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The bacterial phosphoenolpyruvate phosphotransferase system (PTS) is a highly conserved phosphotransfer
cascade whose components modulate many cellular functions in response to carbohydrate availability. Here,
we further elucidate PTS control of Vibrio cholerae carbohydrate transport and activation of biofilm formation
on abiotic surfaces. We then define the role of the PTS in V. cholerae colonization of the adult germfree mouse
intestine. We report that V. cholerae colonizes both the small and large intestines of the mouse in a distribution
that does not change over the course of a month-long experiment. Because V. cholerae possesses many
PTS-independent carbohydrate transporters, the PTS is not essential for bacterial growth in vitro. However, we
find that the PTS is essential for colonization of the germfree adult mouse intestine and that this requirement
is independent of PTS regulation of biofilm formation. Therefore, competition for PTS substrates may be a
dominant force in the success of V. cholerae as an intestinal pathogen. Because the PTS plays a role in
colonization of environmental surfaces and the mammalian intestine, we propose that it may be essential to
successful transit of V. cholerae through its life cycle of pathogenesis and environmental persistence.

In water, in soil, and in the eukaryotic host, bacteria survive
by monitoring their environment and continuously adjusting
their nutrient uptake and catabolism machinery to mirror en-
vironmental availability. While the ability to maximize environ-
mental nutrients may not be critical in nutrient-rich environ-
ments such as those found in the laboratory, in natural
environments where nutrients are scarce and competition for
these nutrients may be fierce, rapid and precise adaptation is
the key to survival.

The bacterial phosphoenolpyruvate phosphotransferase
system (PTS) is a multicomponent phosphotransfer cascade
that coordinates transport and phosphorylation of selected
carbohydrates through PTS-associated transporters. Be-
cause transport of PTS substrates rapidly depletes the PTS
of phosphorylated intermediates, the phosphorylation states
of PTS components serve as cytoplasmic reporters of envi-
ronmental nutrient availability (5).

Phosphotransfer through the PTS is initiated when the cy-
toplasmic phosphoenolpyruvate-protein phosphotransferase,
or enzyme I (EI), accepts a phosphate from phosphoenolpyru-
vate. EI is required for the transport of all PTS substrates. EI
transfers its phosphate group to histidine protein (HPr), an-
other cytoplasmic protein involved in the transport of most
PTS substrates. HPr transfers its phosphate to any of a number
of enzymes II, which are membrane-associated complexes that
carry out the transport and phosphorylation of specific PTS
substrates and comprise multiple subunits (EIIA, EIIB, EIIC,
and sometimes EIID). A fructose-specific multidomain pro-
tein, FPr, which consists of an N-terminal EITA-like domain, a
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central domain of unknown function, and a C-terminal HPr-
like domain, is also present in many Gram-negative bacteria
(15). In the transport of fructose by the Escherichia coli PTS,
FPr is favored over HPr in the phosphotransfer cascade. Fur-
thermore, a parallel PTS system is encoded by many bacterial
genomes (29, 30). This system is termed the PTS™"* because of
its chromosomal proximity to the genes encoding the nitrogen-
specific sigma factor, o>*. The PTS™" includes an EI homolog
(EIN'), an HPr homolog (NPr), and an EIIA homolog
(EITAN™). Although there is some evidence of cross talk between
the carbon-specific PTS and the PTSN" (26), the latter system
is thought to function primarily in regulation rather than trans-
port.

Vibrio cholerae is a Gram-negative, halophilic bacterium that
inhabits saline and freshwater aquatic environments (6). In
these environments, V. cholerae is hypothesized to attach to
abiotic surfaces by elaboration of an exopolysaccharide termed
VPS in a process known as VPS-dependent biofilm formation
(40). Many of the vps genes, which are required for VPS
synthesis, are carried in two large operons consisting of vpsA4 to
vpsK and vpsL to vpsQ (39).

Some strains of V. cholerae are also able to cause the human
diarrheal disease cholera after ingestion in contaminated food
or water. Disease requires the presence of the toxin-coregu-
lated pilus, the primary intestinal colonization factor of V.
cholerae (9, 35), as well as cholera toxin, which acts on the
epithelial cells of the small intestine to produce an intense,
osmotic diarrhea. Therefore, the ability to colonize the small
intestine is an important component in V. cholerae virulence.

We hypothesized that to persist in all these environments, V.
cholerae must sense and respond to preferred carbon sources
and, therefore, that the regulatory and transport functions of
the PTS might figure prominently in its success. Only two
studies thus far have examined the transport and regulatory
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functions of V. cholerae PTS components. One of these docu-
mented a regulatory function for the phosphorylated form of
EI in the repression of VPS-dependent biofilm formation on
abiotic surfaces (12), while the other identified the chitobiose
transport apparatus (1). In this work, we performed a mu-
tagenesis-based study of the roles of V. cholerae PTS compo-
nents in sugar transport and VPS-dependent biofilm forma-
tion. To evaluate the role of the PTS signal transduction
cascade in the colonization of the adult mammalian intestine,
we implemented and characterized an adult germfree mouse
model of disease. We have shown that V. cholerae is present in
the distal small intestine as well as the large intestine and have
found that the requirement for the PTS in intestinal coloniza-
tion is independent of VPS synthesis. These results suggest a
role for the V. cholerae PTS in the colonization of environmen-
tal surfaces and the adult mammalian intestine. The PTS is
found in almost all bacterial species and has been shown pre-
viously to play important roles in the surface attachment and
virulence of many of these species (14, 16, 18, 27, 31, 33, 34).
Because the PTS is also highly conserved, we suggest that it
may be an excellent target for inhibition of colonization of both
environmental surfaces and host epithelia by diverse bacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains and plasmids
used in this study are listed in Table 1. V. cholerae strain PW249 was used for all
mouse colonization experiments. V. cholerae strain PW357 was used for biofilm
assays. Bacteria were cultivated in minimal medium (MM) alone or MM sup-
plemented with a carbon source (Sigma), as specified below, at a 0.5% (wt/vol)
concentration (12). Where noted, the medium was also supplemented with strep-
tomycin (100 pg/ml), ampicillin (50 or 100 pg/ml), or L-arabinose (0.04%, wt/
vol). Where indicated, 0.1 M phosphate-buffered saline (PBS) was used (pH 7.0).

Construction of insertion mutants. An internal fragment of each of the
following targeted genes (VC0672, VC1820, VC1822, VC1826, VCA1045,
VCAO0245, and VC1283) was amplified by PCR using the primer sets listed in
Table 2, which all contained an EcoRI restriction site. The resulting amplifica-
tion products were subcloned into the cloning vector pCR2.1-TOPO (Invitro-
gen). After sequence verification, the gene fragment was removed from the
cloning vector by restriction digestion with EcoRI (Invitrogen) and purified using
the QIAquik gel purification kit (Qiagen). The suicide vector pGP704 (21) was
also digested with EcoRI and then treated with alkaline phosphatase. The di-
gested suicide vector and gene fragment were ligated with T4 ligase (Invitrogen),
and then E. coli strain SM10\pir was transformed with the construct. The suicide
plasmid was integrated into the gene of interest by conjugation of SM10Apir with
the relevant V. cholerae strain. Mutants were selected on Luria-Bertani (LB) agar
plates supplemented with streptomycin and ampicillin and checked by PCR
analysis.

Construction of in-frame deletion mutants. The in-frame deletion mutants
were constructed as described previously (8). Briefly, for the construction of the
FPr deletion (AFPr), NPr deletion (ANPr), EIIAN"! deletion (AEIIAN""), and
EITAN"2 deletion (AEITAN"2) mutants, the primers listed in Table 2 were used
to amplify genome sequences spanning an in-frame deletion in the gene of
interest. These DNA fragments were joined by the technique of gene splicing by
overlap extension (SOE) (11), cloned into pCR2.1-TOPO, and then subcloned
into the suicide vector pWMO91 by ligation after digestion with XhoI and Spel. All
other plasmids used in the construction of in-frame deletion mutants were
available in our laboratory (12). Suicide plasmids were used to generate in-frame
deletion mutants by double homologous recombination.

Construction of rescue plasmids. Plasmids used for rescue experiments, which
are listed in Table 1, were constructed as described previously (12, 37), using the
primers listed in Table 2. Briefly, either the native sequence or a truncated
version of the targeted gene, excluding the start and stop codons, was amplified
by PCR. Point mutations were generated by amplifying two gene fragments using
internal primers with overlapping sequences containing the desired mutation.
The two fragments were joined by the SOE technique and cloned into pBAD-
TOPO according to the protocol of the plasmid manufacturer (Invitrogen). The
sequence of the inserted fragment was confirmed by amplification and sequence
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analysis. The rescue plasmids were then introduced into V. cholerae strains by
electroporation, and transformants were selected on LB agar supplemented with
ampicillin. A pBAD-TOPO vector containing either lacZ or an antisense frag-
ment of VC0964 was used as a control plasmid for rescue experiments. Western
blot analyses to confirm the expression of the protein from the cloned gene were
performed as reported previously (12) with the following modifications. Strains
were cultured in MM supplemented with pyruvate at 27°C until stationary phase
was reached, and a V5 C-terminal epitope tag was used for visualization.

Quantitative analysis of total growth and biofilm formation. Quantification of
surface association was performed as described previously (13). Briefly, the
strains were grown overnight on LB agar plates at 27°C. The following morning,
the resulting colonies were used to inoculate borosilicate tubes filled with 300 .l
of MM alone or MM supplemented with the carbon source indicated below.
After incubation for 24 h at 27°C, the planktonic cell suspension was collected
and the planktonic cell density was estimated by measuring the optical density at
655 nm (ODyss) with a Benchmark Plus microplate spectrophotometer (Bio-
Rad). To determine the number of surface-attached cells, a 300-pl volume of
PBS and a small volume of 1-mm glass beads were added to the surface-attached
cells remaining in the borosilicate tube, and these were dispersed by subjection
to a vortex. The ODgss of the resulting cell suspension was measured. Total
growth measurements are the sum of the ODgsss recorded for planktonic and
surface-associated cell suspensions.

PTS transport assay. Fermentation assays were performed with pH indicator
plates containing MM agar alone or MM agar supplemented with the carbon
source (0.5%, wt/vol) indicated below, to which a mixture of the pH indicators
thymol blue (0.06 g/liter; Sigma) and bromothymol blue (0.06 g/liter; Sigma) had
been added. Test strains were first grown overnight in liquid MM at 27°C with
shaking and then diluted 100-fold in PBS. Samples of 10 ul of each dilution were
spotted onto pH indicator plates, and the plates were allowed to dry and then
incubated at 27°C for 18 h.

Quantification of EI, glucose-specific EIIA (EIIA®'), HPr, and FPr gene
transcription. Wild-type V. cholerae was cultured for 18 h in MM alone or MM
supplemented with the carbon source (0.5%, wt/vol) indicated below. The cells
were then pelleted by centrifugation, and total RNA was isolated using the
RNeasy kit (Qiagen) and treated with RNase-free DNase I to remove contam-
inating DNA. Reverse transcription-PCR (RT-PCR) was performed using 1 to 2
ng of total RNA with the SuperScript III first-strand kit (Invitrogen). Subse-
quently, 15 ng of the resulting cDNA served as a template for quantitative PCR
using iTaq SYBR green supermix with carboxy-X-rhodamine (ROX; Bio-Rad)
and 5 pmol of the relevant primers (Table 2) in a 20-pl reaction mixture. The
level of the clpX (VC1921) transcript was used to normalize all measurements.
As controls, template-free reaction mixtures were included to confirm the ab-
sence of contaminating DNA or RNA. The experiments were conducted with a
StepOnePlus PCR system (Applied Biosystems) using the following steps: (i)
95°C for 10 min, (ii) 40 cycles of denaturation for 15 s at 95°C and annealing and
extension for 1 min at 60°C, and (iii) dissociation curve analysis from 60 to 90°C.
Data were analyzed using StepOne software version 2.0 (Applied Biosystems).
Measurements were performed in triplicate.

B-Galactosidase assays. Strains were inoculated into MM supplemented with
pyruvate to achieve an initial ODgs5 of approximately 0.05. Cultures were incu-
bated at 27°C for 4 h until an ODgs5 of approximately 0.2 was reached. The final
ODgs5 was subsequently used for normalization of the B-galactosidase measure-
ments. One hundred microliters of each culture was moved into a white 96-well
plate (Nunc). Three freeze-thaw cycles were performed, and then 100 pl of the
Beta-Glo luminescent substrate (Promega) was added to each well. After incu-
bation in the dark at room temperature for 30 min, luminescence was measured
by an Infinite 200 spectrophotometer (Tecan). Three experimental replicates of
each sample were included, and the experiment was repeated multiple times.

Intestinal colonization of germfree mice. Colonization assays were performed
using 3-week-old female Swiss Webster mice raised under germfree conditions
(Taconic). Upon their arrival, mice were transferred into sterilized isolators
maintained under positive pressure. Two mice were housed in each autoclaved
cage, and the mice were given free access to autoclaved food and water. Only
mice used for similar infections were housed in the same isolator. Mice were
allowed 4 days for acclimatization, and then preinfection stools were collected to
document the absence of microbes.

For intestinal colonization of mice, the V. cholerae strains indicated below
were grown overnight in LB broth at 27°C with shaking. The following day, these
cultures were diluted 1:10 in LB broth and grown for 4 h at 27°C with shaking.
A sample from a wild-type V. cholerae culture either alone or combined with a
sample from a AEI mutant culture or a AEI AvpsL mutant culture was diluted
1:20 in 200 ml of a sterile 27 mM saline solution in a sterilized water bottle. One
milliliter of this solution was removed from the bottle and used for quantification
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TABLE 1. Bacterial strains and plasmids

INFECT. IMMUN.

Strain or plasmid

Genotype or description

Source or reference

E. coli SM10\pir

V. cholerae strains
PW357
PW751
PW836
PWOI61
PW964

PW965

PW249

Plasmids for construction of deletions
pWMO1
pWMOIIAPTS
pWMOIIAEIIAC*
pWMOIIAET
pWMO1AHPr
pWMOI1ANPF
pWMOI1AFPr
pWMOIIAEIIAN"
pWMO1AEIIANT2

Plasmids for construction of insertions
pGP704::1C1820
pGP704::1C1822
pGP704::VC1826
pGP704::VCA1045
pGP704::VCA0245
pGP704::VC0672
pGP704::1C1283

Plasmids used in rescue experiments
pBAD-TOPO-EI
pBAD-TOPO-HPr
pBAD-TOPO-HPr(H15A4)

pBAD-TOPO-FPr

thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu (ApirR6K) Km"

MOI10 lacZ::vpsLp—lacZ Sm"

MOI10 lacZ::vpsLp—lacZ APTS Sm*

MOI10 lacZ::vpsLp—lacZ AEIIAS' Sm*

MOI10 lacZ::vpsLp—lacZ AEI Sm*

MOI10 lacZ::vpsLp—lacZ AHPr Sm"*

MOI10 lacZ::vpsLp—lacZ AFPr Sm*

MOI10 lacZ::vpsLp—lacZ ANPr Sm"

MOI10 lacZ::vpsLp—lacZ AHPr AFPr Sm"

MOI10 lacZ::vpsLp—lacZ AHPr ANPr Sm"

MOI10 lacZ::vpsLp—lacZ APTS AFPr Sm"

MOI10 lacZ::vpsLp—lacZ AEIIAN"! Sm*

MO10 lacZ::vpsLp—lacZ AETTAN"™ Sm"

MOI10 lacZ::vpsLp—lacZ VC0672::pGP704 Sm" Ap*
MOI10 lacZ::vpsLp—lacZ VCA1045:pGP704 Sm" Ap"
MOI10 lacZ::vpsLp—lacZ VCA0245::pGP704 Sm" Ap"
MOI10 lacZ::vpsLp—lacZ VC1820::pGP704 Sm" Ap*
MOI10 lacZ::vpsLp—lacZ VC1822::pGP704 Sm" Ap*
MOI10 lacZ::vpsLp—lacZ VC1826::pGP704 Sm" Ap*
MO10

MO10 AEI Sm"

MO10 AEI AvpsL Sm*

oriR6K mobRP4 lacl pTac tnp mini-Tnl/0(Km) Km" Ap"

pWMOI carrying an unmarked, in-frame deletion of the PTS operon
pWMO1 carrying an unmarked, in-frame deletion in VC0964
pWMOI carrying an unmarked, in-frame deletion in VC0965
pWMO1 carrying an unmarked, in-frame deletion in VC0966
pWMOI carrying an unmarked, in-frame deletion in VC2533
pWMO1 carrying an unmarked, in-frame deletion in VCA0518
pWMOI carrying an unmarked, in-frame deletion in VC2531
pWMO1 carrying an unmarked, in-frame deletion in VC1824

pGP704 carrying an internal fragment of VC1820
pGP704 carrying an internal fragment of VC1822
pGP704 carrying an internal fragment of VC1826
pGP704 carrying an internal fragment of VCA1045
pGP704 carrying an internal fragment of VCA0245
pGP704 carrying an internal fragment of VC0672
pGP704 carrying an internal fragment of VC1283

pBAD-TOPO carrying the coding sequence of VC0965
pBAD-TOPO carrying the coding sequence of VC0966

pBAD-TOPO carrying a VC0966 variant encoding an H-to-A mutation at

position 15
pBAD-TOPO carrying the coding sequence of VCA0518

21

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study

12
12
This study

This study

pBAD-TOPO-FPr(H324A)
position 324
pBAD-TOPO-FPr(309-401)

pBAD-TOPO carrying a VCA0518 variant encoding an H-to-A mutation at

pBAD-TOPO carrying a fragment of VCA0518 encoding positions 309 to 401

This study

This study

of the initial inoculum size and, if relevant, for estimation of the ratio of wild-type
V. cholerae bacteria to the AEI mutant bacteria. The mice were given free access
to this bacterial suspension for 24 h, after which time the bottle containing the
bacterial suspension was removed and replaced with a bottle containing sterile
water. Prior to initiating these experiments, we verified that, in the saline solution
used for V. cholerae infection of mice, the numbers of V. cholerae bacteria and the
ratio of wild-type V. cholerae bacteria to the AEI mutant bacteria remained
constant over a 24-h period.

At the times indicated in the figures, two stool pellets were collected from each
mouse and stool pellets from cohoused mice were pooled, weighed, and dis-
persed into 1 ml of PBS by using a handheld disposable pellet mixer driven by a
cordless motor (VWR). After being spun briefly to pellet debris, the stool

suspensions were diluted in PBS and dilutions were plated onto LB agar to
quantify total CFU per 100 mg of stool. Wild-type V. cholerae generates large
colonies surrounded by a yellow halo on pH indicator plates supplemented with
sucrose, while AEI mutants form smaller colonies with no halo due to their
inability to transport and ferment sucrose. Therefore, where relevant, dilutions
were also plated onto pH indicator plates supplemented with sucrose to deter-
mine the ratio of wild-type V. cholerae bacteria to AEI mutant bacteria.
Dissection of the mouse intestine, spatial distribution of V. cholerae bacteria,
and microscopic analysis. The mice in cage 1, which were colonized with V.
cholerae alone, were sacrificed 6 days postinoculation. Mice in cages 4 and 5 were
sacrificed 36 days postinoculation. While these mice were initially colonized with
wild-type V. cholerae and a AEI AvpsL mutant, at the time of sacrifice, only
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TABLE 2. Primers used in this study

Relevant gene

Primer name
or gene product

Primer function

Sequence

Gene deletion FPr LHS55
LH56
LHS57
LHS58
NPr LH43
LH44
LH45
LH46
EIIANt! LH121
LH122
LH123
LH124
EIIANt2 LH49
LH50
LH51
LH52
Gene insertion VC1820 LH87
LHS88
VC1822 LH89
LH90
VC1826 LH91
LH92
EINY LH71
LH72
VC1283 LH192
LH193
VCA0245 LH151
LH152
VCA1045 LH105
Mutant rescue FPr LH61
LH62
FPr(309-401)“ LH195
HPr(H15A) LH17
LHI18
FPr(H324A) LHS59
LH60
Use in quantitative EI
RT-PCR
EIIAS*
HPr
FPr
ClpX

TGCTCCACCACAGCCATCACT
TAACGAGCGGCCGCACATTCTTAACTCCTGTCTGCC
TGCGGCCGCTCGTTAGGCTTAGGCGAAGGTTAAGG
TCATGCTGCGCAGTTGGGCA
CTGCTTGGCCCACTCAAAG
TAACGAGCGGCCGCACATAGGGGCTCCTAGGATTG
TGCGGCCGCTCGTTAGAGTAAAGCTCCTCACTAGC
GTGACACATCATCCGGCAAG
CTCAGTGACAGCAAGATCGCA
TAACGAGCGGCCGCAGGTGCAGTCCAATGAAAGTAC
TGCGGCCGCTCGTTAAGCGATCAAGAGCTGTACAACATC
GACTGAAACACCATCACAAGGTC
TCGCTAGAGTAACGAGCGAT
TAACGAGCGGCCGCACATCATGCCAAGGATCAGCG
TGCGGCCGCTCGTTACTGATGTACGCGATGTCACGC
TGTTGCTGCAAGCTCTCCTTCA

ATATGAATTCCTCATCAGTTAAATACTTTATGAGCC
TATAGAATTCTTACATAAATATGGTGGTCTGCGCC
ATATGAATTCCCCATCTGATCGAACCTGAAATC
TATAGAATTCTTACGGCTGGTAATCGGCATAATCCAT
ATATGAATTCGCAAGCGAATTCCAAACAAGCCGT
TATAGAATTCTTAATCAGCCCTTTGCTTTCTGCTTGG
ATATGAATTCTTGCGCGCATGTCGGATGTTTATC
TATAGAATTCTTATCGATTCGTGCGCCATCAAGAGTA
ATATGAATTCGATTCAGTTGGGCTTTGTCGGTA
TATAGAATTCTTACCTGTGCCAGAATTGTCGTCA
ATATGAATTCCAACTCAATCCAACTGCAAGCCAAAGCC
TATAGAATTCTTACTACGCGATGTGCGCTAATTCTTGTTGG
ATATGAATTCGGAGAACATTCACCTTGGCCTGAA

TTAGAACTCACTACACAAGATATTC
ACCTTCGCCTAAGCCAGCATTGATC
CGCGCTCATACGGCGACTTT
AAAACGGCCTTGCCACTCGT
ACGAGTGGCAAGGCCGTTTT
AAATAGCCATGGTCTGGCCGCTCGTC
GACGAGCGGCCAGACCATGGCTATTT

ACCGTTATCGAAGAGCAAGCCACT
TCTGCGCAGTTTCAGAAGGCGTTA
GCGATCAAGCCTGCTGGTAACAAA
AAGCCTTCACCTTTCAGCTCAACC
TGTTCAAGCTGCAAACGCTAGGTC
GCAACTAGGTGCTCAACAGCTTCT
ATCACTGAGGAAACGATAGCCGCA
ACTTGACCATCGCCATCCAGGTTA
AGAGTTCATTGGTCGTCTGCCTGT
AACAACGCCGCATACTGTTTGGTC

“ FPr(309-401), fragment of FPr comprising positions 309 to 401.

wild-type V. cholerae remained in the intestines. After the mice were sacrificed,
the entire intestine from the duodenum to the anus was removed.

To determine the spatial distribution of V. cholerae bacteria within the intes-
tine, intestines were divided into five segments corresponding to the proximal
small bowel, the middle small bowel, the distal small bowel, the cecum, and the
large intestine. The intestinal contents contained within a 2- to 3-cm portion of
each segment were collected, and the total CFU per 100 mg of intestinal contents
were enumerated as described above.

For microscopic analysis, two intestines harvested from mice sacrificed at
day 36 of colonization were placed directly in 10% neutral buffered formalin
(BDH). After fixation for 2 h, one intestine was emptied of stool, rinsed, and
then returned to the formalin. After 48 h of fixation, intestines were dehy-
drated, embedded in paraffin, and sectioned. Washed intestines were stained
with hematoxylin and eosin. Intestines retaining their fecal contents were
Gram stained by the method of Brown and Brenn (2). Slides were examined

with the 63X oil objective lens of a Zeiss Axiophot microscope, and color
micrographs were obtained with a Spot camera (Diagnostic Instruments,
Inc.).

RESULTS

Identification of the sugar transport specificities of V. chol-
erae EI, HPr, and EIIA homologs. There are 25 homologs of
PTS components encoded within the V. cholerae genome.
We first used mutational analysis in conjunction with a sim-
ple colorimetric, agar plate-based assay to assess the roles of
the two EI homologs, three HPr homologs, and nine EIIA
homologs in sugar transport. In this assay, bacteria are cul-
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MM glucose NAG sucrose trehalose

r 1 E‘F
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maltose fructose mannitol mannose

s sbaaly o120

st
Strain Key:
WT AEI AEINtr AHPr
AFPr A NPr A HPr/ AFPr A HPr/ ANPr
A EIIA® A VCA1045 A VCA0245 AVC1820
AVC1822 AVC1826 AVC1283 A EIIANtr-2
A EllANtr-1

FIG. 1. Sugar specificities of PTS components as determined by an
agar plate-based sugar fermentation assay. Wild-type (WT) V. cholerae
and different mutants were assayed on MM agar plates containing a
pH indicator and supplemented with N-acetylglucosamine (NAG) or
other carbon sources as indicated. Medium acidification upon sugar
fermentation leads to a yellow color. The strain key for agar plates is
included below. The key is color coded as follows: blue, strains carrying
mutations in EI homologs; red, strains carrying mutations in HPr
homologs; and green, strains carrying mutations in EIIA homologs.

tured on MM-based agar containing the sugar of interest
and a pH indicator (indicator agar). Transport and fermen-
tation of the sugar by the bacterial colony result in acidifi-
cation of the surrounding medium, leading to a change in
color from green to yellow. Therefore, a strain that is unable
to metabolize a particular sugar will form a green colony on
indicator agar containing that sugar (Fig. 1). Our results,
which are summarized in Table 3, show that the V. cholerae
PTS is solely responsible for the transport of N-acetylglu-
cosamine, sucrose, trehalose, fructose, mannitol, and man-
nose. Glucose transport, however, is present in PTS mu-
tants, suggesting the existence of an alternative transport

INFECT. IMMUN.

system. Components of the PTSN" did not show any speci-
ficity for the sugars tested.

The V. cholerae FPr homolog encoded at locus VCA0518 is
the primary HPr homolog utilized in fructose transport. How-
ever, we observed that the colonies formed by AFPr mutants
eventually became yellow on indicator plates containing fruc-
tose. Additionally, the AHPr and AHPr ANPr mutant colonies
developed a yellow color slightly more slowly than wild-type
colonies, as evidenced in Fig. 1. Both these observations sug-
gest that HPr participates in fructose transport.

We also identified the substrate specificities of a number of
EIIA homologs. The transporters of N-acetylglucosamine, su-
crose, and trehalose share an EIIAS' subunit, while the EITA
encoded by VCA1045 participates in mannitol transport and
the EITA encoded by VC1826 participates in mannose trans-
port.

Previous microarray experiments indicated that transcrip-
tion of the PTS component genes might be modulated by PTS
substrate availability (22). To confirm this, we used quantita-
tive RT-PCR to compare transcription patterns of EI, HPr,
FPr, and EIIA®" genes in MM alone and in MM supple-
mented with both PTS and non-PTS substrates. As shown in
Fig. 2, transcription of PTS component genes was activated at
least 5-fold by PTS substrates but not by non-PTS carbohy-
drates. Additional support for the identification of VCA0518
as the V. cholerae FPr gene was provided by the results dem-
onstrating that the transcription of VCA0518 was activated
approximately 80-fold in MM supplemented with fructose, in
contrast to that of the HPr gene, which was activated only
5-fold.

Role of PTS components in V. cholerae accumulation on
abiotic surfaces. In freshwater environments, V. cholerae forms
biofilms by elaborating an adhesive exopolysaccharide that has
been termed VPS (13, 40). The phosphorylated form of EI has
been implicated previously in the repression of VPS-depen-
dent biofilm formation (12). Therefore, we questioned if one
or more of the three V. cholerae HPr homologs might be

TABLE 3. Summary of PTS component transport specificities

Specificity” for:

Component Gene E. coli ortholog
Glucose NAG Sucrose Trehalose Maltose Fructose Mannitol Mannose
EI VC0965 EI X X X X X X
VC0672 EINt
HPr VC0966 HPr X X X X X X
VCAO0518 FPr X
VC2533 NPr
EIIA VC0964 EIIAC! X X X
VC1283
VC1820
VC1822
VC1824 EIIAN"2
VC1826 X
VC2531 EITANt"!
VCA0245
VCAO0518 FPr X
VCA1045 X

“ X denotes specificity for the indicated sugar. NAG, N-acetylglucosamine.
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FIG. 2. PTS sugars activate PTS gene transcription. EI, EITAC',
HPr, and FPr transcript levels in wild-type V. cholerae grown in MM
alone or MM supplemented with the indicated carbon sources were
analyzed by quantitative RT-PCR. Three experimental replicates were
performed. The data were analyzed using the AACT method for com-
parison to measurements from bacteria grown in MM alone. c/pX was
used as a standard.

involved in this regulatory pathway. We first compared pat-
terns of biofilm formation by wild-type V. cholerae and mutants
carrying deletions in one or more of the HPr homologs in MM
supplemented with glucose. As shown in Fig. 3A, activation of
biofilm formation by strains with a AHPr or AFPr mutant
background was not observed. However, when both HPr and
FPr were absent, biofilm formation increased approximately
2-fold compared to levels observed for a AEI mutant. In con-
trast, deletion of NPr in wild-type V. cholerae, a AHPr mutant
background, or a AHPr AFPr mutant background had no ad-
ditive effect on biofilm formation (Fig. 3 and data not shown),
suggesting that cross talk between the two PTS pathways does
not play a role in the regulation of biofilm formation.

In MM supplemented with glucose, the V. cholerae PTS
fulfills both transport and regulatory functions. To assess the
contribution of PTS regulation alone to V. cholerae biofilm
formation, we repeated these assays with MM supplemented
with pyruvate, a carbohydrate that is not transported by the
PTS. The differences in biofilm formation between wild-type
and mutant V. cholerae strains in MM supplemented with pyru-
vate were much greater than those in MM supplemented with
glucose, while differences in total growth were much less (Fig.
3B). Therefore, subsequent biofilm experiments were con-
ducted with MM supplemented with pyruvate.

For E. coli, the addition of non-PTS substrates briefly in-
creases the ratio of pyruvate to phosphoenolpyruvate within
the cell, resulting in dephosphorylation of PTS components
(10). Because dephosphorylation of the PTS in V. cholerae
activates biofilm formation (12), the addition of pyruvate to the
growth medium would be predicted to derepress biofilm for-
mation briefly. However, over the course of our 24-h-long
experiment, this brief effect of pyruvate does not contribute
significantly to the observed biofilm phenotype.

To confirm that biofilm formation in MM supplemented
with pyruvate was regulated by the PTS at the transcriptional
level, we used a reporter strain containing a chromosomal
vpsL-lacZ fusion to measure the activation of vps transcription
by the PTS. As shown in Fig. 3C, vps transcription was in-
creased approximately 30-fold in the AEI mutant background
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and approximately 10-fold in the AHPr AFPr mutant back-
ground compared to that in the wild-type background. In some
experimental replicates, vps transcription was elevated in the
AHPr and AFPr mutant backgrounds as well. The difference in
activation of the vps genes in the AEI and AHPr AFPr mutant
backgrounds was unexpected and suggests that additional
pathways influence the regulation of vps transcription by EI,
HPr, and FPr.

To determine whether HPr and FPr have redundant func-
tions in the regulation of biofilm formation, we restored a
wild-type allele for either HPr or FPr to a AHPr AFPr double
mutant and compared biofilm formation by these rescued
strains with that by the parental strain. As shown in Fig. 4A,
the wild-type alleles for both HPr and FPr were able to com-
plement the AHPr AFPr double mutant. However, when the
phosphorylated histidine of either HPr or FPr was mutated to
alanine, rescue was no longer observed in spite of adequate
expression of the mutant protein (Fig. 4B). This finding sup-
ports the conclusion that only the phosphorylated forms of
HPr and FPr take part in the repression of biofilm formation.
FPr is composed of an N-terminal domain homologous to an
EITA component and a C-terminal domain homologous to
HPr. We measured biofilm formation by the AHPr AFPr dou-
ble mutant rescued with the C-terminal domain of FPr alone
and found that this domain was sufficient to rescue repression
of biofilm formation (Fig. 4A).

We previously reported that V. cholerae biofilm formation is
repressed by the phosphorylated form of EI. Given our obser-
vation that HPr and FPr must also be phosphorylated to re-
press biofilm formation, we hypothesized that EI was upstream
of HPr and FPr in this signal transduction pathway. We rea-
soned that if this was the case, a wild-type EI allele would be
unable to reverse the phenotype of a AEI mutant if both HPr
and FPr were absent. To study this issue, we restored a wild-
type EI allele in frans to a APTS mutant (lacking EI, HPr, and
EITAS™) or a APTS AFPr mutant. As shown in Fig. 5, in spite
of adequate expression of the transgenes, a wild-type EI allele
was able to rescue the APTS mutant only if FPr was present.
All these data suggest that El is in the same regulatory pathway
as HPr and FPr.

Because the most likely next element in this signal transduction
cascade is an EIIA component, we compared patterns of biofilm
formation by a series of mutants with each EITA component
deleted singly and biofilm formation by wild-type V. cholerae.
However, biofilm formation was not consistently activated by de-
letion of any of the EIIA homologs (data not shown).

An adult germfree mouse model of V. cholerae infection. The
suckling mouse model of infection has been used extensively in
defining the primary virulence factors of V. cholerae, and EI
has been identified previously in a signature-tagged mutagen-
esis screen for V. cholerae colonization factors in the infant
mouse (4, 19, 36). However, we were interested in the role of
the PTS in adult mammals, whose intestinal environment is
quite different from that in suckling mammals. For this reason,
we examined the role of EI in an adult infection model. Be-
cause wild-type V. cholerae is rapidly cleared from the intes-
tines of conventionally raised adult mice (3, 25), we used the
adult germfree mouse model (32) with the goal of studying the
role of the PTS in the colonization of the adult mammalian
intestine. Three-week-old gnotobiotic mice were given access
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FIG. 3. HPr and FPr repress biofilm-associated growth and vps gene transcription. The total growth and biofilm-associated growth of and vps
transcription in wild-type (WT) V. cholerae and various PTS mutants were quantified. (A) Biofilm-associated and total growth in MM supple-
mented with glucose. (B) Biofilm-associated and total growth in MM supplemented with pyruvate. (C) B-Galactosidase activities of strains carrying
a chromosomal vps-lacZ fusion at the lacZ site in MM supplemented with pyruvate. Error bars indicate the standard deviations of results from at
least three experimental replicates. Measurements for the indicated V. cholerae mutants were compared to those for wild-type V. cholerae by using
the ¢ test of statistical significance. Biofilm measurements that are significantly different from wild-type biofilm measurements are marked with an
asterisk (P < 0.0005). B-Galactosidase measurements for all mutants were significantly different from that for the wild-type strain (P < 0.01).
Furthermore, the B-galactosidase activity of the AEI mutant was significantly different from that of the AHPr AFPr mutant (P = 0.002).

for 24 h to a dilute saline solution inoculated with V. cholerae.
To document colonization, V. cholerae CFU in the stool were
monitored. As shown in Fig. 6A, the numbers of V. cholerae
CFU in the intestine reached a plateau after 72 h, and these
numbers were maintained for the remainder of the experi-
ment. To examine the longitudinal distribution of V. cholerae
bacteria within the intestine, we harvested intestines at 6 and
36 days postinoculation, divided each intestine into segments, and
quantified V. cholerae bacteria in the proximal small intestine
(segment 1), the middle small intestine (segment 2), and the distal
small intestine (segment 3), as well as in the cecum (segment 4)
and large intestine (segment 5). As shown in Fig. 6B, the number
of bacteria in the proximal small intestine was quite variable but
generally much lower than those found in the middle and distal
regions of the small intestine. Large numbers of bacteria were

found in the cecum and large intestine. Furthermore, the distri-
butions and numbers of V. cholerae bacteria in the intestine at 6
and 36 days postinoculation were similar.

In humans, V. cholerae causes a noninflammatory diarrhea
that preserves the architecture of the intestinal epithelium. To
determine if this was the case in a germfree mouse model, at 36
days postinoculation, sections of the mouse intestine were
briefly fixed, emptied of fecal contents, more thoroughly fixed,
sectioned, and stained with hematoxylin and eosin. Micro-
graphs of segments of the intestine with the highest burdens of
V. cholerae, the terminal ileum, cecum, and colon, are shown in
Fig. 6C. Examination of several sections suggested that the
integrity and overall structure of the epithelial cells of these
segments were largely preserved. We did not identify bacteria
in these sections, suggesting that V. cholerae is easily dissoci-
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FIG. 4. HPr and FPr must be phosphorylated to repress biofilm-associated growth. (A) Quantification of total and biofilm-associated growth
of wild-type (WT) V. cholerae harboring a pBAD expression vector carrying a control sequence (pCTL) or of a AHPr AFPr mutant harboring a
pBAD expression vector carrying either a control sequence (pCTL), the wild-type HPr gene (pHPr), a sequence encoding an unphosphorylatable
form of HPr (pHPr{H15A}), the wild-type FPr gene (pFPr), a sequence encoding an unphosphorylatable form of FPr (FPr{H324A}), or a

sequence encoding the C-terminal HPr-like domain of FPr including residues 309 to 401 (pFPr

trunc

) in MM supplemented with pyruvate. Protein

expression was induced with 0.04% L-arabinose. Schematic representations of the rescue constructs provided in trans are illustrated above the data.
Error bars indicate the standard deviations of results from three experimental replicates. Asterisks indicate measurements significantly different
from the measurement for the AHPr AFPr (pCTL) strain (P < 0.0014). (B) Western blots demonstrating expression of the relevant protein from

the rescue plasmid. A V5 epitope tag was used for visualization.

ated from the intestinal epithelium in this model. To deter-
mine if a close association between V. cholerae and the epithe-
lium was visible in the intact germfree mouse intestine,
sections of mouse intestine along with the fecal contents were
fixed, sectioned, Gram stained, and examined by microscopy.
As shown in Fig. 7, no bacteria were observed in sections of the
terminal ileum. In the cecum and colon, many rod-shaped, lightly
stained bacteria were observed. Some bacteria were associated
with the intestinal mucus, but most were found within the intes-
tinal contents. Therefore, we conclude that colonization is not
wholly dependent on attachment to the intestinal surface.
PTS-dependent carbohydrate transport but not biofilm for-
mation is required for colonization of the germfree mouse
intestine. We hypothesized that survival in the intestinal lumen
might require one or more of the functions of the PTS. To test
whether the PTS in general was required for colonization of
the mouse intestine, we performed a competition experiment
with wild-type V. cholerae and a AEI mutant. As shown in Fig.
8A, within 3 days of inoculation of mice with approximately
equal numbers of wild-type and mutant V. cholerae bacteria,

the AEI mutant was no longer detectable in the fecal pellets.
Furthermore, at the termination of the experiment, the AEI
mutant was not detected in any segment of the small or large
intestine (data not shown).

Although the vps genes are expressed in the human intestine
(7, 17), they have never been shown to play a role in coloni-
zation. In fact, in the infant mouse model, VPS synthesis has
been shown to interfere with colonization (38). To determine
if the colonization defect of the AEI mutant was a result of its
inability to repress VPS synthesis, we also analyzed competi-
tion between wild-type V. cholerae and a AEI AvpsL double
mutant. The double mutant contains an in-frame deletion in
the vpsL-vpsQ operon. As shown in Fig. 8B, a colonization
defect similar to that of the AEI mutant was observed for the
AEI AvpsL double mutant.

DISCUSSION

The PTS is a multicomponent phosphotransfer cascade that
coordinates the availability of high-energy carbon sources with
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(pCTL) mutant (P = 0.0019). (B) Western blot demonstrating expression of the relevant protein from the rescue plasmid. A V5 epitope tag was

used for visualization. WT, wild type.

many aspects of bacterial cellular physiology. Here, we have
further elucidated the roles of the V. cholerae PTS in the
transport of a variety of sugars and in biofilm formation. Fur-
thermore, we have evaluated these functions in the coloniza-
tion of the germfree mouse intestine.

We have identified the V. cholerae PTS transport systems for
mannose and mannitol. VC1826 encodes the mannose per-
mease of V. cholerae, an EII with fused A, B, and C domains.
V1826 is in a putative operon with VC1827, which encodes a
mannose-6-phosphate isomerase homolog. However, the V.
cholerae mannose permease is not closely related to that of E.
coli, which contains an additional membrane-associated D do-
main (28). Instead, the V. cholerae mannose permease is most
similar to the fructose-specific family of permeases. The man-
nitol permease of V. cholerae, which is encoded by VCA1045,
or mtlA, is also composed of fused A, B, and C domains, and
the gene is in a putative operon with mit/D, encoding a man-
nitol-1-phosphate 5-dehydrogenase, and mflR, the mannitol
operon repressor. In contrast to the V. cholerae mannose per-
mease, the mannitol permease is highly conserved with respect
to the mannitol transport systems of other organisms.

Our previous experiments demonstrated that the phosphory-
lated form of EI specifically represses the transcription of the
vps genes and the growth of biofilm-associated cells in MM
supplemented with glucose (12). In this work, we have shown
that this signal transduction pathway is active in MM supple-
mented with the non-PTS substrate pyruvate, establishing that

substrate transport is not a prerequisite for PTS regulation of
biofilm formation. Furthermore, we have shown that HPr and
FPr also participate in this signal transduction cascade in a
redundant fashion, most likely by receiving a phosphate from
EI. We were unable to identify a single EIIA component
downstream of HPr and FPr in this signaling cascade. Alter-
native signaling mechanisms include direct interaction between
HPr-P and FPr-P and a downstream component, phospho-
transfer from HPr or FPr to a non-PTS component, and phos-
photransfer from HPr and FPr to more than one EIIA com-
ponent. These possibilities are currently under investigation.

The suckling mouse model of infection has been used ex-
tensively in defining the primary virulence factors of V. chol-
erae (4, 36). Several adult mouse models of disease have also
been developed (3, 23, 24, 32). There are several poorly un-
derstood differences between the suckling and adult mouse
models of disease. In the adult conventionally raised mouse,
colonization of the small intestine is not robust and drops
precipitously after inoculation, it is independent of the toxin-
coregulated pilus, and it does not result in secretion of fluid
into the intestinal lumen. Therefore, for the study of virulence,
the suckling mouse is a better model.

However, for the study of the nutritional requirements of the
bacterium within the intestine, we propose that the adult
mouse may be an informative and complementary model. The
intestinal environment in the suckling mammal is quite differ-
ent from that in older mammals in at least two ways. First, a
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FIG. 6. V. cholerae persists in the distal portion of the adult germfree mouse intestine for 1 month. (A) Enumeration of V. cholerae CFU in
stool pellets over time. Mice were infected by having free access to V. cholerae-inoculated saline solution for 24 h. At each indicated time point,
two stool pellets were collected from each mouse. Stool pellets from cohoused mice were pooled. The samples were weighed and homogenized
in 1 ml of PBS. Serial dilutions of this suspension were spread onto LB agar plates, and the resulting colonies were enumerated. Data were
normalized with respect to stool weight. This experiment included 10 mice housed 2 to a cage. Cage 1 mice were monitored for 6 days, mice in
cages 2 and 3 were monitored for 13 days, and cage 4 and 5 mice were monitored for 23 days. (B) Quantification of V. cholerae bacteria in the
proximal small intestine (1), the middle small intestine (2), the distal small intestine (3), the cecum (4), and the large intestine (5) at 6 and 36 days
postinoculation. Measurements at 6 days are shown in blue, while measurements at 36 days are shown in red. Bars represent the geometric means
of measurements. Numbers of CFU in all segments of the small intestine were statistically significantly different from those in the large intestine
(P = 0.0286). (C) Micrographs of different hematoxylin- and eosin-stained portions of the small intestine of a V. cholerae-infected, previously
germfree mouse. The intestine was fixed in neutral buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin.
Bar, 10 pm.

suckling mammal ingests only breast milk. Second, while di-
gestion takes place intracellularly in the neonatal intestine
after pinocytosis of liquid nutrients, in older mammals, en-
zymes anchored to the intestinal brush border are responsible
for digestion of proteins and carbohydrates within the intesti-

nal lumen. Therefore, while EI has been identified previously
as an intestinal colonization factor in a signature-tagged mu-
tagenesis screen carried out with infant mice (19), we consid-
ered it important to characterize V. cholerae colonization of the
adult germfree mouse intestine in more depth and then test the
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FIG. 7. V. cholerae is found primarily in the lumen of the large intestine rather than on the epithelial surface. Micrographs of Gram-stained
sections of the small intestine of a previously germfree, V. cholerae-infected mouse are shown. Bacteria are indicated by arrows. Bar, 10 pm.

importance of EI in this environment. We found that V. chol-
erae was able to colonize both the small and large intestines of
germfree mice. Although the level of colonization of the small
intestine was approximately three orders of magnitude lower

than that of the large intestine, this distribution did not change
over the course of several weeks. This finding suggests that,
while commensal flora destabilizes V. cholerae colonization of
the mouse intestine, it may not be responsible for the poor
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FIG. 8. AEI and AEI Avps mutants have a competitive disadvan-
tage in the germfree mouse intestine. Exponentially grown wild-type
(WT) V. cholerae bacteria were mixed at an approximately 1:1 ratio
with either AEI mutant bacteria (A) or AEI AvpsL mutant bacteria
(B). The resulting Vibrio suspensions were diluted 20-fold in saline and
used to inoculate four mice housed in two cages. On the indicated
days, fecal pellets were collected and plated onto LB agar to determine
total numbers of CFU. Samples were also plated onto sucrose pH
indicator agar to determine the mutant/WT ratio. The WT strain,
which is able to ferment sucrose, forms large yellow colonies on this
medium, and the AEI and AEI AvpsL mutants, which are unable to
transport sucrose, form small green colonies.

colonization of the small intestine that is observed in conven-
tionally raised adult mice.

We then tested the role of the PTS in colonization of the
adult mouse intestine. We documented rapid intestinal clear-
ance of a AEI mutant in the presence of wild-type V. cholerae.
Thus, as observed for the conventionally raised infant mouse,
the PTS is required for colonization of the adult germfree
mouse intestine. VPS-dependent biofilm formation interferes
with V. cholerae colonization of the suckling mouse intestine
(38). Therefore, we questioned whether VPS-dependent bio-
film formation might play a role in the colonization defect of
the AEI mutant. However, a AEI AvpsL mutant had an equally
severe colonization defect. This finding suggests that increased
VPS synthesis is not a dominant factor in the colonization
defect of the AEI mutant, and we hypothesize that carbohy-
drate transport is most likely the critical function of EI in
intestinal colonization. However, additional, unstudied regula-
tory functions of EI may also play a role.

While best known for its role in carbohydrate transport, the
PTS is truly a multicomponent signal transduction cascade that
integrates wide-ranging aspects of bacterial cellular physiology
with environmental nutrient availability. Here, we have docu-
mented the critical roles of a subset of V. cholerae PTS com-
ponents in nutrient scavenging, biofilm formation, and coloni-
zation of the mammalian intestine. We hypothesize that the
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role of the PTS in sensing, integrating, and responding to
nutritional cues is essential for colonization of both aquatic
and host environments; thus, the PTS safely shepherds V. chol-
erae through the environmental and intestinal stages in its life
cycle. Furthermore, based on the widespread conservation of
PTS components in both Gram-negative and Gram-positive
species but not in eukaryotes, we suggest that inhibitors of the
PTS will find widespread applications in both environmental
and medical control of bacterial colonization.
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