sensing fac-
tors, pH, and bile, to modulate ToxT expression (21–24). In this
study, we investigated the relationship between zinc availability
and V. cholerae pathogenesis. We found that the V. cholerae zinc
response regulator protein Zur controls the expression of two zinc
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ABC transporter systems, with one having the primary role in zinc
uptake. We also discovered that the zinc uptake systems are im-
portant for V. cholerae colonization in both infant and adult
mouse models, suggesting the vital role of zinc in V. cholerae
pathogenesis.

MATERIALS AND METHODS
Bacterial strains and growth conditions. V. cholerae El Tor C6706 (25)
was used as the wild-type strain in this study. In-frame deletions were
constructed by cloning the regions flanking the target genes into suicide
vector pWM91 containing a sacB counterselectable marker (26). Double-
crossover recombination mutants were selected using sucrose plates and
confirmed by PCR. Transcriptional Lux reporters were constructed by
cloning promoter sequences of znuA (VC2081), znuC (VC2082), and
zrgD (VC2551) into the pBBR-lux vector, which contains a promoterless
luxCDABE reporter (27). A zur-overexpressing strain was created by clon-
ing zur (VC0378) into the vector pBAD24 (28), and the resulting plasmid
was introduced into the zur mutant by electroporation. The bacteria were
cultured in Luria-Bertani (LB) medium at 37°C with shaking at 225 rpm
or statically, unless otherwise noted.

Measurement of bacterial growth under zinc-deficient conditions.
Zinc-depleted LB medium was prepared by adding the membrane-per-
meant Zn chelator N,N,N=,N=-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN; Sigma) (13) in LB medium to the final concentration indicated
below and incubated for 2 h at room temperature before use. Overnight
cultures of the wild type and the different zinc transporter mutants were
inoculated 1:100 into LB medium or LB medium treated with TPEN with
or without ZnSO4 supplementation. The cultures were grown statically at
37°C. At the time points indicated below, samples were withdrawn and the
optical density at 600 nm (OD600) was measured. The number of CFU was
determined by serial dilution and plating on LB agar plates with appro-
priate antibiotics.

Recombinant Zur purification and electrophoretic mobility shift
assays (EMSAs). The plasmid overexpressing His6-tagged Zur was con-
structed by cloning the entire zur coding sequence into pET30a (9). Over-
night cultures of E. coli BL21(DE3) containing the resulting plasmid were
inoculated 1:100 into LB medium containing appropriate antibiotics and
cultured at 37°C with shaking at 200 rpm until mid-log phase. IPTG
(isopropyl-beta-D-thiogalactopyranoside) was then added to the culture
at a final concentration of 1 mM, and the culture was further incubated at
37°C for 4 h. Cells were harvested and lysed in cell lysis buffer (50 mM
NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.5) by sonication. The
inclusion body containing His6-Zur was resuspended in inclusion body
wash buffer (cell lysis buffer with 2 M urea, 1 mM EDTA, 10% Triton
X-100) (29) and purified through a Ni-nitrilotriacetic acid column (No-
vagen) under denaturing conditions according to the manufacturer’s in-
structions. The Zur protein was then renatured by dialysis against a buffer
containing 20 mM Tris-HCl (pH 8.5), 10% glycerol, and 300 mM NaCl at
4°C three times.

His6-Zur and biotin-labeled target DNAs were used for the gel shift
assays. DNA fragments containing the promoters of znuA, znuC, and zrgD
were amplified by PCR using biotin-labeled primers. The binding reaction
mixtures contained 20 ng His6-Zur and 0.2 pmol labeled DNA with or
without 20 pmol of unlabeled probes in a buffer consisting of 20 mM
Tris-HCl (pH 8.0), 50 mM KCl, 1 mM dithiothreitol, 5% glycerol, 0.1 mg
of bovine serum albumin/ml, and 5 mg of sheared salmon sperm DNA/
ml. When indicated, ZnSO4 and TPEN were included in the reaction mix.
After 20 min of incubation at room temperature, samples were size frac-
tionated using 6% polyacrylamide gels in 40 mM Tris-acetate buffer
(without EDTA, pH 8.0). The band shifts were detected and analyzed by
using a chemiluminescent nucleic acid detection module kit (Thermo)
according to the manufacturer’s instructions. The images were then
scanned.

Transcriptional analysis of zinc transporters. Overnight cultures of
the wild type or the �zur or �zur (PBAD-zur) mutant containing znuA-,

znuC-, or zrgD-luxCDABE reporter plasmids were inoculated 1:100 into
LB medium, LB medium treated with TPEN (LB-TPEN medium), and
LB-TPEN medium supplemented with ZnSO4 and incubated statically at
37°C for 6 h. The luminescence was then measured by a multimode mi-
croplate reader (Infinite m200 Pro; Tecan) and normalized against the
OD600.

Western blot analysis of virulence factor production. Overnight cul-
tures of the wild type and the zinc transporter mutants were inoculated
1:1,000 into AKI medium (30) with or without TPEN treatment. The
cultures were grown statically for 4 h and then with shaking for an addi-
tional 4 h at 37°C. The cells were lysed by sonication, and samples were
normalized by protein concentration (Pierce bicinchoninic acid protein
assay kit; Thermo Scientific). Three hundred micrograms of proteins was
loaded and separated by sodium dodecyl sulfate-polyacrylamide gel
(10%) electrophoresis (SDS-PAGE). The gel was then transferred to a
polyvinylidene difluoride membrane and immunoblotted using anti-
TcpA antiserum and horseradish peroxidase (HRP)-labeled goat anti-
rabbit IgG antibody.

Infant and adult mouse colonization assays. Animal care and use
were conducted in accordance with the guidelines of the Animal Research
Institute Committee of Nanjing Agricultural University, Nanjing, China.
The mouse experimental design and protocols used here were approved
by the Animal Research Institute Committee of Nanjing Agricultural Uni-
versity [SYXK (Su) 2011-0036].

For in vivo competition assays using the infant mouse model (31),
approximately 105 cells of the �znuABC, �zrgABCDE, or �znu-zrg mu-
tant (lacZ negative) were mixed with the wild type (lacZ positive) at a 1:1
ratio and were inoculated intragastrically into 5-day-old CD-1 infant
mice. After 24 h, the small intestines were collected and homogenized. The
ratio of the mutant to the wild type was determined by plating on LB agar
plates containing 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-Gal).

For the adult mouse model, 6-week-old CD-1 mice were fed water
containing streptomycin (5 mg/ml) and sucrose (5 mg/ml) for 12 h before
they were infected with 108 cells of a 1:1 mixture of the wild type and the
�znuABC, �zrgABCDE, or �znu-zrg mutant. For one set of mice, strep-
tomycin was continuously included in the drinking water (�Sm mice),
and for the other set, streptomycin was removed 12 h after V. cholerae
infection (�Sm mice). When indicated, 10 mg/kg of mouse body weight/
day of ZnSO4 was intragastrically inoculated into the mice. At day 5 post-
inoculation, the small intestines were collected and homogenized. The
ratio of the mutant to the wild type was determined by plating on LB agar
plates containing X-Gal.

Determination of metal ion contents in vitro and in vivo. Inductively
coupled plasma (ICP) mass spectrometry was performed as previously
described, with modifications (6, 11). For measurement of the intracellu-
lar zinc contents of in vitro-grown bacterial cells, overnight cultures of the
wild type and the �znuABC, �zrgABCDE, and �znu-zrg mutants were
inoculated 1:100 into LB medium treated with TPEN. Cultures were in-
cubated for 8 h at 37°C. Bacterial cells were then washed twice with a
buffer containing 0.1 M LiCl, 0.2 mM EDTA, and 0.1 mM EGTA to re-
move surface-bound metal ions. The cells were then dried on a single-
burner hot plate at 80°C. The samples were resuspended in 2% nitric acid
and were run on an ICP optical emission spectrometer (ICP-OES; Optima
2100DV; PerkinElmer) using the standard conditions for the instrument.
For measurement of intestinal metal ion concentrations, 6-week-old adult
mice were treated with streptomycin as described above for 12 h. One set
of mice was continuously treated with streptomycin, while streptomycin
was removed from the other set 12 h after V. cholerae infection. After 5
days, the small intestines were collected and the intestinal contents were
isolated by rinsing of the intestines with phosphate-buffered saline (PBS),
filter sterilization, and then resuspension in 2% nitric acid. The debris in
the samples was removed by centrifugation and filtration. The cleared
samples were then subjected to ICP-OES analyses.
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Determination of bacterial population in mouse intestines. Six-
week-old CD-1 mice were fed water containing streptomycin (5 mg/ml)
and sucrose (5 mg/ml) for 24 h. One set of mice was continuously treated
with streptomycin, while streptomycin was removed from the other set 12
h after V. cholerae infection. After 5 days, fecal samples were collected and
bacterial genomic DNA was isolated with a QIAamp Fast DNA stool mini-
kit (Qiagen). Real-time PCR amplification was then carried out using
SYBR Premix Ex Taq (Tli RNase H Plus; TaKaRa) and primers targeted to
the conserved regions of bacterial 16S rRNA (Unibac-f, CGTGCCAGCC
GCGGTAATACG; Unibac-r, GGGTTGCGCTCGTTGCGGGACTTAAC
CCAACAT) (32). Standard curves were generated using E. coli mid-log-
phase cultures with known bacterial numbers (33).

RESULTS AND DISCUSSION
Zur negatively regulates the operons znuABC and zrgABCDE in
a zinc-dependent manner. In order to investigate the necessity of
Zn2� for the growth and pathogenesis of V. cholerae, we began
searching for genes regulated by the zinc uptake regulator Zur.
RegPrecise, a web resource for analysis of transcriptional regulons
reconstructed by comparative genomics (http://regprecise.lbl
.gov) (34), predicts that in V. cholerae, VC0378 encodes Zur. A
conserved Zur-binding site is identified in the promoter regions of
approximately 10 genes. These genes include VC2081 to VC2083
(Fig. 1A), which encode ZnuABC, the conserved ABC transporter
family protein complex that has a high affinity for zinc. Interest-
ingly, a second operon from VC2551 to VC2555 is also predicted
to be regulated by Zur. We therefore tentatively annotated these
genes zinc-regulated genes zrgABCDE (Fig. 1A). Among them,
zrgABC encodes a putative ABC transporter similar to that of
znuABC. zrgD and zrgE encode two hypothetical proteins.

To verify the results of the bioinformatic analysis presented
above stating that in V. cholerae, Zur regulates znuABC and
zrgABCDE, we compared the expression of znuA, znuC, and zrgD
in the wild type and in the �zur mutants. We observed that when
the strains were grown in regular LB medium, znuA, znuC, and
zrgD expression was low in the wild type, whereas their expression
was significantly increased in the �zur mutant (Fig. 1B). Comple-
mentation of Zur in trans reduced the level of expression of these
promoters to approximately wild-type levels (Fig. 1B, gray bars).
These data suggest that Zur negatively controls the expression of
the znuABC and zrgABCDE operons. To determine whether Zur
directly regulates these genes and whether this regulation is zinc
dependent, we purified His-tagged Zur and performed gel retar-
dation assays using biotin-labeled DNA containing either the
znuA-znuC intergenic region (znuA-C) or the zrgD promoter re-
gion. In the absence of Zn2� in the reaction mix, Zur was unable to
bind the znu and zrg promoters. However, in the presence of
Zn2�, Zur could bind both the znu and the zrg promoter DNA
(Fig. 1C). Addition of N,N,N=,N=-tetrakis(2-pyridylmethyl)ethyl-
enediamine (TPEN), a high-affinity zinc chelator (35), abolished
Zur-binding ability, thus supporting the necessity of the forma-
tion of the Zur-Zn2� complex for regulatory activity. Addition of
excess unlabeled znu or zrg promoter DNA abolished the Zur
binding of labeled DNA (see Fig. S1 in the supplemental material),
indicating that Zur specifically binds znu and zrg promoter DNA.
Taken together, these observations indicate that Zur negatively
regulates znuABC and zrgABCDE in a zinc-dependent manner.

Both ZnuABC and ZrgABCDE are involved in zinc uptake
and are induced at low zinc concentrations. Most bacteria utilize
the ZnuABC transporter to take up zinc from the environment.
To investigate whether two Zur-regulated operons, znuABC and

zrgABCDE, are involved in zinc transport in V. cholerae, we con-
structed in-frame deletions in these genes and examined the
growth of the mutants under zinc-deficient conditions. In regular
LB broth, a rich medium that likely contains sufficient zinc (13),
all mutants tested grew at rates similar to the rate for wild-type V.
cholerae (Fig. 2A). When the LB medium was pretreated with
TPEN to deplete zinc, znuABC mutants grew poorly compared to
the wild type (Fig. 2B). Deletion of the other Zur-regulated ABC
transporter, zrgABC, also resulted in a growth defect, although it
was not as severe as that seen in the znuABC mutants (Fig. 2B).
Deletion of either zrgD or zrgE, both of which encode hypothetical
proteins, did not have discernible effects on V. cholerae growth;
however, the mutant with a deletion of the entire zrgABCDE
operon grew slightly slower than the zrgABC mutant (Fig. 2B),
suggesting that ZrgD and ZrgE may play a minor, though unclear,
role in zinc uptake. Moreover, deletion of both the znuABC and
zrgABCDE operons further decreased bacterial growth in the
LB-TPEN medium (Fig. 2B, squares). These data support the sug-

FIG 1 Zur regulates znuABC and zrgABCDE. (A) Predicted Zur regulon in V.
cholerae. Zur-binding sites (the Zur box) are predicted on the basis of the
RegPrecise web resource (34) and are represented by oval symbols. (B) Zur
regulation of znuABC and zrgABCDE operons. The wild type (WT) and �zur
and �zur (PBAD-zur) mutants containing znuA-, znuC-, and zrgD-luxCDABE
transcriptional plasmid reporters were grown statically in LB medium to mid-
log phase at 37°C. For complementation experiments, 0.1% arabinose was
included in the medium. Luminescence was measured and normalized against
bacterial growth (OD600). Data are means and SDs from four independent
experiments. *, P � 0.05 (Student’s t test). (C) Gel shift assays. Biotin-labeled
znuA-znuC intergenic region (znuA-C) and zrgD promoter fragments (0.2
pmol) were incubated with 20 ng recombinant Zur proteins in the reaction
binding buffer at room temperature for 20 min. When indicated, 0.4 �M Zn2�

and 0.4 �M TPEN were included in the reaction mix. Nonspecific bands be-
tween the unbound and bound bands were likely generated from PCR ampli-
fication.

Sheng et al.

3904 iai.asm.org October 2015 Volume 83 Number 10Infection and Immunity

http://regprecise.lbl.gov
http://regprecise.lbl.gov
http://iai.asm.org


gestion that ZnuABC is the predominant V. cholerae zinc importer
under zinc-deficient conditions, while ZrgABCDE plays a second-
ary role. Of note, the growth of znuABC-zrgABCDE deletion mu-
tants was unaffected in LB medium (with a high zinc concentra-
tion) (Fig. 2A), indicating that additional zinc transporter systems
likely exist in V. cholerae. A low-affinity transporter for zinc has
been identified in E. coli, but the transport mechanism of this
protein family is still unknown (7, 36).

TPEN is a chelating agent with significant zinc specificity and a
low affinity for other divalent metal ions like Mg2� and Ca2� (13).
To ensure that ZnuABC and ZrgABCDE primarily function as
zinc transporters, we added back increasing concentrations of zinc
into the TPEN-treated medium and examined the growth rate of
the wild type and the znuABC and zrgABCDE mutants. Data were
recorded as a percentage of growth relative to the growth in un-
treated LB medium. We found that the addition of zinc restored
the growth of the znuABC and zrgABCDE mutants but did not
fully restore the growth of the znuABC-zrgABCDE mutant strain
(Fig. 2C), indicative of the ZnuABC and ZrgABCDE transporters’
zinc uptake ability. In addition, zrgABCDE mutants required a
lower zinc concentration for full restoration of growth, whereas
the znuABC mutant as well as the znu-zr mutant required a 2- to
3-fold higher concentration of zinc for the restoration of growth,
again presenting ZnuABC as the major zinc uptake system in V.
cholerae.

In E. coli and many other bacteria, zinc uptake systems are
induced only when cells are starved for zinc, a process negatively

controlled by the response regulator Zur (15, 37). To examine
whether the transcription of znuABC and zrgABCDE is regulated
in a similar manner in V. cholerae, we measured PznuA-luxCDABE
expression in the wild type and a zur mutant. We found that in
wild-type V. cholerae grown in TPEN-treated medium, znuA was
strongly induced, whereas the addition of zinc reduced the induc-
tion levels so that they were similar to those for the sample in
untreated LB medium (Fig. 2D, gray bars). Similarly, znuA expres-
sion was high when V. cholerae was grown in minimal M9 me-
dium, and addition of ZnSO4 to the medium reduced its expres-
sion (see Fig. S2 in the supplemental material). In comparison,
znuA was constitutively expressed in the zur deletion mutant un-
der all three zinc conditions (Fig. 2D, white bars). In addition, the
transcription of znuC and zrgABCDE was regulated similarly to
that of znuA (data not shown). These data confirm the zinc-de-
pendent negative regulation of znuABC and zrgABCDE by Zur,
suggesting that the zinc transporter systems in V. cholerae are in-
duced upon zinc starvation.

Intracellular zinc and manganese are decreased in znuABC
and zrgABCDE mutants. To directly measure the effect of
ZnuABC and ZrgABCDE on zinc uptake, we performed induc-
tively coupled plasma (ICP) mass spectrometry to determine the
intracellular concentrations of zinc and other divalent ions in the
wild type and the zinc transporter mutants. When cells were
grown in LB medium treated with TPEN, approximately 50 ng of
intracellular Zn2� was detected in 1010 wild-type cells (Fig. 3).
Compared to the intracellular Zn2� concentration in the wild

FIG 2 Zur-dependent effects of zinc uptake on V. cholerae growth under zinc-limiting conditions. Overnight cultures of the wild type and zinc transporter
mutants were inoculated 1:100 into LB medium (A), LB medium that had been pretreated with 30 �M TPEN (B), and TPEN-treated LB medium with the
indicated concentration of ZnSO4 (C). (A and B) The cultures were grown statically at 37°C, and at the time points indicated, the OD600 was measured. Data are
the means and SDs from four independent experiments. *, P � 0.05 (Student’s t test) compared to the corresponding wild type; ns, no significance compared to
the corresponding wild type. (D) The wild type and �zur mutants containing PznuA-luxCDABE transcriptional plasmid reporters were grown statically in LB
medium (none), LB-TPEN medium (�Zn2�), and LB-TPEN medium plus 10 �M ZnSO4 (�Zn2�) to mid-log phase at 37°C. Luminescence was measured and
normalized against the OD600. Data are means and SDs from four independent experiments.
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type, the intracellular Zn2� concentration was significantly re-
duced in the znuABC, zrgABCDE, and znu-zrg mutants. Zinc de-
pletion was significantly more severe in the znuABC mutant than
in the zrgABCDE mutant (Fig. 3), further confirming that
ZnuABC is the primary zinc transporter and ZrgABCDE plays an
accessory role. Interestingly, when intracellular concentrations of
manganese (Mn2�) were measured by ICP mass spectrometry, the
zinc transporter mutants also displayed minor defects in Mn2�

uptake (Fig. 3). These data imply that ZnuABC and ZrgABCDE
may have a role in Mn2� uptake as well. We found that addition of
Mn2� in TPEN-treated LB medium could partially restore the
growth defect of zinc transporter mutants (see Fig. S3 in the sup-
plemental material). Moreover, similar to the findings for Zn2�,
Mn2� repressed znu and zrg promoter activity (see Fig. S4 in the
supplemental material). Indeed, this repression was mediated
through Zur, as EMSAs showed that Mn2� could serve as an ef-
fector, though at a lower affinity than that of Zn2�, to promote the
Zur binding of znu and zrg promoters (see Fig. S5 in the supple-
mental material). Taken together, these data suggest that ZnuABC
and ZrgABCDE may play a minor role in Mn2� uptake and that
Mn2� may modulate bacterial Zn2� uptake. It has been reported
that in other bacteria manganese may also be the substrate of zinc
transport systems (37), though in many bacteria high-affinity
Mn2� acquisition is mediated by specific ABC transporters (38). It
is not clear if any additional ABC transporters in V. cholerae are
involved in Mn2� uptake.

Zinc transporters are important for V. cholerae coloniza-
tion. It has been shown that a number of bacterial pathogens
depend on zinc uptake systems to infect their hosts (2). To exam-
ine whether zinc transporter systems play a role in V. cholerae
pathogenesis, we first compared the intestinal colonization ability
of zinc transporter mutants with that of the wild type in an infant
mouse competitive colonization model. We found that mutants
with mutations in either znuABC or zrgABCDE displayed a mod-
est defect in colonization, and deletion of both zinc transporters
had a similar effect (Fig. 4A). These data suggest that zinc uptake is
important for V. cholerae colonization of infant mice. To investi-
gate whether the competitive disadvantage of the mutants is due to
alteration of virulence gene expression, we examined the produc-
tion of TcpA, the pilin subunit of the major virulence determinant
toxin-coregulated pilus (TCP) (20) in zinc transporter mutants.
We grew the wild type and zinc uptake mutants under an in vitro

virulence-inducing condition (in AKI medium) (30) in both the
absence and presence of TPEN and analyzed TcpA levels by West-
ern blotting using anti-TcpA antibody. Figure 4B shows that in the
regular AKI medium, the znuABC, zrgABCDE, and znu-zrg mu-
tants produced levels of TcpA similar to those produced by the
wild type. Depletion of zinc in the AKI medium using TPEN
slightly reduced the overall level of TcpA production, but no dis-
cernible difference between the wild type and the zinc transporter
mutants was detected (Fig. 4B). These results suggest that viru-
lence expression is not affected by the intracellular concentration
of zinc. Therefore, it is possible that the availability of zinc in the
intestines is responsible for the colonization defect witnessed in
the zinc transporter mutants.

To further investigate the impact of zinc uptake on V. cholerae
colonization of host intestines, we utilized a model consisting of
adult mice that presumably contain a complex intestinal microbi-
ota that may modulate in vivo zinc availability. Past studies have
utilized adult mice treated with streptomycin prior to V. cholerae
infection to model in vivo pathogenesis (39–41). We have found
that V. cholerae is unable to colonize the intestines of mice that
have not been treated with streptomycin (data not shown). In
order to assess whether the gut microbiome affects zinc availabil-
ity, we compared zinc uptake mutant colonization in mice that
continued to have streptomycin in their drinking water after in-
fection (�Sm mice) with that in mice that had streptomycin re-

FIG 3 Impact of zinc transporters on intracellular zinc and manganese ion
concentrations. Overnight cultures of the wild type and the �znuABC,
�zrgABCDE, and �znu-�zrg mutants were inoculated 1:100 into LB medium
that had been pretreated with 30 �M TPEN. Cultures were incubated statically
for 8 h at 37°C. The samples were subjected to ICP mass spectrometry analysis.
Data are the means and SDs from three independent experiments. *, P � 0.05
(Student’s t test).

FIG 4 Effects of zinc uptake systems on V. cholerae infant mouse colonization
and virulence factor production. (A) Infant mouse competition assays. Ap-
proximately 105 cells of the �znuABC, �zrgABCDE, or �znu-zrg mutant (lacZ
negative) were mixed with wild-type cells (lacZ positive) at a 1:1 ratio and were
inoculated intragastrically into 5-day-old CD-1 infant mice. After 24 h, the
small intestines were collected and homogenized. The output ratio of the mu-
tant to the wild type was determined by plating on LB agar plates containing
X-Gal. The competitive index was calculated by normalizing the output ratio
of the mutant to the wild type to the input ratio of the mutant to the wild type.
Horizontal lines, mean of the competitive index. (B) TcpA Western blotting.
Overnight cultures of the wild type and zinc transporter mutants were inocu-
lated 1:1,000 into AKI medium (30) with or without TPEN treatment. The
cultures were grown statically for 4 h and then shaken for an additional 4 h at
37°C. The lysed cells were normalized by protein concentration and subjected
to SDS-PAGE and immunoblotting using anti-TcpA antiserum and HRP-
labeled goat anti-rabbit IgG antibody.
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moved from their drinking water 12 h after V. cholerae inoculation
(�Sm mice). Figure 5A shows that in mice receiving continuous
streptomycin treatment, the znuABC, zrgABCDE, and znu-zrg
mutants all displayed a slight colonization defect relative to the
wild type (empty symbols), similar to the findings in the infant
mouse model (Fig. 4A). However, in mice that had streptomycin
removed from their drinking water, mutations in zinc uptake sys-
tems further hampered V. cholerae colonization, particularly in
the mutant strain with both znuABC and zrgABCDE deletions
(Fig. 5A, filled symbols). Supplementation of Zn2� intragastri-
cally restored the colonization defect of the znu-zrg mutants (see
Fig. S6 in the supplemental material), suggesting that the coloni-
zation defect of these Zn transporter mutants is likely due to the
limited Zn2� availability in the host. To confirm that the gut mi-
crobiome is restored after streptomycin removal, we performed
real-time PCR to determine the bacterial populations in �Sm and

�Sm mice. We found that after 5 days, the total bacterial number
in �Sm mice was significantly higher than that in �Sm mice (Fig.
5B). We then measured zinc and other divalent metal ion avail-
ability in the intestinal contents of these mice by using ICP mass
spectrometry. We found that while Fe, Mg, and Ca levels were
similar in �Sm and �Sm mouse small intestines, Zn, Mn, and Cu
concentrations were significantly reduced in �Sm mice, where
the gut microbiome had been restored (Fig. 5C). Taken together,
these results suggest that V. cholerae may utilize both the ZnuABC
and ZrgABCDE zinc uptake systems to compete for intestinal zinc
with other commensal flora.

In this study, we identified and characterized ZnuABC and
ZrgABCDE, two ABC transporter systems involved in zinc uptake
in V. cholerae whose transcription was confirmed to be negatively
regulated by the conserved Fur-family protein Zur. Deletion of
these transporters was found to affect V. cholerae growth under
zinc-deficient conditions, including in in vivo adult and infant
mouse models, particularly in the presence of the gut microbiota.
A recent transposon sequencing screening study indicates that
ZnuABC contributes to V. cholerae colonization in the infant rab-
bit model (25), supporting the notion that zinc transporters are
important for the V. cholerae-host interaction. A few bacterial spe-
cies have been reported to have more than one zinc uptake system
(2). For example, deletion of either of the two zinc uptake systems
in Listeria monocytogenes results in no detectable growth defect in
zinc-limiting medium, but deletion of both systems results in se-
vere growth defects in vitro and in vivo (17). For V. cholerae, Znu-
ABC apparently plays a predominant role in zinc uptake in vitro,
but in vivo both ZnuABC and ZrgABCDE are equally important. It
is possible that regulation of these zinc uptake systems may differ
in vitro and in vivo. Furthermore, although Zn is essential, high
concentrations may be toxic to bacterial cells (42); thus, bacteria
must strictly control intracellular Zn levels. In addition to Zur-
regulated Zn uptake systems, some bacteria utilize metal effluxers,
such as the ZitB efflux pump in E. coli (43), to achieve Zn homeo-
stasis. The V. cholerae hypothetical protein VC2690 shares a high
degree of homology with ZitB. Further investigation is required to
study the function of this protein and its relationship with zinc
uptake systems in V. cholerae.
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