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Vibrio cholerae, the causative agent of cholera, could proliferate in aquatic environment

and infect humans through contaminated food and water. Enormous microorganisms

residing in human gastrointestinal tract establish a special microecological system, which

immediately responds to the invasion of V. cholerae, through “colonization resistance”

mechanisms, such as antimicrobial peptide production, nutrients competition, and

intestinal barrier maintenances. Meanwhile, V. cholerae could quickly sense those signals

and modulate the expression of relevant genes to circumvent those stresses during

infection, leading to successful colonization on the surface of small intestinal epithelial

cells. In this review, we summarized the crosstalks profiles between gut microbiota

and V. cholerae in the terms of Type VI Secretion System (T6SS), Quorum Sensing

(QS), Reactive Oxygen Species (ROS)/pH stress, and Bioactive metabolites. These

mechanisms can also be applied to molecular bacterial pathogenesis of other pathogens

in host.
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INTRODUCTION

To date, the devastating diarrheal disease cholera pandemics have been occurred seven times, and
it is still endemics in the world, responsible for up to 3 million cases and 100,000 deaths annually
(Theriot and Petri, 2020). Vibrio cholerae is the causal organism of the disease cholera, usually
infects humans through ingestion of contaminated water and food, colonizes on the surface of small
intestine villi with the aid of toxin coregulated pilus (TCP), and then secretes cholera toxin (CT),
causing watery diarrhea and vomiting that lead to severe dehydration and even death (Yoon and
Waters, 2019). V. cholerae is gram-negative, curved and facultative bacterium, with a long unipolar
flagellum. According to the serological characteristics of its surface O-antigens,V. cholerae has over
200 serotypes, in which only O1 serotype cause the cholera pandemics. Based on the genotypes, O1
V. cholerae are further classified into classical biotype and El Tor type (Kaper et al., 1995). Classical
biotype was the causative agent of the first six cholera epidemics, while El Tor V. cholerae caused
the seventh epidemic (Albert, 1994).

In 1894, Metchnikoff, the Russian Nobel laureate, claimed that cholera was a disease to humans
due to the fact that the phenotype of human infections could not be precisely replicated in
the infections of laboratory model animals (Ritchie and Waldor, 2009). He further speculated
that experimental animals could not be infected with V. cholerae because of the presence of
microorganisms in the gut and suggested that animal cubs could be used as an experimental
model because of their significantly lower abundance of gut microbes. Indeed, the 3–5-day-old
infant mouse is used as the most common model for V. cholerae pathogenesis research. However,
there are enormous bacteria resided in host gastrointestinal environment, with the 10 times more
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population than those of host cell, those gut microbes
provide “colonization resistance” against pathogen invasion. Gut
microbiota can produce short-chain fatty acids, antibacterial
substances, signal molecules, and bioactive metabolites to benefit
host health and to defend pathogenic bacterial infection, such as
V. cholerae (Ducarmon et al., 2019). Correspondingly,V. cholerae
can also sense the change of environments and adjust gene
expression to increase adaptability (Parker and Sperandio, 2009).

In recent years, an increasing number of researchers turned to
studyV. cholerae pathogenesis under themicrobiota background.
This review will elaborate the crosstalk profiles between gut
microbiota and V. cholerae and reveal their synergistic and
antagonistic effects from the following aspects: (1) Type VI
Secretion System (T6SS), (2) Quorum Sensing (QS), (3) Reactive
Oxygen Species (ROS) and pH, (4) Bioactive metabolites. In
this review, we aspire to shine the light on the gut microbiota
modulation as a promising therapy for V. cholerae and related
enteric pathogens infection.

T6SS-DEPENDED CROSSTALK BETWEEN
GUT MICROBIOTA AND V. CHOLERAE

T6SS is a syringe-like protein apparatus, affects the physiological
function of susceptible cells by injecting toxic effectors into the
cells, including prokaryotes as well as eukaryotes, and even lysing
susceptible cells (Pukatzki et al., 2006; Schwarz et al., 2010). Up
to 25% of Gram-negative bacteria, including V. cholerae, have
been reported to contain T6SS (Pukatzki et al., 2006; Bingle
et al., 2008; Basler et al., 2012), The V. cholerae T6SS consists
of the following components: substrate proteins (HisF, VasA,
VasB, VasE, and VasJ) attached to the cell outer membrane via
protein-to-protein linkages, secretion-promoting tubular sheath
exoskeleton protein VipA/VipB (Basler et al., 2012; Broms et al.,
2013), sheath protein-coated a tubule of hemolysin co-regulated
proteins (Hcps), VgrG protein responsible for punching holes in
receptor cells and effector toxin (Shneider et al., 2013; Cianfanelli
et al., 2016). Until now, six T6SS effectors with corresponding
functions were reported in V. cholerae, among them, TleV1
(lipase), TseH (amidase), the C-terminal domain of VgrG-3
(lysozyme) targeted to prokaryotic cells, the C-terminal domain
of VgrG-1 (actin-crosslinking) attacked eukaryotes, and VasX
(pore formation), TseL (lipase) acted on both prokaryotic and
eukaryotic cells (Pukatzki et al., 2007; Miyata et al., 2011; Russell
et al., 2011, 2013). Function of V. cholerae T6SS only performed
when its VipA/VipB protein was contracted rather than extended
(Figure 1). Susceptible strains can be attacked by T6SS with its
toxic effectors, so they have evolved a number of protective
mechanisms, such as the production of cognate immune proteins
or extracellular polysaccharides (Dong et al., 2013; Fu et al., 2013;
Toska et al., 2018). The protective mechanisms, while remaining
to be further excavated, may explain why some gut microbes are
less vulnerable to T6SS attacks (Fast et al., 2018). Overall, T6SS
plays an important role in the interaction between gut microbiota
and V. cholerae.

Gut microbiota can suppress the expression of V. cholerae
T6SS by converting bile acids to de-conjugated bile acids through

the production of bile salt hydrolase (BSH) (Bachmann et al.,
2015; Alavi et al., 2020). While the antagonistic interaction of
intestinal microbes with V. cholerae T6SS enhances the virulence
of V. cholerae either in mouse (Zhao et al., 2018), rabbit (Fu
et al., 2018) or Drosophila model (Fast et al., 2018, 2020),
concomitantly, the regenerative function and cell differentiation
of intestinal cell are inhibited, resulting in massive intestinal cells
shedding and then the exacerbation of the cholera symptoms
(Fast et al., 2018, 2020). However, the precise mechanism of
interaction between gut microbiota and V. cholerae by T6SS is
largely unknown and needs to be further explored.

Conversely, V. cholerae can use T6SS to enhance its own
adaptation in the gut. V. cholerae T6SS has direct lethal
effect on the Prokaryotic organisms such as Escherichia coli
MG1655, Pseudomonas aeruginosa (Basler et al., 2012, 2013;
Dong et al., 2013; Fu et al., 2013; Fast et al., 2018). It
can also stimulate the peristalsis of intestinal epithelial cells
for excluding gut microbiota, like Aeromonas veronii, to
improve the efficiency of the colonization (Logan et al.,
2018; Booth and Smith, 2020). This suggests that T6SS is a
critical method of communication between gut microbiota and
V. cholerae (Figure 1).

QS-DEPENDED CROSSTALK BETWEEN
GUT MICROBIOTA AND V. CHOLERAE

QS is widely present in different bacteria and adjusts the
behavioral changes of the entire population according to
the cell density. Different gut microbiota produces different
quorum sensing molecules. For example, Acyl-homoserine
lactone (AHL) as autoinducer molecule is produced by gram-
negative bacteria. Small-molecule polypeptides are produced
by gram-positive bacteria. Both types of bacteria can produce
the furanyl dibasic compound (2S, 4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran borate (AI-2). Intestinal microbiota
also communicates with each other via quorum sensing signals,
transforming intestinal pathogenic commensal bacteria into
pathogenic bacteria, and thus impacts on host health (Kim et al.,
2020). While V. cholerae itself can produce three QS signal
molecules, including inter-species communication autoinducer
AI-2 (Schauder et al., 2001; Chen et al., 2002), intra-genus-
specific autoinducer (S)-3-hydroxytridecan-4-one (CAI-1)
(Kelly et al., 2009) and 3,5-dimethylpyrazin-2-ol (DPO) (Herzog
et al., 2019). V. cholerae adapts to the gut environment through
QS signals either by influencing the expression of the primary
regulator hapR, or through the vqmA pathway, which regulates
a number of physiological pathways, such as the expression
of virulence factors, biofilms, T6SS, the formation of natural
transformation states, cell aggregation, and other behaviors
(Miller et al., 2002; Zhu et al., 2002; Hammer and Bassler,
2003; Beyhan et al., 2007; Shikuma et al., 2009; Suckow et al.,
2011; Lo Scrudato and Blokesch, 2012; Shao and Bassler, 2014;
Hawver et al., 2016; Jemielita et al., 2018). It is not surprised
that QS is important for communication between gut microbiota
and V. cholerae.
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FIGURE 1 | T6SS-depended crosstalk between gut microbiota and V. cholerae. Gut microbiota can suppress the expression of V. cholerae T6SS by converting bile

acids to de-conjugated bile acids through the production of BSH, or some gut bacteria like A. pasteurianus can enhance the virulence of V. cholerae through

antagonizing with V. cholerae T6SS. Conversely, V. cholerae T6SS has direct lethal effects on the prokaryote, such as Escherichia coli. Or it can stimulate the

peristalsis of intestinal epithelial cells for excluding gut microbiota, like Aeromonas veronii, to improve the efficiency of the colonization. The effector of T6SS plays an

important role in those reactions. Six T6SS effectors with corresponding functions were reported in V. cholerae, among them, TleV1 (lipase), TseH (amidase), the

C-terminal domain of VgrG-3 (lysozyme) targeted to prokaryotic cells, the C-terminal domain of VgrG-1 (actin-crosslinking) attacked eukaryotes, and VasX (pore

formation), TseL (lipase) acted on both prokaryotic and eukaryotic cells.

Gut microbiota can influence the physiological status of
V. cholerae through QS. Ansel Hsiao found that the abundance
of Ruminococcus obeum was significantly increased in the gut
microbiota involved in recovery from V. cholerae infection.
Further analysis of the function of R. obeum on V. cholerae
revealed that the AI-2 signal produced by R. obeum significantly
enhanced the colonization of V. cholerae. Interestingly, the AI-2
synthesized by R. obeum luxS does not act through theV. cholerae
AI-2 sensor, LuxP, but rather affects the expression of V. cholerae
virulence through another pathway that involves high expression
of vqmA (Hsiao et al., 2014). Some researchers speculated that
this phenotype may be related to the accumulation of signal
molecule DPO, which can activate the QS system via vqmA
pathway, but the actual mechanism is controversial (Papenfort
et al., 2017). Also, recently reported intestinal metabolite
ethanolamine, is recognized by CqsR and then up-regulate the
expression of hapR (Watve et al., 2020), can activate the QS
system of V. cholerae. It shows that the QS signals produced by
gut microbiota are complex and diverse, and it remains to be
discovered if there is any communication of other group-sensing
signals between gut microbiota and V. cholerae.

On the contrary, QS signals produced by V. cholerae may
also have an effect on the physiological function of other

microorganisms. For example, the CAI-1 produced byV. cholerae
enhances the expression of T3SS virulence of enteropathogenic
Escherichia coli (EPEC) E2348/69 and subsequent diarrhea
in the host (Gorelik et al., 2019). Also, the V. cholerae QS
system is still poorly understood, so there may be other factors
by which V. cholerae communicates with gut microbiota via
QS signals.

Because QS plays a critical role in interbacterial
communication, the combination of QS signaling and synthetic
biology methods to modify intestinal probiotics for detection,
prevention, and treatment of V. cholerae infections has
become a new therapeutic approach. For example, modified
Escherichia coli Nissle1917 can produce V. cholerae-derived
CAI-1 to reduce colonization of V. cholerae (Duan and March,
2008, 2010), or engineered Lactococcus lactis subsp. cremoris
MG1363 can detect V. cholerae in the fecal through CAI-1
signals which is applied for the readily detection of V. cholerae
(Higgins et al., 2007; Holowko et al., 2016; Mao et al., 2018). In
summary, the V. cholerae QS will perform different functions
depending on various environmental conditions. For V. cholerae,
either external addition of CAI-1 chemicals (Higgins et al.,
2007) or overexpression of CAI-1 using probiotics as carriers
(Duan and March, 2008, 2010) inhibits the colonization of V.
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cholerae, whereas for other intestinal microorganisms, such
as EPEC, CAI-1 activates their T3SS expression to enhance
virulence. This also reflects the complexity and diversity of
the gut environment. Therefore, better understanding of
the V. cholerae QS system can provide a solid theoretical
basis for the clinical treatment for cholera. It is becoming
an increasingly promising therapy to mitigate and prevent
the V. cholerae infection via interfering with the QS signal
(Figure 2).

ROS/PH-DEPENDED CROSSTALK
BETWEEN GUT MICROBIOTA AND
V. CHOLERAE

Pathogens invading the intestinal environment primarily
challenge intestinal innate immunity, which includes ROS and
low pH. It is reported that the diversity of the gut microbiota
is related to the level of ROS (Yardeni et al., 2019). Gut
microbiota can produce ROS by itself (Chen et al., 2019).
Meanwhile, L-lactate produced by Lactobacillus plantarum can
either mediate the consumption of NADH by NOX enzymes
or be metabolized in mitochondria through the generation
of pyruvate, enhancing ROS levels in the intestine (Iatsenko
et al., 2018). Whereas, gut microbiota can also reduce ROS
production by metabolizing Short-chain fatty acids (SCFAs)
such as N-butyrate (Mottawea et al., 2016) or scavenge ROS
by peroxidase (Yoon et al., 2016) to diminish ROS levels in
the gut.

To better adapt to the intestinal environment, V. cholerae
has also evolved a series of mechanisms to defend against
or scavenge ROS, including the production of antioxidant
molecule like glutathione (Meister and Anderson, 1983), catalase
like KatB/KatG (Xia et al., 2017), superoxide dismutase like
OhrA/AphC (Cha et al., 2004; Liu et al., 2011, 2016; Wang
et al., 2017), even it can protect itself from damaging by
high levels of ROS in the intestinal environment through
transforming its morphology, such as reversible phase variation
between the rugose and smooth colony variants to response
to ROS or biofilm formation (Faruque et al., 2006; Sengupta
et al., 2016; Wang et al., 2018). Conversely, under inflammatory
conditions V. cholerae impacts the structure and composition
of intestinal microorganisms in multiple pathways. V. cholerae
can produce a cholera toxin (CT), which causes electrolyte
imbalance in the intestine, leading to diarrhea and thus
disrupts the structure of intestinal commensal bacteria. Besides,
under inflammatory conditions, the concentrations of NO−

3
increases and the available iron concentration decreases, while
V. cholerae can make better use of NO−

3 as a receptor for
the electron respiratory chain and thus multiply faster and
occupy an ecological niche (Bueno et al., 2018). V. cholerae
also could promote their own proliferation by competing with
gut microbiota and the host with iron (Rivera-Chavez and
Mekalanos, 2019).

Apart from ROS, the host gut environment also has low
pH pressure. pH is an important factor for bacterial growth
in the gut. Gut microbiota can also alter pH to resist the

invasion of V. cholerae. Culture supernatants of Lactobacillus
lactis isolated from feces of healthy children inhibited the biofilm
formation of V. cholerae. The phenotype that inhibited biofilm
formation largely vanished after neutralization of the culture
supernatant (Kaur et al., 2018). In addition, Escherichia coli
40 and Nissle 1917 isolated from the gut of healthy human
volunteers were co-cultured with V. cholerae N16961 in LB
medium containing glucose, respectively. It was found that
both of them reduced the pH value in the medium and
affected on the survival rate of V. cholerae (Sengupta et al.,
2017). In the zebrafish model, the glucose combination with
Escherichia coli 40 or Nissle 1917 reduced the colonization of
V. cholerae N16961 by changing the pH in the gut (Nag et al.,
2018). This is consistent with the use of glucose-based oral
rehydration (ORS) combination with probiotic Escherichia coli
during cholera treatment. These suggest that gut microbiota and
their compositions can inhibit the colonization of V. cholerae by
changing pH.

Low pH in the intestinal microenvironment affects
colonization of V. cholerae, and the reason may be that
V. cholerae can respond to low pH by multiple mechanisms.
For example, under hypoxic growth condition, V. cholerae can
use nitrate as an oxidative phosphorylation electron acceptor,
and adjust the process of nitrate/nitrite according to the
environmental pH, affecting its own adaptability by inhibiting
glycolysis and proton motive force (PMF) (Bueno et al., 2018).
In addition, NhaP1, as an antiporter of K+(Na+)/H+, enables
V. cholerae to grow under low pH condition and maintain
internal pH homeostasis by removing K+/Na+ from the
cytoplasm and ingesting H+. The H+ enters the respiratory
chain and is consumed. This mechanism is more suitable
for V. cholerae to adapt intestinal microenvironment (Quinn
et al., 2012). V. cholerae can also regulate lysine decarboxylase
by AphB to consume H+ so that it can alleviate low pH
states (Kovacikova et al., 2010). Under alkaline conditions,
V. cholerae can suppress related acid tolerance genes via
OmpR and increase fitness (Kunkle et al., 2020). Indeed,
V. cholerae itself has different pH patterns of fermentation
depended on glucose. El Tor N16961 can produce 2, 3-
butanediol as the neutral product of fermentation, avoiding
the acidification of the medium. In contrast, classic biotype
O395 is unable to synthesize 2, 3-butanediol, therefore its
viability is diminished during mixed fermentation with glucose
due to the acidification of the medium by synthetic organic
acids (Lee et al., 2020).

The mechanism by which V. cholerae affects gut
microbiota by changing pH is unknown. However,
V. cholerae can produce cholera toxin to cause intestinal
inflammation of the host, resulting in intestinal electrolyte
imbalance. This may affect pH changes to compete
for niches.

Thus, it is known that gut microbiota can influence the
ROS or pH of the gut environment to interfere with the
colonization and infection of V. cholerae. In turn, V. cholerae can
develop mechanisms to defend against it. This indicates that the
interaction between gut microbiota and V. cholerae is complex
and versatile (Figure 3).
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FIGURE 2 | QS- depended crosstalk between gut microbiota and V. cholerae. The gut microbiota like R. obeum can reduce the colonization of V. cholerae in the

intestine by generating the quorum sensing signal AI-2 (different from the V. cholerae AI-2). The gut microbiota can also suppress the virulence of V. cholerae through

metabolites such as ethanolamine or DPO mediated by hapR and vqmR, respectively. In addition, there are a series of unknown signaling molecules to be exploited.

Conversely, V. cholerae itself can produce three kinds of autoinducers including CAI-1, AI-2, and DPO. CAI-1 produced by V. cholerae can enhance the pathogenicity

of E. coli by up-regulating the expression of T3SS-associated genes. And there may be other factors by which V. cholerae communicates with gut microbiota via

QS signals.

BIOACTIVE METABOLITES-DEPENDED
CROSSTALK BETWEEN GUT MICROBIOTA
AND V. CHOLERAE

Bioactive metabolites are also an important way for the gut
microbiota to communicate with each other. The main bioactive
metabolites include SCFAs, bacteriocins, and bile acids.

SCFAs are fatty acid fermentation products ofmicroorganisms
with indigestible polysaccharides as substrates. The
concentration of SCFAs is relatively abundant in the proximal
colon of the host. SCFAs are metabolites of gut microbiota and
participate in the regulation of various host physiological process
(Dalile et al., 2019). Surveillance of clinical samples of V. cholerae
infection found that the content of SCFAs in the host decreased
and the probiotic Bifidobacterium abundance decreased after
V. cholerae infection. As the treatment progresses, the abundance
of Bifidobacterium and SCFAs were return to normal levels
(Monira et al., 2010). Besides, mice treated with clindamycin
reduced the abundance of Bacteroides and the content of
SCFAs to enhance the colonization ability of V. cholerae (You
et al., 2019). All these indicate that probiotics in the host can
antagonize the colonization of V. cholerae by secreting SCFAs.
In the process of infecting the host, V. cholerae can also activate
the transcription of acetyl-CoA synthase-1 (ACS-1) through
the two-component system CrbRS, thereby regulating the
conversion of V. cholerae acetate to deplete the acetate in the
intestinal environment for protecting itself. The absence of this
acetate will cause the host’s insulin signal transduction pathway

to be blocked and the accumulation of lipids, which will affect
the host’s health (Hang et al., 2014).

Antimicrobial peptide is a kind of peptide with antibacterial

activity, which can be divided into two categories in the intestinal
environment: host-derived antimicrobial peptides andmicrobial-
derived antimicrobial peptides (also known as bacteriocins).
The host-derived antimicrobial peptides are mainly produced
by intestinal epithelial cells and Pan’s cells, including defensins,

cathelicidins, lysozymes, chemokines, etc. (Chung and Raffatellu,
2019). During V. cholerae infection, the expression of host-
derived antimicrobial peptides is upregulated, including α-

defensin (HD-5 and−6), β-defensin (hBD-1-4), cathelicidin (LL-
37), etc. (Qadri et al., 2004; Shirin et al., 2011). Human α-defensin
generally damages bacteria by disrupting cell membranes, while
HD-6 defends against pathogenic bacteria by trapping microbes
in the intestinal lumen (Chairatana and Nolan, 2017). Human β-
defensin can also mediate membrane lysis to exert antimicrobial
activity, as well as capture or kill bacteria by inducing self-nets
and neutrophil extracellular traps (NETs) (Alvarez et al., 2018).
In addition, cathelicidin can mediate membrane perturbation
and induce ROS production to inhibit bacterial growth (Rowe-

Magnus et al., 2019). V. cholerae has also evolved a response

mechanism that uses the major virulence protein cholera
toxin CT to activate several intracellular signaling pathways
involving protein kinase A (PKA), ERK-MAPKinase, and Cox-

2 to downregulate the transcription of AMPs with cAMP
accumulation (Chakraborty et al., 2008). The antimicrobial
peptides or bacteriocin derived from bacteria can be divided
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FIGURE 3 | ROS/pH-depended crosstalk between gut microbiota and V. cholerae. (A) Gut microbiota can produce ROS directly or activate the host to produce ROS,

such as L-lactate produced by Lactobacillus Plantarum can either mediate the consumption of NADH by NOX enzymes or metabolized in mitochondria through the

generation of pyruvate, increasing ROS levels in the gut. While gut microbiota can also reduce ROS production by metabolizing SCFAs such as N-butyrate or

scavenge ROS by peroxidase to diminish ROS levels in the gut. To better adapt to the intestinal microenvironment, V. cholerae has also evolved a series of

mechanisms to defend against or scavenge ROS, including the production of (a) antioxidant molecule, (b) catalase, (c) superoxide dismutase, or (d) transform its

morphology, like biofilm formation. Conversely, V. cholerae impacts the structure and composition of intestinal microorganisms in multiple pathways, including causing

electrolyte imbalance in the intestine through the production of CT to disrupt the structure of intestinal commensal bacteria, or making better use of NO−

3 as a receptor

for the electron respiratory chain and competing with gut microbiota and the host with iron to promote their own proliferation and occupy an ecological niche. (B)

E. coli glucose fermentation and lactobacillus metabolites create a low pH environment to prevent the V. cholerae from colonizing in the small intestine by producing

SCFAs and L-Lactate. While V. cholerae has a variety of response strategies, containing (a) anaerobic nitrate respiration of V. cholerae on bacterial expansion

dependent on pH by inhibiting glycolysis and PMF to reduce the acid formation; (b) the cytoplasmic K+/Na+ exchanged at low pH to maintain pH homeostasis; (c) the

expression of cadC activated by AphB to consume H+. Same as ROS response, V. cholerae can also cause electrolyte imbalance in the intestine by producing CT to

disrupt the structure of intestinal commensal bacteria.

into gram-positive bacteriocin and gram-negative bacteriocin

according to the type of bacteria. In the study of bacteriocin,
Nisin produced by the genus streptococcus is relatively extensive

(Hammami et al., 2013). The culture supernatant of Pediococcus
acidilacticii QC38 isolated from food producing bacteriocin,
showed inhibitory activity on the growth of V. cholerae in vitro,
indicating that bacteriocins produced by probiotic QC38 had
antagonistic effect on V. cholerae (Morales-Estrada et al., 2016).
Previously, Lactobacillus casei OGM12 isolated from the food

also showed inhibitory activity against V. cholerae, which

produces bacteriocin casein A (Olasupo et al., 1995). Also,
the bacteriocin produced by Streptococcus lactis 11451 showed
inhibitory activity against V. cholerae in vitro (Spelhaug and
Harlander, 1989). These indicate that the bacteriocin produced
by probiotics has antibacterial activity against V. cholerae.

V. cholerae possesses its own antagonistic mechanism against
this antimicrobial active peptide. Resistance-nodulation-division

(RND) mutants are sensitive to antimicrobial peptides in vitro
and showed colonization defects on infant mice experiments.
These phenotypes indicate RND efflux pump is important for
V. cholerae to resist the toxicity of antimicrobial peptides (Bina
et al., 2008). Besides, the outer membrane vesicles (OMV) of
V. cholerae also play a crucial role in this stress condition.
In the presence of antimicrobial peptides, the OMV content

secreted by V. cholerae does not change, while the structure
is altered, including the two outer membrane proteins OmpV
and OmpW, as well as the Bap1 protein. Research showed
that Bap1 protein can be combined with OmpT protein on

the surface of OMV and can also be used as a ligand to

capture antibacterial peptides to achieve the protection of
bacteria (Duperthuy et al., 2013). V. cholerae also has a
periplasmic space protein SipA, which can interact with the

outer membrane protein OmpA. After the antibacterial peptide
enters the periplasmic space, it may be captured by SipA, and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 October 2020 | Volume 10 | Article 582554

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Qin et al. Gut Microbes and Vibrio Cholerae

FIGURE 4 | Effect of bioactive metabolites produced by gut microbiota on V. cholerae. SCFAs secreted by the gut microbiota inhibit the growth of V. cholerae, which

depletes the intestinal microenvironment of acetate via acetate switch to resist this stress. Bacteriocins secreted by the gut microbiota also inhibit the growth of

V. cholerae, which excretes bacteriocins through upregulation of the RND efflux pump family related-genes, outer membrane vesicles, and the periplasmic space

protein SipA to avoid accumulating toxicity. Primary bile salts inhibit the growth of V. cholerae, which resists stress by forming biofilms. Secondary bile acids formed by

the metabolism of primary bile salts by gut microbiota dissociate the biofilm of V. cholerae, but V. cholerae kills gut microbiota by upregulating virulence and T6SS to

gain ecological niche. Gut microbiota can reduce the toxicity of T6SS by de-conjugation of secondary bile salts by BSH, but V. cholerae can enhance colonization by

forming biofilms, upregulating the RND efflux pump family related-genes and the porin OmpU to resist stress.

then interact with OmpA to transport out antimicrobial peptides
(Saul-McBeth and Matson, 2019).

Bile acids are an important substance involved in the
regulation of the hepatic-intestinal axis. Primary bile acids are
produced from the body’s liver using cholesterol as a substrate,
followed by bile and discharged into the intestinal cavity, and
then metabolized by the gut microbiota secondarily, in the
terminal jejunum or ileum through the portal vein reabsorption
back to the liver. In the human body, the primary bile acids
produced by the liver mainly include cholic acid (CA) and
chenodeoxycholic acid (CDCA), and then form conjugated bile
acid (CBA) with taurine or glycine to enter the gallbladder and
transport to small intestine (Ridlon et al., 2016). Most bile salts
would be absorbed by the body from the terminal ileum, but
some bile salts will be metabolized by gut microbiota to produce
secondary bile salts (Wahlström et al., 2016). V. cholerae in the
mature biofilm state is disrupted by taurocholate by altering
the biofilm matrix and promoting biofilm disintegration (Hay
and Zhu, 2015). Besides, taurocholate stimulates the formation
of C207-C207 disulfide bonds between TcpP molecules, thereby
activating the expression of the virulence gene toxT (Yang
et al., 2013). In the case of mucin-activated V. cholerae T6SS

expression, the taurine and glycine groups in the conjugated
deoxycholic acid will enhance the killing effect of V. cholerae
T6SS on intestinal commensal bacteria. Thus, while conjugated
secondary bile acids inhibit V. cholerae biofilm formation,
V. cholerae can also kill gut microbiota to gain ecological niche
by increasing T6SS and virulence. The free deoxycholic acid
metabolized by the gut microbiota in turn inhibits the toxicity of
V. cholerae T6SS. Therefore, gut microbiota can resist the killing
effect of pathogenic bacteria by adjusting bile acid metabolism
(Bachmann et al., 2015). Pathogen-susceptible mice can acquire
colonization resistance to V. cholerae by fecal microbiota
transplantation (FMT). Further research has found that Blautia
obeum’s BSH enzyme deconjugate tcpA expression dependent
secondary conjugated bile salts to down-regulate the expression
of virulence gene inV. cholerae (Alavi et al., 2020).V. cholerae has
reduced cell membrane permeability and upregulate acrAB gene
expression to encode RND family outflow pump for avoiding
accumulation toxicity of intracellular bile acids after sensing bile
acid stimulation in vitro. This phenomenon is also found in rabbit
isolated intestine models (Chatterjee et al., 2004). In addition,
V. cholerae upregulates the porin OmpU and downregulates
OmpT to resist deoxycholic acid stress via toxR (Provenzano
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and Klose, 2000; Ante et al., 2015). Biofilm-free V. cholerae
activates vps gene and vpsR transcriptional activator expression
to form biofilms against bile acids toxicity after deoxycholic
acid and cholic acid salt stimulation (Hung et al., 2006). Thus,
while the gut microbiota can de-conjugate secondary conjugated
bile salts to reduce V. cholerae T6SS and virulence, V. cholerae
enhances colonization by forming biofilms, upregulating the
RND efflux pump family proteins, and regulating porins against
bile acids toxicity.

Probiotic flora abundance correlates with the concentration
of SCFAs in the intestinal environment, and correspondingly,
SCFAs resist V. cholerae infection. SCFAs, the metabolites
involved in the regulation of many physiological functions, and
their mechanism of protecting against V. cholerae infection are
unclear. At present, the research on the antagonism of bacteriocin
produced by gut microbiota to V. cholerae mainly focuses on
the genus Streptococcus, and little research has been done on
the production of bacteriocins by other commensal gut bacteria.
Also, the research on the molecular mechanism of V. cholerae
in response to antimicrobial peptides mainly uses host-derived
antimicrobial peptides, and the interaction mechanism between
V. cholerae and bacteriocins is also unclear. Studies on bile acids
and V. cholerae have focused on the effects of bile acid salts
conjugation and de-conjugation on the virulence of V. cholerae.
In addition, bile acids are metabolized by BSH enzymes from the
gut microbiota and then undergo metabolic pathways such as 7α-
HSDH and 3α-HSDH to produce other types of bile acids. The
interaction of these kinds of bile acids withV. cholerae need more
research (Figure 4).

CONCLUSIONS AND PERSPECTIVES

The virulence regulation network of V. cholerae has been well-
studied. However, the classical animal model and the germ-
free animal model of V. cholerae have ignored the role of
gut microbiota. Interestingly, gut microbiota can not only use
intestinal barrier to directly resist the invasion of V. cholerae,
but also inhibit the colonization of V. cholerae through
their metabolites, including autoinducer signaling molecules,
antimicrobial peptides, short-chain fatty acids, bile salts and
so on (Ducarmon et al., 2019). Correspondingly, V. cholerae,
an intestinal pathogen, adjusts the expressions of its genes to
respond to stress in the terms of T6SS, QS, ROS/pH, biofilm.

So far, the ways in which many QS signaling molecules
produced by host or gut microbiota communicate with
pathogens remain unknown, making it difficult to find novel
quorum quenching molecules to reduce the pathogenicity of V.
cholerae. Furthermore, traditional antibiotic therapy is facing
a big challenge, which involves the drug resistance and the
accelerating evolution of pathogens. Thus, the treatment of
cholera by regulating the microecology of gut microbiota will be
a potential therapy.

The intestine is a complex micro-ecological system,
in which gut microbes have complex composition, with
dynamic adjustment according to the external environment
disturbance. So, the investigation of gut microbes and pathogen
interactions require multidisciplinary technology platforms,
including big data analysis, Next-generation sequencing,
in situ fluorescence microscopic imagination, and lab-in-
chip automatic systems (Baumler and Sperandio, 2016). Gut
microbiota is the important and active component in the
gastrointestinal tract, which activity should be considered in
studies of the pathogenesis of enteric pathogens, representatively,
V. cholerae. The detailed information of molecular crosstalk
between commensal gut bacteria and enteric pathogens
would shed a light on the prevention and control of all
infectious disease.
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