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To successfully propagate and cause disease, pathogenic bacteria
must modulate their transcriptional activities in response to pres-
sures exerted by the host immune system, including secreted
immunoglobulins such as secretory IgA (S-IgA), which can bind and
agglutinate bacteria. Here, we present a previously undescribed
flow cytometry-based screening method to identify bacterial
genes expressed in vitro and repressed during infections of Vibrio
cholerae, an aquatic Gram-negative bacterium responsible for the
severe diarrheal disease cholera. We identified a type IV mannose-
sensitive hemagglutinin (MSHA) pilus that is repressed specifically
in vivo. We showed that bacteria that failed to turn off MSHA
biosynthesis were unable to colonize the intestines of infant mice
in the presence of S-IgA. We also found that V. cholerae bound
S-IgA in an MSHA-dependent and mannose-sensitive fashion and
that binding of S-IgA prevented bacteria from penetrating mucus
barriers and attaching to the surface of epithelial cells. The ability
of V. cholerae to evade the non-antigen-specific binding of S-IgA by
down-regulating a surface adhesin represents a previously unde-
scribed mechanism of immune evasion in pathogenic bacteria. In
addition, we found that repression of MSHA was mediated by the
key virulence transcription factor ToxT, indicating that V. cholerae
is able to coordinate both virulence gene activation and repression
to evade host defenses and successfully colonize intestines.

mannose-sensitive hemagglutinin � repression � secretory IgA � toxT

The Gram-negative bacterium Vibrio cholerae is normally
found in association with plankton in surface water. It is also

the causative agent of cholera, a devastating diarrheal disease
that affects millions of people in the world each year (1).
Environmental persistence and infection of human hosts pose
very different challenges for V. cholerae. In its estuarine and
riverine reservoirs, Vibrios must express proteins capable of
mediating attachment to and use of nutritive substrates and
promoting persistence in the face of nutrient limitation and
temperature and osmolaric stress (2). In the host, V. cholerae,
and indeed all other mucosal pathogens, must contend with
many host factors excluding them from the epithelium, especially
secreted immunoglobulins and a thick glycocalyx of mucins (3).
The ability of V. cholerae to adapt to these different challenges
shapes its potential as a human pathogen.

Extensive studies have demonstrated that the ability of V.
cholerae to colonize and cause disease depends on the expression
of a number of virulence factors during infection. This process
is highly coordinated and is directly controlled by ToxT, a
member of the AraC family of transcriptional regulators. toxT
transcription is induced upon entry of V. cholerae into the host
upper intestines (4) and regulated by the ToxRS and TcpPH
protein complexes in response to environmental signals (5). Key
virulence genes up-regulated by ToxT include those for the
toxin-coregulated pilus (tcpA), necessary for colonization of the
small bowel, and those encoding the cholera toxin (ctxAB),
responsible for the diarrhea associated with acute cholera.
However, the vast bulk of transcriptional changes taking place in
V. cholerae as it enters the lumen of the human host is undefined.

We hypothesized that V. cholerae, in addition to activating a set
of virulence genes to facilitate colonization of the host, also may

specifically repress genes to evade the effects of the innate
immune system, which is initially the greatest barrier to coloni-
zation of the intestine by enteric pathogens. We developed a
FACS-based screening method to identify V. cholerae genes that
are expressed in vitro and repressed during infection of the infant
mouse, a model mammalian host. We found that repression of
genes responsible for the synthesis of a type IV mannose-
sensitive hemagglutinin (MSHA) pilus was critical for V. chol-
erae infection. We show that repression of this structure allows
V. cholerae to evade nonspecific interactions with glycan moieties
on one of the primary host mucosal immune factors, secretory
IgA (S-IgA), thus facilitating colonization of the intestinal
epithelium. We further demonstrate that the virulence regulator
ToxT mediated the repression of msh expression under in vitro
virulence-inducing conditions (6), suggesting that V. cholerae is
able to employ both positive and negative transcriptional regu-
lation to shift from a marine microorganism to a successful
human pathogen.

Results
Screening for V. cholerae Genes Expressed in Vitro and Repressed in
Vivo. We hypothesize that V. cholerae requires the repression of
certain genes to transition from environmental growth to host
infection. To identify V. cholerae-repressed genes in vivo, we
constructed a V. cholerae strain containing a PLtetO-1-controlled
gfp and subsequently introduced a mariner transposon bearing a
promoterless tetR gene. TetR is able to tightly repress the LtetO-1
promoter (7). Thus, gfp expression is repressed if the transposon
inserts in an active promoter and derepressed when this pro-
moter is inactive. The resulting transposon library was screened
for GFP� cells (tetR is expressed in such mutants) after in vitro
growth by using FACS sorting. These isolated bacteria then were
inoculated intragastrically into infant mice. Bacteria were iso-
lated from the mouse intestines 12 h after infection and screened
for GFP� bacteria. We obtained �2,000 colonies that were
GFP� (tetR is not expressed in such mutants) in the intestine and
used arbitrary PCR to identify the transposon insertion sites (8).
We identified 89 genes that are highly expressed during in vitro
growth and repressed during colonization (Table 1, which is
published as supporting information on the PNAS web site).
Among them were many genes involved in various metabolic and
membrane transport pathways, which was not surprising, given
the drastic differences in nutrient content in vitro and in vivo. A
large set of hypothetical genes also were down-regulated in vivo.
Interestingly, many genes related to bacterial motility, such as
flagellar biosynthesis and chemotaxis genes, also were identified
as being down-regulated in vivo in our screen. These results agree

Author contributions: A.H. and J.Z. designed research; A.H., Z.L., A.J., and J.Z. performed
research; A.H. and J.Z. analyzed data; and A.H. and J.Z. wrote the paper.

The authors declare no conflict of interest.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: KRT, Krebbs-Ringer-Tris; MSHA, mannose-sensitive hemagglutinin; S-IgA,
secretory IgA.

*To whom correspondence should be addressed. E-mail: junzhu@mail.med.upenn.edu.

© 2006 by The National Academy of Sciences of the USA

14542–14547 � PNAS � September 26, 2006 � vol. 103 � no. 39 www.pnas.org�cgi�doi�10.1073�pnas.0604650103



with previous reports that demonstrate that chemotaxis actually
inhibits the ability of V. cholerae to colonize the small intestine
of infant mice (9). Of note, our screen for genes that were
expressed in LB medium and repressed in infant mice was not
saturated because the library pools that were inoculated into
mice were too complex, and even strains with unimpaired
colonization ability would be lost randomly from the pools.

MSHA Pilus Biosynthesis Genes Were Repressed in Vivo. From the
screen described above, we identified a set of in vivo-repressed
genes belonging to the msh operon (VC0398 to VC0414). This
operon is required for the biosynthesis of a type IV MSHA pilus
(10, 11). MSHA is required for the formation of V. cholerae
monolayers before biofilm formation, playing a role in the
attachment of bacteria to surfaces such as cellulose (12) and is
shared by evolutionarily diverged phages as a common receptor
(13, 14). This pilus appears to be constitutively expressed during
in vitro growth but was thought to play no role in virulence
because msh mutants, as well as WT bacteria, were shown to
colonize (15, 16). To confirm that expression of the msh operon
differed in vivo from in vitro, we constructed a plasmid contain-
ing Pmsh-tetR and introduced it into the V. cholerae strain
harboring a chromosomal PLtetO-1-gfp. The resulting strain was
grown in rich LB medium and inoculated into mice. FACS
analysis indicated that all bacterial cells were GFP� in the
culture, but some of the bacteria were GFP� when grown in vivo
(Fig. 1A). Note that many pieces of bacteria-sized tissue debris
were observed as nonfluorescent events. However, FACS anal-
ysis of intestines from uninfected mice did not reveal a GFP�

population (data not shown). In addition, quantitative real-time
PCR detected an �10-fold decrease in msh transcripts in vivo as
compared with growth in broth (Fig. 1B). Taken together, these
data indicated that the msh gene expression was down-regulated
during infection.

Constitutive Expression of msh Genes in V. cholerae Affects Coloni-
zation. To investigate whether the repression of msh genes is
important for V. cholerae pathogenesis, we interrupted the
normal in vivo repression of MSHA and examined the effects on
V. cholerae colonization. We generated a V. cholerae strain that
constitutively expresses MSHA by replacing the WT msh pro-
moter with a constitutive Plac promoter. This strain (annotated
mshC) demonstrated increased mannose-sensitive hemaggluti-
nation when grown in LB (see Fig. 5A) and actively transcribed
msh genes during infection, as assayed by using quantitative
real-time PCR (Fig. 1). We then performed a competitive
colonization assay by using infant mice, where mshC mutants
were �10-fold defective in colonization (Fig. 2, column 1).
Strikingly, when an mshC and WT bacterial mixture was inocu-
lated into mice that were allowed to suckle, no mshC bacteria
were recovered (Fig. 2, column 2). These data suggest that
repression of msh gene expression is critical for V. cholerae
colonization, and that breast milk may contain factors respon-
sible for inhibition of colonization.

To explain the colonization defect of mshC V. cholerae in the
suckling mouse model, we hypothesized that interactions occur
between the MSHA pilus and host protective factors found in
mucosal secretions, provided to the immunologically naı̈ve suck-
ling mouse via breast milk. In mucosal secretions, including the
colostrum, secretory immunoglobulins are the primary factors
responsible for defense against pathogens (3). S-IgA is the major
isotype of secreted antibody (19). S-IgA is heavily modified by
N- and O-linked glycosylation, which include mannose residues
(20). These glycan moieties allow S-IgA to participate in innate
and adaptive immunity by expanding its binding range to include
bacterial lectin-like structures, independent of an antigen-
specific immune response (21). Binding of S-IgA antibodies has
been shown to decrease the ability of bacteria to adhere to

epithelial cells (22), and it is thought that antibody binding leads
to aggregation of bacteria, promoting their clearance in mucosal
secretions (3).

To determine whether S-IgA was responsible for the reduced
colonization of mshC bacteria, we repeated the competitive
colonization assay by using IgA�/� mice (ref. 23; Fig. 2). In these
mice, which do not produce secreted IgA antibodies at the
epithelium or in milk, mshC bacteria colonized almost as well as
wild-type strains. The presence of milk from IgA�/� mothers did
not alter this pattern of colonization. These data strongly suggest
that V. cholerae represses the MSHA pilus to prevent interac-
tions with host secretory IgA.

MSHA-Dependent Interaction of S-IgA with V. cholerae. The mshC

colonization assays above indicated that V. cholerae producing
MSHA may interact with S-IgA. The MSHA pilus agglutinates
erythrocytes in a process that can be blocked by the addition of
exogenous mannose or mannose analogues, which led us to
speculate that MSHA may mediate V. cholerae binding of S-IgA
through interactions with the antibody glycan moieties. Prece-

Fig. 1. V. cholerae msh expression is repressed during infection. (A) FACS
analysis of strains contain PLtetO-1-gfp and either Pmsh-tetR or Plac-tetR grown
in vitro and in vivo. Bacteria were grown in LB at 37°C or incubated in
5-day-old infant mice for 12 h and were analyzed by flow cytometry. (B)
Real-time PCR analysis of msh transcription in vitro and in vivo. RNA isolated
from in vitro growth and in vivo growth was normalized against 16S RNA, and
the ratio of in vivo to in vitro expression was presented. The results are
representative of three experiments � SD, and representative fields are
shown.
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dent for such an interaction is provided by Escherichia coli type
1 pili, which bind S-IgA in a mannose-sensitive and non-antigen-
specific manner (24). To assay for interactions between S-IgA
and V. cholerae and to test whether this interaction is MSHA-
dependent, we incubated in vitro cultures of WT bacteria,
bacteria that constitutively express msh (mshC), and msh deletion
mutants with purified human colostral S-IgA. Cells then were
stained with goat anti-human-S-IgA IgG fraction conjugated to
fluorescein isothiocyanate and analyzed via flow cytometry to
reveal any binding of V. cholerae to S-IgA. Mannose-specific
interactions were assayed by the addition of a nonmetabolizable
mannose analogue, �-methyl-mannoside (AMM), known to
disrupt the hemagglutinating activity of MSHA (25). Bacteria
constitutively expressing MSHA were more highly bound by
S-IgA than WT bacteria, which also express MSHA in vitro,
whereas msh mutant bacteria did not bind (Fig. 3), indicating
that binding of S-IgA was MSHA-dependent. The presence of
0.2% AMM abolished binding of V. cholerae to human S-IgA,
indicating that binding was mannose-sensitive. Together, these
data suggest that V. cholerae MSHA pili can bind mannose
moieties on S-IgA.

Physiological Roles of S-IgA Binding of V. cholerae. We then inves-
tigated the physiological significance of MSHA-mediated S-IgA
binding for V. cholerae pathogenesis. The importance of antigen-
specific IgA in neutralizing cholera toxins has been hinted at in
previous studies (26), but nonspecific binding via carbohydrate
residues may play an important role in the process of immune
exclusion mediated by secreted Ig.

After entering the host intestine, V. cholerae need to penetrate
mucus layers to colonize. Mucins may synergize with secretory
antibodies to aid in the agglutination or exclusion bacteria (27).
To examine the ability of S-IgA to modulate V. cholerae move-
ment through mucous, we used a mucin penetration assay as
described in ref. 28. Briefly, V. cholerae strains containing WT,
mshC, or an msh deletion were incubated with and without S-IgA
and layered on top of a column of bovine submaxillary mucin.
Bottom fractions were collected after 20 min, and the number of
bacteria penetrating the mucous layer were quantified by serial
dilution. Bacteria producing MSHA (both WT and mshC)

treated with S-IgA migrated more slowly through the column,
whereas S-IgA binding did not affect the migration of msh� cells
(Fig. 4A).

Bacteria that penetrate the mucus layer then must adhere to
the epithelium to colonize. To determine the effect of antibody
binding on adherence, we incubated V. cholerae strains express-
ing GFP (29) with and without S-IgA on a confluent monolayer
of HEp-2 epithelial cells. S-IgA-treated WT and mshC bacteria
were not able to adhere to epithelial cells as efficiently as those
bacteria that were not incubated with S-IgA (Fig. 4B). This
process is MSHA-mediated, because the binding capacity of
msh� bacteria was not affected by S-IgA. These results suggest
that S-IgA can interact with bacteria that fail to repress MSHA,
reducing their capacity for mucus layer penetration and attach-
ment to the epithelial surface.

Virulence Regulator ToxT Represses msh Expression. Our results
suggest that during infection, V. cholerae is able to down-regulate
msh expression, thus avoiding the effects of S-IgA binding. To
examine msh regulation during infection, we examined MSHA
production by using hemagglutination assays under the in vitro
virulence-inducing conditions (AKI medium), which leads to the
up-regulation of virulence genes in V. cholerae, including toxT,
tcpA, and ctxAB (6). Under these conditions, we observed that
TcpA was produced in both WT and mshC bacteria (Fig. 5A).

Fig. 2. Constitutive expression of MSHA (mshC) impairs colonization of
infant mice. Infant WT and S-IgA knockout mice were infected intragastrically
with mixed suspensions of WT and mshC bacteria and were either isolated
from their mother or allowed to suckle. The symbols indicate mutant�WT
output ratios for individual mice (n � 3–6). Output ratios have been normal-
ized to input ratios.

Fig. 3. S-IgA binding to V. cholerae is MSHA-dependent and mannose-
sensitive. Mid-log V. cholerae strains were incubated with or without S-IgA for
1 h. Samples then were stained with FITC-conjugated IgG fraction anti-S-IgA
in the absence (open histogram) or presence (filled histogram) of �-methyl-
mannoside (AMM) and analyzed by flow cytometry. Binding of S-IgA is
represented as the fluorescent intensity. Representative FACS plots are shown.
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WT bacteria could not hemagglutinate, as compared with LB-
grown bacteria, whereas mshC strains did hemagglutinate (Fig.
5A). Thus, we hypothesized that the virulence regulatory ma-
chinery of the bacterium caused a loss of MSHA function.
Indeed, in toxR, tcpP, or toxT mutant bacteria, mannose-sensitive
hemagglutination was preserved after growth in AKI conditions
(Fig. 5A and data not shown), indicating that all three virulence
regulators play roles in regulation of MSHA. Because ToxR and
TcpP function upstream of ToxT, these data suggested that ToxT
may be responsible for repression of msh. To test whether ToxT
represses the msh operon transcriptionally, we constructed a
chromosomal msh-lacZ transcriptional reporter fusion in both
WT and toxT mutants. The expression of msh was �5-fold higher
in wild type grown in LB versus AKI medium, whereas in the
toxT mutant, the msh expression level was higher than that of
wild type in both LB and AKI (Fig. 5B), indicating that toxT
represses the transcription of the msh operon. The inhibition of
ToxT on msh expression is likely to be direct, because overex-
pression of ToxT (pBAD-toxT; ref. 17) repressed msh expression
in E. coli MC4100 (Fig. 5C). Taken together, these data imply
that V. cholerae can coordinately activate a set of virulence
factors to facilitate colonization and repress a set of genes to
avoid attack by the host mucosal innate immune system.

Discussion
V. cholerae has developed the ability to survive and colonize
despite wide variations in environmental conditions. During the
transition from the aquatic environment to the human body,

bacterial cells retool their transcriptional profiles to adjust to the
conditions of the host. Most studies in the bacterial pathogenesis
field are focused on bacterial ‘‘virulence genes’’ whose activation
during infection is critical for pathogenesis. In this study, we
developed a FACS-based genetic screen to identify V. cholerae
genes that are repressed during infection. Our findings, which
indicate that repression of MSHA pilus production is critical for
V. cholerae colonization, suggest that in vivo gene repression also
plays an important role in bacterial pathogenesis.

The ability of ToxT to repress transcription of msh genes
suggests a model of MSHA expression in the host in which V.
cholerae coregulates the expression of virulence and colonization
determinants with the repression of the MSHA pilus early in
infection through transcriptional control mediated by ToxT.
Repression of MSHA enables the bacterium to evade binding of
S-IgA at the mucosa, allowing for colonization mediated by the
toxin-coregulated pilus and other virulence factors also regu-

Fig. 4. The effects of S-IgA binding on V. cholerae. (A) S-IgA inhibits passage
of V. cholerae through mucous barriers. V. cholerae strains with or without
S-IgA treatment were loaded on top of 500-�l mucin columns for 20 min.
Fractions were collected from the bottom of the column after 20 min, and
bacteria were quantified by serial dilution. (B) S-IgA inhibits binding of V.
cholerae to HEp-2 epithelial cells. V. cholerae strains expressing GFP were
treated with or without S-IgA and added to confluent HEp-2 cell culture
grown on coverslips at multiplicity of infection � 100. Cells were then washed
of unbound bacteria and examined by fluorescence microscopy. Cells also
were lysed, and GFP fluorescence was measured by using a plate reader. FU,
arbitrary fluorescence unit. The results are representative of three experi-
ments � SD; representative fields are shown.

Fig. 5. ToxT represses msh expression. (A) In vitro virulence-inducing con-
ditions lead to loss of mannose-sensitive hemagglutination. V. cholerae
strains were grown in LB or AKI medium and assayed for MSHA production by
hemagglutination and TcpA production by a Western blot. Two-fold dilutions
of mid-log cultures of bacteria (left to right on each image) were assayed for
their ability to agglutinate washed sheep erythrocytes. Assay was repeated
three times, and representative results are shown. (B) ToxT mediates repres-
sion of msh transcription. V. cholerae containing msh-lacZ transcriptional
fusions were grown in LB and AKI and assayed for �-gal activity. The results are
representative of three experiments � SD. (C) ToxT represses the msh pro-
moter in E. coli. E. coli strains harboring plasmids containing msh-lacZ and
either PBAD-toxT (17) or the vector control (18) were incubated in the absence
or in the presence of 0.1% arabinose until stationary phase and assayed for
�-gal activity. The results are representative of three experiments � SD.
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lated by ToxT. Upon exit from the host and return to its
environmental reservoir, V. cholerae loses virulence gene ex-
pression and reactivates the expression of genes important for
persistence outside the host. Thus, the infectious cycle of this
very successful human pathogen can be thought of in terms of a
cycle of transcriptional regulation, mediating a set of diverse
responses that are flexibly applied to respond to an ever-
changing environmental milieu. Interestingly, the respiratory
bacterium Bordetella bronchiseptica employs the BvgAS two-
component system to enhance virulence by both activating and
repressing genes during colonization (30).

MSHA pili are produced by a wide variety of V. cholerae
strains (31). MSHA biogenesis and structural genes are orga-
nized as an operon on the large chromosome of V. cholerae.
Although the first gene in the operon, mshH (VC0398), is not
required for MSHA production in growth in LB (11), a consti-
tutive Plac promoter inserted upstream of mshH produced more
MSHA than that of WT in vitro (Fig. 5A). Previous studies have
stressed the role of MSHA as that of an environmental adhesin,
because it participates in a variety of functions likely to be
important in the natural aquatic habitat of V. cholerae. Within
the host, MSHA had appeared to play little role in pathogenesis,
because V. cholerae deficient in MSHA production showed no
loss of virulence compared with wild type (15, 32). However, our
data demonstrate that V. cholerae unable to repress MSHA in
vivo are dramatically impaired in colonization of infant mice
provided with milk and that this phenotype is caused through
interaction with S-IgA (Fig. 2).

Binding interactions through the MSHA pilus are sensitive to
carbohydrates, which led us to hypothesize that MSHA may
mediate V. cholerae binding of S-IgA through interactions with
antibody glycan moieties. Indeed, V. cholerae binding to S-IgA
depends on the formation of MSHA pili, and this interaction can
be inhibited by the addition of exogenous mannose analogues
(Fig. 3). Our data indicates that the binding of S-IgA to V.
cholerae inhibits the movement of these bacteria through the
protective glycocalyx of mucins at the intestinal epithelium and
the adherence of bacteria to epithelial cells (Fig. 4).

Our data suggest that the key virulence regulator ToxT plays
a role in MSHA repression (Fig. 5). ToxT is a member of the
AraC family of transcriptional regulators, several of which can
serve as both activators and repressors (33). Previous microarray
analysis of WT and toxT transcriptional profiles did not detect
msh repression (34). However, it is possible that microarray
analysis is not sensitive enough to detect the levels of msh gene
transcription and modulation by ToxT or that this is due to strain
and growth condition differences. The exact mechanisms of
ToxT repression awaits further investigation. Interestingly, ex-
pression of ToxT in mshC bacteria still leads to reduced levels of
hemagglutination (Fig. 5A and data not shown), suggesting that
in addition to directly repressing the msh expression, ToxT may
initiate posttranscriptional mechanisms to inhibit MSHA pro-
duction. In addition, exactly when MSHA repression occurs is
still unknown, except that it occurs within the first 12 h of
infection, as sampled in our screen. This result is consistent with
previous reports, which indicated that virulence gene induction
in the infant mouse was maximal 5 h after infection (4).

Although MSHA is transcriptionally repressed in the infant
mouse model, anti-MSHA antibodies have been detected in
cholera patient blood samples, suggesting that MSHA may be
produced at some point during V. cholerae infection (32, 35). The
expression pattern of MSHA in humans, or in later stages of
infections in suckling mice, is unknown. It is possible that MSHA
production resumes after colonization of the small bowel. In-
deed, one study comparing the transcriptional profiles of V.
cholerae in early and late stages of infection of humans suggests
that virulence genes activated by ToxT are turned off late in
infection (36). However, MSHA repression for evasion of the

host innate immune response appears to be critical during early
stages of infection, because V. cholerae penetrates the mucous
layer and begins to express the virulence factors required for
colonization.

Methods
Strains, Plasmids, and Culture Conditions. V. cholerae El Tor C6706
(16) was used as the WT strain in this study. E. and V. cholerae
strains were propagated in LB containing appropriate antibiotics
at 37°C, unless otherwise noted. AKI media and growth condi-
tions were used to induce virulence gene expression (6). PLtetO-
1-gfp was cloned into the plasmid pCVD442 (37) and integrated
into the lacZ locus of the C6706 chromosome, resulting in the
strain JZV338. A mariner transposon containing the promoter-
less tetR gene (pJZ320) was constructed by cloning the tetR-
coding sequence into pSC123 (38). Constitutive expression of the
msh operon was achieved by cloning a fragment including
VC0397 and VC0398 into pWM91 (39) and, subsequently,
inserting a Plac promoter between VC0397 and VC0398. The
resulting plasmid then was transferred into C6706 and cells
selected for double crossover events. The plasmid containing
Pmsh-tetR was constructed by cloning the msh promoter region
(chI 422929 to 423580) fused with the tetR coding sequence into
pBBR1-MCS2 (40). The msh deletion mutant was constructed
by using the plasmid pHT1 as published in ref. 16. Pmsh-lacZ was
constructed by cloning msh promoter region into pJZ244 (41)
and then integrated into the C6706lacZ� chromosome by ho-
mologous recombination. V. cholerae strains labeled with GFP
were constructed by inserting a Plac-gfp in the lacZ locus on the
chromosome (28). Deletion mutants in toxR, tcpP, and toxT were
constructed as described in ref. 34.

Screen V. cholerae Genes Expressed in Vitro and Repressed in Vivo. A
transposon library (JZV338::pJZ320) was inoculated into LB and
grown at 37°C for 12 h. Bacteria then were washed with PBS
and submitted for FACS. GFP� bacteria were collected by FACS,
and the recovered bacteria then were pooled and �106 cells were
used to infect 5-day-old infant CD-1 mice. After 12 h, mice were
killed, and the intestines were homogenized. Samples were then
submitted for FACS. GFP� bacteria were collected by FACS and
plated on LB agar with appropriate antibiotics. Arbitrary PCR (8)
then was performed to identify transposon insertion sites. See
Supporting Materials, which is published as supporting information
on the PNAS web site, for detailed protocol.

RNA Extraction and Real-Time PCR. CD-1 suckling mice were
infected with V. cholerae as described above. After 12 h, mice
were killed, and bacteria were recovered by homogenizing
intestines. RNA from homogenates was purified by using TRIzol
reagent (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. RNA from bacteria grown in vitro was
isolated by using the standard method described in ref. 17. RNA
reverse transcription was performed by using the SuperScript II
kit (Invitrogen) with 4 �g of RNA. Reactions without reverse
transcriptase were performed to confirm the absence of con-
taminating DNA. Quantitative real-time PCR by using primers
hybridized to VC0399 was performed on an ABI7700 Prism
system (Applied Biosystems, Foster City, CA). 16S ribosomal
RNA was used for an internal control in all reactions. Data were
collected by using an Apple (Cupertino, CA) Macintosh G4
desktop computer linked to the ABI7700 system with the SDS
1.5 software.

Infant Mouse Competition Assay. Approximately 105 C6706
(lacZ�) and mshC (lacZ�) (1:1) were inoculated intragastrically
into 5-day-old CD-1, C57�B6 (Charles River Laboratories, Wil-
mington, MA) or C57�B6 IgA�/� mice (22). Infected pups were
placed alone (unfed) or with the mother mouse (fed). Mice were
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killed after 20 h, and intestinal colonized bacteria were quanti-
fied as described in ref. 42. Competitive index was reported as
mshC�WT and normalized for input ratio.

FACS Quantitation of S-IgA Binding. Approximately 105 mid-
logarithmic phase bacteria were collected by centrifugation and
resuspended in 100 �l of Krebbs-Ringer-Tris (KRT) buffer (42).
Bacteria were allowed to bind purified human colostral S-IgA
(MP Biochemicals, Solon, OH) for 1 h at 37°C, added at a final
concentration of 0.5 mg�ml. When indicated, �-methyl-
mannoside was added for a final concentration of 0.2% wt�vol.
Bacteria then were collected by centrifugation and resuspended
in 100 �l of 1% BSA in PBS, containing 1:250 dilution of
fluorescein-conjugated goat anti-human S-IgA IgG (MP Bio-
chemicals). Samples were allowed to stain for 20 min at 22°C and
then were analyzed by flow cytometry on a BD Biosciences (San
Jose, CA) FACScan instrument.

Mucin Penetration Assay. Mucin columns were prepared in 1-ml
syringes with 500 �l of 3% bovine submaxillary mucin (wt�vol)
in KRT buffer. Approximately 1 � 106 logarithmic phase
bacteria were collected by centrifugation and resuspended in
KRT. Purified human colostral S-IgA then was added to bacteria
at a final concentration of 0.5 mg�ml and allowed to bind at 37°C
for 1 h. After binding, bacteria were layered on top of mucin
columns and allowed to settle for 20 min at 37°C. After settling,
100-�l fractions were collected from the bottom of the mucin
columns, and bacteria were quantified by serial dilution.

Cell Culture and Quantification of Epithelial Cell Binding. HEp-2
human epithelial cells were propagated in DMEM supplemented
with 10% FBS (Sigma, St. Louis, MO) under 5% CO2. V. cholerae
strains with a Plac-gfp inserted in the chromosomal lacZ locus (28)
were grown to mid-log phase and resuspended in 100 �l of KRT

with 0.5 mg�ml S-IgA. After incubation with antibody for 1 h at
37°C, bacterial suspensions were added to HEp-2 cells at a multi-
plicity of infection of 100 in KRT. Epithelial cells and bacteria then
were incubated for 30 min at 37°C with 5% CO2. The media then
was removed, and epithelial cells were washed three times with
KRT to remove unbound bacteria. Coverslips were examined with
a Leica (Deerfield, IL) fluorescent microscope and quantitation of
the binding of bacteria to HEp-2 cells was measured by fluores-
cence per well after lysis with Triton X-100 with a Synergy HT
spectrophotometer (Bio-Tek, Burlington, VT).

Hemagglutination Assays. Mannose-sensitive hemagglutination by
V. cholerae was measured as described in ref. 42. Briefly, sheep
erythrocytes were washed in PBS and resuspended in KRT
buffer for a final concentration of 10% vol�vol. Bacteria were
grown to mid-logarithmic phase in AKI media and serially
diluted in KRT buffer. Erythrocyte suspensions then were
added, and samples were checked for hemagglutination after 2 h.
Blood alone and MSHA-negative cultures settled to form a dark
pellet; hemagglutination by V. cholerae (MSHA-positive) caused
blood in the well to remain diffuse.

�-Gal Activity Assays. V. cholerae strains containing transcrip-
tional LacZ reporter fusions were grown at 37°C in LB or AKI
media. Samples were withdrawn at indicated time points, and
�-gal activity was determined as described in ref. 43.
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