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Background: The human intestine, in which Vibrio cholerae exerts its virulence, is an anaerobic environment.
Results: When grown anaerobically with trimethylamine N-oxide (TMAO), V. cholerae exhibited enhanced growth and cholera

toxin (CT) production was remarkably induced.

Conclusion: Anaerobic TMAO respiration may serve as a signal to increase V. cholerae virulence.
Significance: A novel growth condition that induces CT production is uncovered.

Vibrio cholerae is a Gram-negative bacterium that causes
cholera. Although the pathogenesis caused by this deadly patho-
gen takes place in the intestine, commonly thought to be anaer-
obic, anaerobiosis-induced virulence regulations are not fully
elucidated. Anerobic growth of the V. cholerae strain, N16961,
was promoted when trimethylamine N-oxide (TMAQ) was used
as an alternative electron acceptor. Strikingly, cholera toxin
(CT) production was markedly induced during anaerobic
TMAO respiration. N16961 mutants unable to metabolize
TMAO were incapable of producing CT, suggesting a mecha-
nistic link between anaerobic TMAO respiration and CT pro-
duction. TMAO reductase is transported to the periplasm via
the twin arginine transport (TAT) system. A similar defect in
both anaerobic TMAO respiration and CT production was also
observed in a N16961 TAT mutant. In contrast, the abilities to
grow on TMAO and to produce CT were not affected in a
mutant of the general secretion pathway. This suggests that V.
cholerae may utilize the TAT system to secrete CT during
TMAO respiration. During anaerobic growth with TMAO,
N16961 cells exhibit green fluorescence when stained with
2',7'-dichlorofluorescein diacetate, a specific dye for reactive
oxygen species (ROS). Furthermore, CT production was
decreased in the presence of an ROS scavenger suggesting a
positive role of ROS in regulating CT production. When
TMAO was co-administered to infant mice infected with
N16961, the mice exhibited more severe pathogenic symp-
toms. Together, our results reveal a novel anaerobic growth
condition that stimulates V. cholerae to produce its major
virulence factor.
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Cholera is an acute noninflammatory diarrheal disease that
affects humans infected with the causative pathogen Vibrio
cholerae (1). Cholera has been involved in seven historic pan-
demics and has posed a huge threat to human health in regional
epidemics until very recently (2). Among more than 200 O-an-
tigen serotypes, O1 and 0139 serotypes are toxigenic and can
cause cholera. O1 serotype strains are further classified into two
biotypes, El Tor and Classical, the latter of which is presumed
extinct (3). Invading V. cholerae cells that survive the acidic
gastric environment enter the intestine, where they produce an
array of virulence factors, including cholera toxin (CT)? and
toxin co-regulated pilus (TCP) (4). CT is an ADP ribosylating
toxin that creates imbalanced ion transport across the intestinal
epithelia leading to loss of electrolytes and water from the epi-
thelial cells (5). TCP is known to play an essential role in the
bacterial colonization to the intestinal surface (6). Human
intestine is occupied with commensal bacteria, most of which
are strict anaerobes (7). This suggests that (i) the microenviron-
ment in the human intestine is anaerobic and (ii) anaerobiosis
may serve as a host factor that modulates V. cholerae virulence
(8). Consistent with this notion, recent reports showed that
under anaerobic conditions, expression of tcpP, a regulator of
virulence gene expression (9) was elevated and this increase was
mediated by a novel oxygen sensing mechanism of AphB, a
LysR-type transcriptional activator (10, 11). These findings
were achieved from V. cholerae cells grown anaerobically in
AKI media.

As a facultative anaerobe, V. cholerae can support its growth
by fermentation of diverse carbohydrates including glucose,
sucrose, maltose, mannitol, lactose, dextrin, and starch (12, 13).
Sucrose fermentation has been used as a basis for the identifi-
cation of V. cholerae species among fecal isolates (14). However,
whether V. cholerae can also support anaerobic growth by res-
piration of alternative electron acceptors (AEAs) has not been

3 The abbreviations used are: CT, cholera toxin; TMAO, trimethylamine N-ox-
ide; TMA, trimethylamine; DCF-DA, 2',7'-dichlorofluorescein diacetate;
AEA, alternative electron acceptors; DMSO, dimethyl sulfoxide; DIC, differ-
ential interference contrast; Tn, transposon; TAT, twin arginine transport;
NAC, N-acetylcysteine; TCP, toxin co-regulated pilus.
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TABLE 1
Bacterial strains and plasmid used in this study

Strains or plasmids

Relevant characteristics

Ref. or source

V. cholerae strains

N16961 O1, El Tor Lab collection
N16961 P,,, ,:lacZ fusion ctxAB promoter lacZ fusion construct This study
AVC1720 N16961, VC1720:TnKGL3 This study
AVCo0116 N16961, VC0116:: TnKGL3 This study
AVC2053 N16961, VC2053:: TnKGL3 This study
AVC1024 N16961, VC1024:TnKGL3 This study
N16961 Atat mutant N16961, VC0086-VC0088 deleted This study
N16961 Asec mutant N16961, VC0742-VC0744 deleted This study
N16961 Atype II mutant N16961, VC2723-VC2734 deleted This study

0395 01, Classical Lab collection
C6706 O1. El Tor Lab collection
569B 01, Classical Lab collection
MO10 0139 Lab collection
AM19226 Non-O1, non-O139 Lab collection
CVD115 hap, rtxA double mutant of CVD110 (24)
E. coli strain
SM10/Apir Km" thi-1 thr leu tonA lacY supE recA:RP4—2-Tc:Mu pir™, for conjugal transfer Lab collection
Plasmids
pCVD442 sacB suicide vector from plasmid pUM24 Lab collection
pVIK112 Suicide vector for lacZ reporter fusion, Km" Lab collection
pTnKGL3 Suicide vector bearing TnKGL3, Cm" Km" Lab collection

extensively studied. In addition, studies have not been con-
ducted on (i) which AEA can most efficiently stimulate anaer-
obic growth of V. cholerae, (ii) how anaerobic respiration con-
tributes to bacterial proliferation in the human intestine, and
(iii) how V. cholerae virulence is regulated under such anaero-
bic respiratory growth.

The genome of the 7th pandemic strain N16961 contains
several genes that are likely involved in anaerobic respiration. It
appears that N16961 is capable of utilizing fumarate, nitrate,
trimethylamine N-oxide (TMAO), or dimethyl sulfoxide
(DMSO) as AEAs (15). In this study, we investigated the anaer-
obic growth and virulence regulation of N16961 under diverse
anaerobic respiration conditions. N16961 grew better and
secreted remarkably high amounts of CT while growing anaer-
obically with TMAO. We also uncovered the possible mecha-
nisms for enhanced CT production and explored the potential
in vivo relevance of anaerobic TMAO respiration. This report
reveals novel features associated with V. cholerae virulence dur-
ing a growth mode that may occur inside the human intestine.

EXPERIMENTAL PROCEDURES

Ethics Statement—All animal experiments were conducted
following the national guidelines provided by the Korean gov-
ernment (Ministry for Food, Agriculture, Forestry and Fisher-
ies) and in strict accordance with the institutional guidelines for
animal care and use of laboratory animals. The methods for
animal experimentations using infant mice were approved by
the Committee on the Ethics of Animal Experiments of the
Yonsei University College of Medicine (permit number
2011-0166).

Bacterial Strains and Growth—Bacterial strains and plas-
mids used in this study are listed in Table 1. Bacterial cultures
were grown at 37 °C in Luria-Bertani media (LB, 10 g of tryp-
tone, 5 g of yeast extract, and 10 g of NaCl/liter). The anaerobic
growth of V. cholerae strains was performed as described else-
where (16). To support anaerobic growth, trimethylamine
N-oxide, dimethyl sulfoxide, or fumarate (Sigma) was added to
the medium and termed LBT, LBD, or LBF, respectively.
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CT ELISA and Western Blot Analysis—CT ELISA was per-
formed as previously described (17). Purified CT (List Biologi-
cal Laboratories, Inc., Campbell, CA) was used to provide a
standard curve. For Western blot analysis, culture supernatants
were first concentrated via TCA (trichloroacetic acid, Sigma)
precipitation (18). Western blot analysis was carried out as pre-
viously described (19). Rabbit polyclonal antibody raised
against CT subunit B (Abcam Inc., Cambridge, UK) was used
for both assays.

Transposon (Tn) Mutant Screening—A library of Tn-inser-
tion mutants was constructed by the conjugal transfer of
TnKGL3, a mariner-based Tn (3). Km" mutants (>20,000) were
screened for their capability to grow anaerobically on LB agar
plates containing 50 mmM TMAO. N16961 mutants found to
form smaller-sized colonies after 2 days of anaerobic growth
were selected and individually tested in broth cultures. Arbi-
trary PCR was performed to determine the location of the Tn
insertion site. Information regarding primer sequences and
PCR protocol are described elsewhere (3).

Construction of Mutants and ctxAB Promoter-lacZ Fusion
Strain—V. cholerae mutants were created by allele replacement
as previously described (20). The 500-base pair flanking
sequences located at both ends to introduce mutation were
amplified by PCR with the primers listed in Table 2. Construc-
tion of a single-copy P, .pz:lacZ transcriptional fusion and
B-galactosidase activity assay were performed as described pre-
viously (3).

Confocal Microscope—Differential interference contrast
(DIC) and green fluorescent images were acquired using a con-
focal laser scanning microscope (FV-1000; Olympus Optical
Co. Ltd., Japan) and its operating software, FV10-ASW (version
02.01). Detailed procedures are described elsewhere (16, 21).
For ROS detection, N16961 was grown anaerobically for 8 h
with 50 mm TMAOQO, DMSO, or fumarate. Aliquots of each cul-
ture were removed and stained with 10 um DCE-DA (2',7'-
dichlorofluorescein diacetate, Sigma) for 30 min. To capture
the green fluorescence, samples were scanned at 488 nm and
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TABLE 2
Primers used in this study
Gene name Direction” Primer sequence (5'-3")?
Cloning
ctxA-promoter fusion F CACATGAATTCACTATCGAGTCAGAGCAATCCG
ctxA-promoter fusion R ATTGGTCTAGATTGTTTAACAGAAAAATAATTGATCAAAAC
tatABC Left F CTCTAGTCGACACTGCTGTATGTCGAAGGCTTGG
tatABC Left R GAATTGAGCTCGATAAGAAGTTGCCAAATACTGATACCACC
tatABC Right F CACTAGAGCTCAAGCGTCCATACATTATCGTTGGTG
tatABC Right R GAATTCCCGGGTCAGCGAGGTAAGAACGACTTTCATAA
yajC-secD-secF Left F AACCTGTCGACGGTGTGCGTCGTGGTATCGACA
yajC-secD-secF Left R GATATGAGCTCGCCTGCGGCATGTGCTACAGAA
yajC-secD-secF Right F AACCTGAGCTCAATGATCCACGGTTTTGCGCTG
yajC-secD-secF Right R GATATCCCGGGCCTTGGGATATGGCTGCAGGTG
V(C2734-VC2723¢ Left F AACCTGTCGACAACGTTTGAGACACTTCGCTCCACT
VC2734-V(C2723 Left R GATATGAGCTCTTTGCGCATCATTACTCGCCAC
V(C2734-VC2723 Right F AACCTGAGCTCTGCCAAGAGAGCGTTGTGACCC
V(C2734-VC2723 Right R GATATCCCGGGTGGGCTCTGCAGCACTGAAAGC
qRT-PCR
rpoD F AGGCAGTGGCTCACGACCCAT
rpoD R ATGCGACTTGGTGGATCCGTCA
ctxB F CCTCAGGGTATCCTTCATCCT
ctxB R GTGCAGAATACCACAACACAC
ctxA F ACGGCTCTTCCCTCCAAGCTCT
ctxA R GGTATCGAGTTCATTTTGGGGTGC
toxT F GCTGTCCTTTCTGAAGTGGTAA
toxT R CTGCCCAACGCCAATTACGCGT
toxR F ATTGGCTGGCTGCGGTGTGTTC
toxR R TTGATCGCCCGAGTGGAAACG
tcpP F GAGCGGATAAAAATTGAGTGGGGGA
tcpP R CCCCGGTAACCTTGCTAAATCTCGT

“F, forward; R, reverse.
? Restriction enzyme recognition sequences are underlined.
¢ VIC2734-VC2723 are genes encoding components of Type II secretion system.

emission was detected through a 520-nm band filter. The DIC
and green fluorescence images were collected simultaneously.

Two-dimensional Gel Electrophoresis and Protein Identifica-
tion—N16961 cells grown anaerobically for 16 h in LB, LBT,
LBD, or LBF were harvested by centrifugation at 14,000 X g for
5 min. The cell pellet was washed three times with ice-cold PBS
and submitted to Genomine Inc. (Pohang, Korea), where the
entire proteomic analysis was performed.

Infant Mouse Infection—Infant mice (~5 to 6 days old, Cen-
tral Lab Animal Inc., Seoul) were orogastrically infected with V.
cholerae strains following procedures previously described (3).
After 24 h infection, intestinal homogenates were prepared and
the number of viable cells was determined by spreading serial
diluents on LB agar containing Sm (for total bacterial cell
count) or LB agar containing both Sm and Km (for AtorD
mutant).

qRT-PCR—Transcript levels of virulence-associated genes
(ctxA, ctxB, toxT, toxR, and tcpP) were measured by qRT-PCR.
The detailed analysis procedure has been described previously
(21). Transcript levels of the rpoD gene were used to normalize
the transcript levels of the tested genes. The primers used for
qRT-PCR are listed in Table 2.

TMAO Reductase Activity Assay—V. cholerae strains,
N16961, and four Tn-insertion mutants, were grown anaerobi-
cally in LB or LBT for 16 h. To analyze the TMAO reductase
activity in different cellular fractions, the periplasmic and cyto-
plasmic fractions were separated by polymyxin B treatment.
Cell pellets were resuspended with PBS containing 2,000 units
of polymyxin B and incubated for 15 min at 4 °C. After incuba-
tion, reaction mixtures were centrifuged at 12,000 rpm for 10
min and the supernatants were saved for periplasmic fractions.
Cell pellets were then resuspended in PBS and sonicated to
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produce cytoplasmic fractions. Equal amounts of proteins pres-
ent in each fraction were resolved by a 9% nondenaturing poly-
acrylamide gel, and a native gel-based enzyme assay was per-
formed as previously described (22).

Statistical Analysis—Data are expressed as mean = S.D. An
unpaired Student’s £ test was used to analyze the data. A p value
of <0.05 was considered statistically significant. All experi-
ments were repeated for reproducibility.

RESULTS

Anaerobic Growth of the V. cholerae Strain N16961 Was
Enhanced by TMAO Respiration and CT Production Was
Remarkably Induced under Such Conditions—V. cholerae was
reported to support anaerobic growth by using diverse AEAs,
such as TMAO, fumarate, and DMSO (15). To examine the
relative anaerobic growth achieved using each AEA, N16961
was grown in LB supplemented with TMAO, fumarate, or
DMSO at three different concentrations. As shown in Fig. 14,
bacterial growth was enhanced when grown with TMAO or
fumarate. When TMAO was added at 50 mm concentration,
the final A, values were ~2-fold higher than that of control
growth in plain LB media (black bar to the left). N16961 also
exhibited better anaerobic growth using fumarate with the
growth enhancement being as robust as what was observed in
TMAO-amended LB broth. Additional increases in the final
Agoo values were not observed when DMSO was used.

The level of CT secreted to culture supernatants during each
anaerobic culture was then measured. Surprisingly, CT produc-
tion was strikingly induced during TMAO-stimulated anaero-
bic respiratory growth (Fig. 1B). Such a dramatic induction was
not detected in other types of anaerobic growth. Notably, CT
was not produced when N16961 was grown aerobically with
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equal amounts of TMAO (Fig. 1B), demonstrating that TMAO-
induced CT production occurred only under anaerobic growth
conditions. To confirm the CT ELISA results, Western blot
analysis was also performed using an antibody against CT sub-
unit B. As shown in Fig. 1C, the band specific to CT subunit B
was only detected in the cell-free culture supernatant of
N16961 grown by anaerobic TMAO respiration. These results
suggest that among various AEAs, TMAO can most efficiently
stimulate anaerobic growth of the V. cholerae strain N16961. In
addition, CT production is specifically and substantially
induced during TMAOQ respiration.

The study also investigated whether TMAO-stimulated CT
production was reflected in the transcriptional activation of
CT-coding genes. To address this, the promoter activity of
ctxAB genes was monitored by constructing a chromosomal
lacZ reporter fusion to this promoter. Consistent with the CT
ELISA results, a significant level of B-galactosidase activity was
detected only in N16961 grown anaerobically in LB containing
50 mm TMAO (Fig. 1D). The mRNA expression levels of other
virulence-associated genes were then measured by qRT-PCR
analysis. Transcript levels of five selected genes, ctxA, ctxB,
toxT, toxR, and tcpP, invariably increased in N16961 grown in
LBT compared with LB (Fig. 1E). Expression of ctxA and tcpP
was up-regulated to the highest level at greater than ~50-fold,
whereas the mRNA levels of ctxB, toxT, and toxR increased
~13-, ~17-, and ~12-fold, respectively (Fig. 1E).

The 7th pandemic V. cholerae strain N16961 is classified as
O1 serogroup and El Tor biotype (23). We therefore asked
whether the mechanism of TMAO-stimulated CT production
is conserved among other types of V. cholerae strains. Two dif-
ferent Classical biotype strains (0395 and 569B) and another
O1 El Tor biotype strain (C6706) produced comparable CT
levels under the same anaerobic growth conditions (Fig. 1F).
Interestingly, both the O139 serogroup strain MO10 and the
non-0O1/non-0139 strain AM19226 failed to produce CT. As
expected, CT was not produced in the CVD115 strain derived
from CVD110 that has deletions in CT-coding genes (24) or in
the N16961 strain grown in plain LB (leftmost lane). Although
only a limited number of V. cholerae strains were tested, these
results may suggest that the mechanism for producing CT dur-
ing TMAO respiration is conserved in V. cholerae O1 sero-
group strains.

CT Production Was Not Observed in N16961 Tn Insertion
Mutants with Defects in Their Ability to Respire TMAO—To
examine whether a mechanistic link exists between enhanced
anaerobic growth by TMAO respiration and CT production, an
N16961 Tn random insertion mutant library was constructed
and screened for mutants that failed to form colonies with a
larger size in LB-agar plates supplemented with 50 mm TMAO.
In four mutants that were recovered, it was clearly shown that
the presence of TMAO did not increase their anaerobic growth
(Fig. 2A). In all of these mutants, the final Ay, values after 16 h
of anaerobic culture in LBT were similar to those obtained from
LB growth. Arbitrary PCR amplification followed by DNA
sequencing analysis demonstrated that Tn was inserted in the
protein coding regions of VCI720, VCO0116, VC2053, or
VC1024, respectively (Fig. 2B). VC1720, termed torD, encodes a
chaperone protein for TorA (VC1692), a major subunit of the
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FIGURE 1. CT production is specifically induced during anaerobic growth
by TMAO respirationin N16961. A, anaerobic growth of N16961 in the pres-
ence of AEAs. Bacterial cells precultured aerobically in LB were inoculated to
LB media or to LB containing TMAO, fumarate, or DMSO and grown statically
inside the anaerobic chamber for 16 h. To examine dose dependence, three
different concentrations (50, 25, and 10 mm) of TMAO, fumarate, and DMSO
were used. Three independent experiments were performed and values of
mean * S.D.aredisplayed in each bar.*, p < 0.01 versus Ago, values of N16961
after anaerobic growth in plain LB. B, the effect of anaerobiosis and the pres-
ence of AEAs on CT production. N16961 was aerobically or anaerobically
grown in LB with each AEA (50 mm) for 16 h. The CT level was determined by
ELISA. *, p < 0.001 versus CT levels from other cultures. C, Western blot anal-
ysis of culture supernatants harvested from aerobic or anaerobic growth of
N16961 in LB or LBT (LB + 50 mm TMAO). Prior to loading onto SDS-PAGE gel,
each culture supernatant was concentrated by TCA precipitation. The protein
band that corresponds to the CT subunit B was shown with an arrowhead. D,
promoter activity of ctxAB genes in N16961 grown under the indicated cul-
ture conditions. An N16961 reporter strain harboring single-copy P, g::lacZ
fusion was assayed in triplicate for B-galactosidase activity. Values of mean *
S.D.are presented. *,p < 0.001 versus B-galactosidase activity measured from
other cultures. E, qRT-PCR analysis of V. cholerae virulence-associated genes.
gRT-PCR was conducted on c¢DNA synthesized from 2 ug of total RNA
extracted from N16961 grown anaerobically either in LB (black bars) or in LBT
(gray bars). Bacterial cells were harvested after 8 h of growth and subjected to
RNA isolation. Transcript levels of the tested genes indicated at the bottom
were normalized with those of the rpoD gene transcript. Three independent
experiments were performed and values of mean = S.D. are displayed in each
bar.The primers used for qRT-PCR are listed in Table 2.*, p < 0.05 versus transcript
levels in N16961 grown in LB. F, Western blot analysis of CT subunit B in a variety
of V. cholerae strains. Bacterial strains were grown anaerobically in LBT (except for
the first lane; N16961 grown in LB) for 16 h and culture supernatants, concen-
trated via TCA precipitation, were loaded onto SDS-PAGE for Western blot anal-
ysis. Information on bacterial strains was provided in Table 1. The protein band
that corresponds to the CT subunit B was shown with an arrowhead.

TMAO reductase complex (25). VC0116 (HemN) is an oxygen-
independent coproporphyrinogen III oxidase involved in heme
biosynthesis (26, 27). VC2053 encodes a heme chaperone for
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FIGURE 2. Identification of N16961 mutants defective in anaerobic
growth by TMAO respiration. A, anaerobic growth of wild type N16961 and
four different mutants recovered from screening Tn mutant library. Strains
were grown anaerobically in LB (black bars) or LBT (gray bars) for 16 h, and
values of Agyo (mean + S.D., n = 3) are displayed. *, p < 0.001 versus Agoq
values of other cultures. B, information of genes disrupted in each mutantand
function of the proteins encoded from each gene. C, up-regulated synthesis
of VC1025 protein in N16961 grown in LBT. Bacterial proteins were extracted
from N16961 grown anaerobically in LB, LBT, LBD (LB + 50 mm DMSO), or LBF
(LB + 50 mm fumarate) and were separated in two-dimensional gels. The
same area of each gel containing a spot for VC1025 was compared. The
VC1025 protein was identified by Q-TOF. The leftmost image represents pro-
tein spots detected by gel image analysis.

biosynthesis of the c-type cytochrome that is required for active
TMAO reductase (15). TMAO reductase is also featured with
the presence of a molybdenum cofactor (28). A mutant of
VC1024 (moaA) that is defective in the machinery required to
synthesize the molybdenum cofactor was included among the
mutants incapable of utilizing TMAO under anaerobic condi-
tions. Consistent with this finding, the synthesis of molybde-
num cofactor biosynthesis protein B produced from a gene
(VC1025, moaB) clustered as an operon with moaA was specif-
ically up-regulated in LBT-grown N16961 in two-dimensional
gel electrophoresis analysis (Fig. 2C).

The TMAO reductase activity in each mutant was then
measured by a native gel-based assay (22). As expected, TMAO
reductase activity was robustly induced in N16961 grown
anaerobically in LBT, but not in LB (Fig. 34). TMAO reductase
was detected in both the periplasm and cytoplasmic space in
LBT-grown N16961. TMAO reductase was non-detectable in
the AVC1720 and AVCI1024 mutants, whereas its activity was
significantly decreased in the AVC0116 and AVC2053 mutants
(Fig. 3A). These results further confirm that the incapability of
these mutants to exhibit enhanced anaerobic growth using
TMAO is indeed caused by the presence of defective TMAO
reductase.

We then examined whether or not these mutants have com-
promised capabilities to produce CT. As shown in Fig. 3B, the
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FIGURE 3. TMAO reductase activity detected in the recovered mutants
and their capabilities to produce CT. A, strains indicated at the bottom were
grown anaerobically in LB or in LBT for 16 h. Proteins present in cytoplasmic
(C) and periplasmic (P) fractions were separated by native gel and stained for
TMAO reductase activity. One ug of protein was subjected to native gel elec-
trophoresis and activity staining in each lane. The activity staining was per-
formed as described under “Experimental Procedures.” B, CT ELISA analysis of
mutant strains. Experimental conditions were identical to those described in
the legend to Fig. 1B. *, p < 0.001 versus CT levels from other cultures.

CT levels induced in all of these mutant strains were negligible
during anaerobic growth with TMAO, whereas robust CT pro-
duction was observed in the wild type strain N16961. Together,
our results demonstrate that (i) the ability to produce heme
group, cytochrome ¢, and molybdenum cofactor is necessary to
produce functionally intact TMAO reductase and (ii) that CT
production during anaerobiosis occurs in strict association
with TMAO respiration.

The Twin Arginine Transport Pathway Was Required for
Both TMAO Respiration and CT Production—TMAO reduc-
tase is active in the periplasmic space and is transported to the
periplasm via the twin arginine transport (TAT) system in Esch-
erichia coli (29). The bacterial TAT system is an inner mem-
brane-associated apparatus for protein translocation that can
export cytoplasmic proteins containing a consensus twin argi-
nine recognition motif in its N terminus (30). To elucidate
whether TMAO reductase of V. cholerae is also processed in a
similar way, we first analyzed the primary sequence of TMAO
reductase, the product of torA gene (VC1692). As shown in Fig.
4A, TMAO reductase of V. cholerae strain N16961 also harbors
the twin arginine motif in its N-terminal region, suggesting that
this enzyme is likely a substrate of the TAT system. Unlike
E. coli, in which the torA, torC, and torD genes are clustered as
an operon (31), the forD gene is located in a separate region of
the N16961 genome (Fig. 44). TorC is a cytochrome c-type
subunit of TMAO reductase (32).

We then constructed a Atat mutant in which three genes
(tatA, tatB, and tatC) of the TAT operon were deleted and
tested whether such a mutant can exhibit enhanced anaerobic
growth on TMAO. As shown in Fig. 4B, no growth enhance-
ment was observed in the Atat mutant in response to the pres-
ence of TMAO, demonstrating that the TAT system is critically
required for activation of the TMAO reductase in V. cholerae.
Importantly, CT was not produced in the Atat mutant during
anaerobic growth in LBT (Fig. 4C). This result further suggests
that CT production is specifically induced only under condi-
tions in which bacterial anaerobic growth is stimulated by
TMAQO respiration.
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FIGURE 4. Involvement of the TAT pathway in anaerobic TMAO respira-
tion and CT production. A, chromosomal location of torA, torC, and torD
genesis depicted. Twin arginine recognition motif in the N-terminal region of
the TorA protein is indicated. B, anaerobic growth of N16961, Atat, Asec, and
Atype Il mutant strains in LB (black bars) or LBT (gray bars). Experimental con-
ditions were identical to those described in the legend to Fig. 1A. Three inde-
pendent experiments were performed and values of mean = S.D. are dis-
played in each bar. *, p < 0.01 versus Agy, values obtained from growth in
plain LB. C, CT production of N16961, Atat, Asec, and Atype Il mutant strains
grown in LB (black bars) or LBT (gray bars). Experimental conditions were
identical to those described in the legend to Fig. 1B.*, p < 0.001; **, p < 0.01
versus CT levels detected in cell-free supernatants harvested from LB grown
cells.

Itis well established that CT is secreted into the environmen-
tal milieu from the periplasmic space via a type II secretion
system (T2SS) in V. cholerae (33, 34). For facilitated transport
across the inner membrane into the periplasm, CT is targeted
to either the general secretion pathway (SEC) (35, 36) or the
TAT system (22). For this reason, we also examined the effects
of SEC or T2SS deficiency on anaerobic TMAOQ respiration and
CT secretion. The ability to support anaerobic growth by
TMAQO respiration was not affected in N16961 Asec and Atype
II mutants, respectively (Fig. 4B). The extent to which anaero-
bic growth was increased by TMAO respiration in each of these
two mutants was almost identical to that observed in N16961.
The CT level detected in cell-free culture supernatants of the
Asec mutant was only mildly decreased. As anticipated, CT pro-
duction was substantially decreased in the Atype II mutant
grown anaerobically in LBT (Fig. 4C), further verifying that
T2SS is the predominant route for CT secretion to the environ-
ment. These results also suggest that the TAT system plays a
more important role than SEC in CT secretion during anaero-
bic growth with TMAO.

Reactive Oxygen Species (ROS) Is Produced during TMAO
Respiration whereas CT Production Was Antagonized by the
Presence of N-Acetylcysteine, a ROS Scavenger—During TMAO
reduction to TMA, an oxygen atom is liberated from TMAO via
a reaction that involves the oxidation of a molybdenum cofac-
tor present in the TorA subunit (37-39). Hence, we hypothe-
sized that ROS might be generated during this reaction. To
address this issue, N16961 cells grown in various culture media
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were stained with DCF-DA, a fluorescent dye that reacts spe-
cifically with ROS (40). Fig. 5, A—D, shows confocal images of
N16961 grown anaerobically in LB, LBT, LBF, or LBD, respec-
tively. The first image in each panel is a merged DIC and fluo-
rescent image, whereas the second is a green fluorescent image.
The green fluorescence signal was only faintly visible in N16961
cells grown in LB, suggesting that ROS is minimally produced
during anaerobic growth in LB (Fig. 54). The fluorescent signal
in cells grown in LBD was comparable with that detected in
LB-grown N16961 cells (Fig. 5D), whereas the signal was not
detectable in cells grown in LBF (Fig. 5C). Importantly, a large
population of LBT-grown cells produced fluorescent signals
that were significantly more intense than those detected in
other groups (Fig. 5B). Together, these results suggest that ROS
is likely produced as a result of TMAO respiration. The results
provide strong clues that this undesirable by-product may trig-
ger a cellular mechanism that leads to CT production in
N16961.

Next, we tested the effect of N-acetylcysteine (NAC), a ROS
scavenger, on CT production and ctxAB promoter activity. In
the presence of increasing amounts of NAC, the CT level
induced during anaerobic growth by TMAO respiration was
gradually decreased (Fig. 6A). Likewise, a clear dose-dependent
decrease was also observed in the P, , 5 activity (Fig. 6B). These
results suggest that ROS availability can regulate the degree of
ctxAB gene expression and CT production. We then investi-
gated whether the CT production level is elevated by exogenous
addition of H,O,. When N16961 was grown anaerobically in LB
media that contained increasing concentrations of TMAO, CT
production was gradually increased (Fig. 6C, black bars). The
level of CT produced during TMAO respiration significantly
increased in the presence of 100 um H,O, (Fig. 6C, gray bars).
During anaerobic growth with 20 or 30 mm TMAO, CT pro-
duction increased by ~1.8- or ~1.9-fold, respectively, with the
addition of 100 um H,O,. When grown with 40 or 50 mm
TMAO, CT production increased ~1.5-fold in the presence of
H,O, compared with growth in its absence. Notably, CT pro-
duction was not induced by H,O, when bacterial cells were
grown in plain LB (Fig. 6C, leftmost set of bars). In addition,
H,O,-mediated stimulation of CT production was not
observed when fumarate or DMSO were used to support anaer-
obic growth of N16961 (Fig. 6, D and E). These results suggest
that H,O,, an exogenously added ROS, can promote CT pro-
duction only when V. cholerae cells grow by anaerobic TMAO
respiration.

When Infected with TMAO, the Cytotoxicity Exerted by V.
cholerae Strains Was Elevated in Infant Mouse Intestine—Fi-
nally, we sought to examine the effect of TMAO on in vivo
virulence using an infant mouse model of V. cholerae infection.
We first measured the fluid accumulation induced by orogas-
tric challenge of V. cholerae N16961 cells (2 X 10° cells). Higher
levels of the intestinal fluid accumulation ratio were observed in
mice infected with bacterial cells re-suspended in LB + 100 mm
TMAOQO (fluid accumulation ratio > ~0.12) than in mice
infected with bacterial suspensions that contain no TMAO
(fluid accumulation ratio > ~0.08) (Fig. 7A). Importantly, mice
infected with extraneously added TMAO exhibited higher sus-
ceptibility in response to intestinal infection. Although all of the

JOURNAL OF BIOLOGICAL CHEMISTRY 39747



Anaerobic Respiratory Growth and CT Production in V. cholerae

< ; s ity
. 3 ,: - » « v » o
_'l- 9 z A) d'). =
™S J b
> e s \
S “3\ :/ wy AL 4
Yo R ) I ) |
< Sl 344
-~ .\"\\C’.\:‘ ’ S‘] ‘J o i
» N % T e e
£ 2 ; »?""; 3 45 NI ;)i
" i Y3 o AN
PR {\h g ‘ €y W=
S 1 L ‘ 3
! 3 L e A . d

FIGURE 5. ROS is spontaneously generated during anaerobic TMAO respiration. Confocal microscope images of N16961 grown anaerobically in LB (A), LBT
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green fluorescent images, whereas right images represent only green fluorescent images. Bacterial cells grown in each media for 8 h were strained with 10 um
DCF-DA for 30 min and processed for confocal microscopic analysis. Images were acquired at X 1,000 magnification.
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FIGURE 7. Effects of TMAO on in vivo virulence and colonization. A, infant
mice (n = 7) were infected with N16961 cells (2 X 10°cells) suspended in LB
(left bar) or LB + 100 mm TMAO (right bar). After 24 h, mice were sacrificed and
the entire intestines were extracted for weight measurement. Fluid accumu-
lation ratio was calculated as intestine weight divided by (body weight —
intestine weight). For infection with TMAOQ, the increase in FAR was statisti-
cally significant (¥, p < 0.005). B, identical set of mice used in experiments
described in panel A were examined to check their viability every 3 h. Percent
survival in each group was plotted with time. C, mice were co-infected with an
equal number of N16961 and AtorD mutant (1 X 10° cells, each). Again, bac-
terial cells were resuspended in LB or LB containing 100 mm TMAO. The com-
petitive index represents the ratio of N16961 to AtorD mutant recovered after
infection. Seven mice were used for each infection and mean = S.D. are pre-
sented (¥, p < 0.005 versus competitive index obtained from infection with no
added TMAO).

mice infected with bacterial suspensions in plain LB survived
for 24 h, only one mouse survived at 24 h post-infection when
TMAO was added to the inoculum (Fig. 7B). These results sug-
gest that V. cholerae strains exert more severe virulence to
infant mice in the presence of added TMAO.

Our results in Fig. 24 demonstrate that wild type N16961,
but not the AtorD mutant, exhibited enhanced in vitro growth
by TMAO respiration. Therefore, we investigated whether in
vivo colonization of the AtorD mutant is compromised, com-
pared with the wild type strain. To address this issue, we calcu-
lated the competitive index between these two strains. Infant
mice (n = 7) were co-infected with equal numbers of N16961
and AtorD mutant cells re-suspended in LB or LBT (1 X 10°
cells each). When TMAO was not added to the inoculum, the
level of intestinal colonization by N16961 was slightly less than
that of the AtorD mutant, yielding a competitive index of ~0.77
(Fig. 7C, closed circles). In contrast, when the mixture of bacte-
rial cells was inoculated with 100 mm TMAO, the number of
N16961 cells was higher than that of the mutant cells (Fig. 7C,
closed squares). The competitive index in this set of experi-
ments was ~1.78 and the difference between the two compet-
itive indexes was statistically significant (p < 0.005). Together,
these results suggest that the ability to metabolize TMAO may
be important not only for in vivo virulence but also for intestinal
colonization.

DISCUSSION

As a historic enteric pathogen, V. cholerae has been exten-
sively investigated for the regulation of virulence factors. For
successful colonization and CT production in host intestinal
microenvironments, the organism must alter its phenotypic
and metabolic properties from those of its natural aquatic hab-
itat. Because the human intestinal environment is largely anaer-
obic (7,41), there is a need for the pathogen to utilize chemicals
other than oxygen as AEAs for anaerobic growth. V. cholerae is
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reported to be capable of metabolizing organic amines includ-
ing TMAO and fumarate under anaerobic growth conditions
(15). However, there is a lack of information regarding the effect
of anaerobic respiration on bacterial growth or regulated pro-
duction of virulence factors for an in vitro culture system that
resembles the human intestinal microenvironment.

CT is the major virulence factor that critically influences V.
cholerae pathogenesis. Although genetic regulatory systems
leading to activation of ctxAB gene expression are relatively
well established (4, 42, 43), environmental signals that induce
CT expression are not clearly defined. The AKI condition,
which has been considered as an efficient in vitro culture
method for CT production, involves a biphasic growth of the
4-h static culture followed by vigorous shaking for 16 h (44, 45).
In addition, the volume-to-surface ratio of laboratory flask cul-
tures was reported to play a role in regulating CT production
(46). Because these culture methods were all developed by trial
and error, why they trigger CT production is still unknown. In
this study, we identified a previously undescribed culture con-
dition that induces CT production and investigated the molec-
ular basis of such induction and its relevance for in vivo
infection.

Our conclusion that CT production was specifically induced
when V. cholerae grew by anaerobic TMAO respiration stems
from the following evidence: (i) CT production was not induced
by other AEAs and (ii) AtorD and Atat mutant strains of
N16961 failed to produce CT during TMAO respiration.
Because the anaerobic growth of V. cholerae was higher with
TMAO than with fumarate or DMSO, we postulated that
TMAO respiration can provide both a growth advantage to V.
cholerae under anaerobic conditions and a significantly ele-
vated potential for virulence. Consistent with this notion, the
infant mouse infection experiments clearly demonstrated
effects of extraneously added TMAO on in vivo virulence and
competitive intestinal colonization.

In humans, TMAO is produced via an enzyme called flavin-
containing monooxygenase, which catalyzes TMA oxidation.
TMA is derived from ingested food sources, such as phosphati-
dylcholine and L-carnitine (47). In a recent study by Wang et al.,
TMAO was not detected in mice when gut microbiota were
suppressed by treatment with antibiotics for 3 weeks (54). The
TMAO level was restored after the mouse gut was recolonized
by gut microbiota, indicating the key role of gut commensal
bacteria for TMAO production (54). As our results showed that
CT production could be induced in N16961 with as low as 10
mM TMAO, it seems necessary to determine how much TMAO
is present in the human intestine and whether such a level is
enough to support both anaerobic growth and CT production
of V. cholerae in vivo. Furthermore, it would also be of particu-
lar interest to examine the correlation between the altered gut
microbiota population profiles and differential susceptibility to
V. cholerae infection. Because TMAO is mainly found in
marine environments (48, 49), individuals with a marine diet
may have elevated levels of TMAO in their intestine and be at a
higher risk for pathogenic V. cholerae infection.

Proteins secreted by the Type II secretion system are trans-
located to the periplasm via the general secretion (SEC) system
(50, 51) or TAT system (52). However, our results showed that
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CT secretion was not significantly compromised in the Asec
mutant, demonstrating that CT secretion likely occurs inde-
pendently of the SEC pathway during anaerobic growth by
TMAO respiration. This finding was rather unexpected
because the SEC pathway was reported to be critical for CT
secretion during aerobic growth (35, 36). In a recent study by
Zhang and colleagues (22), CT production in a V. cholerae
mutant deficient in the TAT pathway was only mildly affected
during aerobic growth under AKI conditions. This result is also
in marked contrast to our finding that CT production was com-
pletely abrogated in the Atat mutant during anaerobic TMAO
respiration. Together, these results suggest that CT secretion
during anaerobic TMAO respiration may occur following dif-
ferent mechanisms than those operational during aerobic
growth.

Our results in Fig. 5 clearly demonstrate that N16961 cells
grown anaerobically with TMAOQO exhibited a strong fluores-
cent signal when stained with DCF-DA, a ROS detector.
Because the fluorescent signal was only detected in cells grown
by TMAO respiration, the growth mode that resulted in CT
production, we postulated that ROS generated during TMAO
respiration would trigger a signal leading to CT production. In
support of this hypothesis is the finding that both CT produc-
tion and ctxAB gene transcription decreased in the presence of
NAC, a compound that can reduce the availability of cellular
ROS. TMAO reductase reduces TMAO to TMA. Because
TMA is the only product of TMAO reductase, it was also pos-
tulated that TMA might be the signal to induce CT production.
However, neither growth enhancement nor CT production was
observed when N16961 was grown anaerobically with 50 mm
TMA (data not shown). This result further confirms that a sig-
nal leading to the CT production (i.e. ROS) is generated during
TMAO reduction. The level of CT produced during TMAO
respiration was substantially elevated when the culture
medium was “spiked” with H,O,. However, the positive effect
of H,0, on CT production was not observed in N16961 grown
in plain LB. These results strongly suggest that (i) H,O, alone
may not directly induce CT production in V. cholerae under
anaerobic conditions and (ii) extraneously added H,O, can play
a role in expanding the capability of V. cholerae to produce CT
during TMAO respiration. One possible interpretation would
be that anaerobic TMAO respiration contributes to create con-
ditions for CT production and such conditions are further
amplified by the addition of extraneous H,O,. Interestingly, at
up to 0.1% concentration (~28 mm), H,O, was found to
increase the TcpA level in another El Tor strain, A1552, during
aerobic growth in LB (53). In contrast, our results showed that
only 100 um H,O, was enough to promote maximum CT pro-
duction. It will be necessary to address (i) how much ROS is
generated during TMAO respiration, (ii) how potent is it to
transduce virulence inducing signals, and (iii) what is the mode
of signal transduction. Because CT subunits A and B do not
contain the twin arginine motif, a precise mechanism by which
CT secretion occurs in association with the activated TAT
pathway also needs to be elucidated.

In conclusion, we explored anaerobiosis-induced changes in
growth and virulence properties of V. cholerae. Most impor-
tantly, we proposed a mechanistic basis for a strict dependence
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FIGURE 8. Summary of potential mechanisms by which CT is produced
during anaerobic TMAO respiration. A, in the presence of TMAO, the TAT
pathway is activated to translocate TMAO reductase to the periplasmic space.
B, ROS, generated during TMAO reduction to TMA, can stimulate a signal to
activate ctxAB gene transcription for a mechanism that needs to be further
investigated. C, presumably, CT subunits take advantage of the activated TAT
pathway to be translocated into the periplasm. D, CT is excreted into the
environmental milieu via the type Il secretion pathway. For a simple presen-
tation, the type Il secretion apparatus present only in the outer membrane
portion is depicted.

of CT production on the anaerobic TMAO respiration (sum-
marized in Fig. 8). To identify effective strategies to cope with V.
cholerae infection, a molecular level understanding of its viru-
lence modulation is necessary. Our results revealed a previously
unidentified mechanism for CT production under conditions
that likely mimic the environments of the human intestine and
therefore, we anticipate that results provided in this study will
stimulate further investigations to reduce the severity of intes-
tinal infections caused by this clinically important human
pathogen.
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