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Introduction

Vibrio cholerae is a Gram-negative aquatic bacterium, a causative agent of
disease cholera, which is still prevalent in many developing countries. Cholera toxin
(CT, encoded by ctxAB genes) is the major virulence factor in V. cholerae and mostly
responsible for profuse watery diarrhea leading to severe dehydration. Along with CT,
by using toxin-co-regulated pilus (TCP, encoded by the tcpA gene), a colonizing factor,
V. cholerae causes pathogenesis to human host. Although over 200 different
serogroups of V. cholerae have already been documented, only O1 (El Tor and
classical biotypes) and 0139 are responsible for epidemics of cholera. Recently
emerged V. cholerae O1 EI Tor hybrid strains, which possess some attributes of
classical biotype including ctxB gene allele, are categorized as EI Tor variant produce
more CT and cause more severe diarrhea than prototype El Tor. The expression of
major virulence factors, CT and TCP are controlled through a regulatory cascade by
activation of master regulator ToxT. Furthermore, the ToxT expression is controlled by
synergistic coupling interaction of periplasmic ToxR/ToxS with TcpP/TcpH. V.
cholerae is often associated with biofilm mode of growth, which is known to enhance
the transmission and persistence of cholera disease.



With rising antibiotic resistance including tetracycline-,
fluoroquinolone-resistant for V. cholerae over past decade, much attention has been
paid to search for effective antimicrobial agents from natural sources. Spices are cheap
and easily available natural compounds, which are known to have antimicrobial
properties with limited side effects. However, there is very limited information
regarding the effect of spices mainly their active ingredients on virulence expression
and biofilm formation of V. cholerae. Previous reports from our group have shown the
antivirulence activity of methanol extract of some spices such as red chili and sweet
fennel along with their active ingredients capsaicin and trans-anethole, respectively.
Moreover, preliminary studies with crude methanol extract of another spice, white
pepper demonstrated anti-virulence activity at sub-bactericidal concentration and also
antimicrobial activity at higher concentrations although the role of its active ingredient
was not examined in detail. In this study, the active ingredient of white pepper was
determined and its role in inhibiting growth, suppression of virulence and biofilm
formation against MDR toxigenic V. cholerae including various serogroups and
biotypes was explored.

Chapter 1. Piperine, an active ingredient of white pepper, suppresses growth in
diverse toxigenic V. cholerae strains

White pepper was extracted with various solvents such as methanol, hexane,
n-butanol and water and each extract was examined for antimicrobial activity against
pathogenic V. cholerae O1 El Tor variant strain CRC41 (strain CRC41). At 200 ug
mL* only methanol extract of white pepper showed growth inhibitory effect against
strain CRCA41. Piperine is known to be the major ingredient of white pepper.
Thin-layer chromatography (TLC) analysis confirmed that piperine was indeed the
major ingredient in methanol extract of white pepper. Effect of piperine (up to 300 pg
mL1) on the growth of various toxigenic V. cholerae strains belonging to different
serogroups and biotypes was tested in LB media at 37°C for 2 h under shaking
conditions. It was found that 100 pg mL™* of piperine had no significant growth
inhibitory effect against all the tested V. cholerae strains. However, nearly 3 log and 5
log reductions in number of V. cholerae was observed in the presence of 200 pug mL™
and 300 pg mL™! of piperine, respectively.

To further understand if the growth inhibition caused by piperine was due to
killing bacteria or entering viable but non-culturable state, live/dead assay was
performed using fluorescent dyes DAPI (4',6-diamidino-2-phenylindole) and PI
(propidium iodide) under a fluorescence microscopy. DAPI can stain both live and
dead cells whereas PI can stain only dead cells. When bacterial cells were treated with
100 pg/ml piperine, majority were stained by DAPI but not by PI. However, at > 200
ug mL* most of the bacteria were stained by PI. Hence, the effect of piperine was



bactericidal against V. cholerae. Specificity towards Kkilling of pathogenic V. cholerae
rather than normal flora is essential for the potential use of piperine for therapeutic
applications. E. coli C600 and E. coli isolated from healthy mouse and human appeared
to be more tolerant to piperine at 200 ug mL? when compared to pathogenic V.
cholerae and was statistically significant. However, at 300 ug mL™* piperine appears to
be bactericidal in both of these groups. Further studies are required to clarify if
commensal bacteria are more tolerant to piperine or not.

Taken together these data suggested that piperine could be a potential
antimicrobial agent against V. cholerae and as it might have less inhibitory effect on
commensal bacteria, it could be possible to use piperine in preventive and therapeutic
applications.

Chapter 2. Piperine inhibit CT production and TcpA expression in toxigenic V.
cholerae by affecting virulence regulatory cascade

In this chapter, it was examined if white pepper methanol extract and piperine
can inhibit virulence expression such as CT and TcpA in toxigenic V. cholerae at its
sub-bactericidal concentration. Piperine was dissolved and diluted in < 0.5% MeOH as
a final concentration, which showed no significant growth inhibition. For optimum CT
and TCP production we cultured O1 EI Tor and 0139 strains in AKI medium and O1
classical or non-O1/non-0139 in LB medium under stationary condition for an initial 4
h, followed by additional 4 h of shaking at 180 rpm at 37°C. It was found that < 50 pg
mLt of piperine did not have any significant growth inhibition of these strains. Then,
we tested the effect of piperine on the production of CT and TCP by culturing these
strains in the presence of 50 pg mL™* piperine. CT production in the culture supernatant
was measured by bead-ELISA, whereas that of TCP was assessed by Western blotting.
It was found that piperine could inhibit CT production in all the tested V. cholerae
strains irrespective of their serogroups and biotypes. Further, dose dependent effect of
piperine on CT and TCP productions was analyzed in the representative MDR and high
CT-producing O1 El Tor variant strain CRC41. We found that > 75% CT and > 86%
TCP production was suppressed at 50 pg mL™* piperine and these suppressions were
observed in a dose dependent manner. These results indicated that the piperine could
be useful as an anti-virulence compound against V. cholerae.

To better understand how piperine inhibits CT and TCP productions, the
transcriptional level of virulence (ctxA, tcpA), virulence positive regulatory (toxS, toxR,
tcpP, tcpH) and negative regulatory (hns, hapR, crp) genes was analyzed by gqRT-PCR.
For optimum virulence expression, strain CRC41 was cultured in the presence or
absence of piperine (50 ng mL?) in AKI medium, and kept under stationary condition
for an initial 4 h followed by 2 h of shaking at 180 rpm, at 37°C. Then, RNA was
isolated for cDNA synthesis to check the transcriptional level of target genes. The



relative transcription of each gene was normalized with that of housekeeping gene,
recA. Transcriptional level of virulence genes in strain CRC41 showed that ctxA and
tcpA were repressed 3 fold (p<0.01) and >2 fold (p<0.01), respectively. Moreover,
transcription of some virulence positive regulatory genes such as toxT, tcpP and tcpH,
was also significantly repressed nearly 2 fold while that of toxR and toxS was not
affected. Interestingly, piperine significantly upregulated the transcription of virulence
negative regulatory genes, hns (>1.8 fold), hapR (>2 fold) and crp (>3 fold).
Furthermore, promoter activity assay was performed to better understand whether
piperine affect transcription of these genes directly or not. E. coli strains having
plasmid pHRP309 in which promoter region of selected genes (ctx, tcpPH, hapR, crp,
toxT, hns) was cloned into upstream of B-galactosidase gene without its own promoter
was used and B-galactosidase activity was measured in the presence or absence of
piperine. The results revealed that piperine upregulated the promoter activity of hapR
and crp and downregulated tcpPH. On the other hand, the promoter of ctx, toxT and
hns genes was not significantly affected. Taken together, transcriptional analysis
indicated that piperine inhibited CT and TCP production through upregulation of
virulence negative regulatory genes such as hapR and crp directly and hns indirectly,
and suppression of virulence regulatory genes, tcpPH transcriptions directly.

Chapter 3. Effect of piperine on the biofilm formation in V. cholera

Upon oral ingestion of V. cholerae its biofilm enhances infectivity, protects the
bacteria during passage through stomach and helps in colonization in small intestine.
Therefore, inhibiting the biofilm formation in V. cholerae is crucial for preventing
disease transmission in host. As described in chapter 2, it was found that piperine
upregulated hapR transcription, which is also a master regulator for controlling biofilm
formation in V. cholerae. So, it was speculated that piperine might have some role in
inhibition of biofilm formation. To evaluate it, the biofilm forming V. cholerae strains
were screened initially by culturing the bacteria in 24 well plates under stationary
condition in LB broth at 37°C for 24 h. After 24 h, biofilm was stained with 0.1%
crystal violet and further quantification by recording the absorbance at 540 nm. Among
the tested strong biofilm forming V. cholerae strains RC1239 (O1 classical), VC29 (O1
El Tor), Vc129 (non-01/0139) and VC5 (O1 El Tor variant), it was found that piperine
(up to 50 pg mL1) inhibited more than 70% of biofilm formation without significantly
inhibiting bacterial growth. The major autoinducers, CAI-1 binds to CqsS receptor
while Al-2 binds to LuxPQ receptor and plays a crucial role in controlling the biofilm
formation by affecting the hapR transcription. To check the role of piperine on
interfering with autoinducer production, autoinducer reporter assay was performed. V.
cholerae MM920 [AcgqsA AluxQ pBB1 (luxCDABE from V. harveyi)] was used as
reporter strain for CAI-1 production while V. harveyi BB170 (Al-1-, Al-2+*) was used as



reporter strain to check Al-2 production. Cell-free culture supernatant (CFS) from
piperine treated/untreated V. cholerae strains were incubated with each reporter strain
at 30°C under shaking for 4 h and bioluminescence was recorded. It was found that
piperine inhibited nearly 60-80% CAI-1 production however there was no change in
the AIl-2 production level. These results indicated that piperine affected CAI-1
production levels to inhibit the biofilm formation in V. cholerae. Structural similarities
between autoinducer CAI-1 and piperine indicates that piperine might utilize CqsS
receptor to inhibit biofilm formation which was confirmed when a mutant of CqsS
receptor, AcqsS VC29 failed to inhibit biofilm formation even in the presence of
piperine which support our hypothesis that piperine might affect CqsS/CqsA quorum
sensing system by interfering with CqsS receptor, although further investigations are
required.

Conclusions

Piperine showed potential antimicrobial and anti-virulence activity against V.
cholerae strains irrespective of their serogroups and biotypes. Piperine suppressed CT
and TCP productions through upregulation of virulence negative regulatory genes
hapR and crp directly and hns indirectly, and suppression of virulence positive
regulatory genes tcpPH directly. Piperine inhibited the V. cholerae biofilm formation
by affecting CAI-1 production, which is one of the key molecules in quorum sensing.
White pepper, in particular, piperine could be used for preventive and therapeutic
applications against cholera.
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