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1.1. Vibrio cholerae

Vibrios are Gram-negative, facul-
tative anaerobes with non-spore-form-
ing curved rods ranging from 1.04 to
2.06 um in length and a single polar fla-
gellum for motility (Syed &Klose et al.,
2011) (Fig.1.1). The term 'vibrio' refers

to the characteristic vibratory motility,

derived from the word 'vibrare' (mean-
v W v ( Fig.1.1. V. cholerae with its single polar

ing to vibrate). They are heterotrophic ~ flagellum [Source: (Syed &Klose et al.,
and they require several nutrients. They 20101

are non-encapsulated and are commonly found as saprophytic forms in saltwater,
freshwater, and soil and can also occur as parasites and pathogens. In 1854, Italian
anatomist Filippo Pacini identified Vibrio cholerae as the cause of cholera which was
further established as the causative agent of cholera by Robert Koch (Fig.1.2). Koch
isolated the bacteria from the rice water stools of cholera patients and termed them as
“comma bacilli” because of their unique shape. The name Vibrio comma was used for

several decades before being changed to V. cholerae (Lippi et al., 2014).

Fig.1.2. Early scholars whose contribution played a pivotal role in the discov-
ery of the etiological agent of cholera. (A) Robert Koch (B) Filippo Pacini (C)
Unpublished memoirs of Pacini’s observation where the discovery of Vibrions was
described step by step (University of Florence, Museum of natural History, Bio-
medical section).
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1.2. Microbiology

V. cholerae (Type strain: ATCC 14035) belongs to the Vibrionaceae family, that
also includes Plesiomonas spp, Aeromonas, and Photobacterium (Farmer, 2006; Wat-
nick et al., 1999). The bacterium is oxidase-positive, reduces nitrate and it has a single,
sheathed, polar flagellum that provides motility to it. V. cholerae is Gram-negative
and non-acid fast and it stains readily with aniline dyes. V. cholerae thrives in temper-
ature range between 16 “C to 40 °C and it is strongly aerobic organism. The organism
can tolerate high alkalinity; with an ideal pH range of 7.6 to 8.2, which is helpful for
V. cholerae selective culture in alkaline peptone water. It grows well in standard la-
boratory conditions. After overnight growth on nutrient agar, colonies appear as moist,
translucent, round discs with a diameter of 1-2 mm. V. cholerae colonies and liquid
culture had a distinctive odour. Addition of 1% sodium chloride (NaCl) stimulates the
growth of V. cholerae. However, there is a distinction of V. cholerae from other Vibrio
spp is that it can grow in nutritional broth without added NaCl, while the growth is
inhibited by 7% NacCl.

1.3. V. cholerae Genome

The entire genomic sequence of V. cholerae El Tor N16961, a Gram-negative y-
Proteobacterium, is 4,033,460 base pairs (bp). V. cholerae has two circular chromo-
somes; chromosome 1 is 2.96 x 10° bp, while chromosome II has 1.07 x 10° bp
(Fig.1.3). The genome of V. cholerae has 3885 putative open reading frames distrib-
uted in its two chromosomes. The majority of the genes required for growth and via-
bility are located on chromosome I, however some genes found only on chromosome
II are also regarded to be essential for normal cell function. The genomic sequence
study of V. cholerae identified a large integron island (a gene capture system) on chro-
mosome II (Baker-Austin et al., 2018; Hall et al., 1991). Chromosome 1 encodes DNA
replication, repair, transcription, translation, cell wall biosynthesis, and core catabolic

and biosynthetic processes. Again, most genes necessary for bacterial pathogenicity,
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including those encoding the toxin co-regulated pilus, cholera toxin, lipopolysaccha-

ride, and extracellular protein secretion machinery, are found on chromosome I.

A dam
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lafgl 409 kb u“” cl 1579 kb I {oo
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NN 7 AN toxR Tl
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O T g ~—1
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BT putA tagA, tcpA pedd omp$S

Fig.1.3. V. cholerae genome showing two (large and small) chromosomes. [Source:
(Trucksis et al., 1998)]

1.4. Comparative Genomics

The majority of V. cholerae genes are similar to E. coli genes (1,454 ORFs). 499
V. cholerae ORFs exhibit the highest similarity to other V. cholerae genes, indicating
duplication. The majority of duplicated ORFs encode products involved in regulatory
functions, chemotaxis, transport, adhesion, transposition, pathogenicity, or unknown
functions encoded by conserved hypothetical proteins. There are several duplications,
with at least one of each ORF on each chromosome, indicating chromosome crossover.
The duplication of genes related to scavenging (chemotaxis and solute transport) high-
lights the significance of these genes in V. cholerae biology, particularly its adaptabil-
ity to various environments. El Tor strain N16961 has only one copy of the cholera
toxin prophage, while other V. cholerae strains have several copies of this element
(Davis et al., 1999; Mekalanos et al., 1983). Strains of the classical biotype include a
second copy of the prophage that is localized on chromosome II (Trucksis et al., 1998).
Thus, virulence genes are thought to be under selective pressure, affecting copy num-

ber and chromosomal location.
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1.5. Genome evolution of choleragenic V. cholerae

The origin and evolution of many bacterial diseases are directly linked to ge-
nome fluidity. Bacterial evolution is mostly driven by horizontally acquired genetic
elements that carry fitness traits. The genome of V. cholerae includes mobile genetic
elements (MGEs) that are essential for disease progression and survival (Faruque et
al.,2003; Vale et al.,2022). Only the O1 and O139 isolates of V. cholerae have been
reported to be choleragenic out of 206 different serovers. Surprisingly, their two main
virulence factors are encoded within mobile genetic components acquired through hor-
izontal gene transfer. CT is encoded by the filamentous phage CTX¢ (Das et al., 2011).
The CTX¢ phage can be transferred across V. cholerae strains, using TCP as the
phage receptor. TCP is encoded on the Vibrio pathogenicity island-1. V. cholerae iso-
lates harbouring other mobile genetic elements such as the SXT integrative conjuga-
tive element, VPI-2, and Vibrio seventh pandemic island-1 and -2 have been linked to
virulence (Dalsgaard et al.,2000). The self-transmissible SXT element confers V. chol-
erae isolates resistance to streptomycin, sulfamethoxazole, and trimethoprim

(Dalsgaard et al.,2000) (Fig.1.4).
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Fig.1.4. Distribution of genomic islands (Gls), prophages, and integrative conju-
gative element (ICE) in the genome of V. cholerae clinical isolates. Each of the
genetic elements except prophages is linked with different mobility functions like in-
tegrase and repeat sequences. VPI-1, Vibrio pathogenicity island-1; VPI-2, Vibrio
pathogenicity island-2; VSP-1, Vibrio seventh pandemic island-1; VSP-2, Vibrio sev-
enth pandemic island-2; int, integrase [Source: (Pant et al., 2020.)].

VPI-2, is present only in pathogenic V. cholerae isolates, encodes genes for si-

alic acid transport and catabolism. Choleragenic vibrios have a competitive advantage
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in the mouse intestine due to their ability to utilize sialic acid as a carbon source. VSP-
1 encodes the transcription factor VspR, which is regulated by a ToxT small RNA
(Faruque et al.,2003). VspR controls the expression of various VSP-1-encoded genes,
including DncV, which encodes a new kind of dinucleotide cyclase. DncV produces a
hybrid cyclic AMP-GMP molecule that promotes successful intestinal colonization
and inhibits V. cholerae chemotaxis, which is associated with hyperinfectivity
(Dalsgaard et al.,2000). VSP-2 has yet to be associated with a putative function. The
four pathogenicity islands encoded by choleragenic V. cholerae, VPI-1, VPI-2, VSP-
1, and VSP-2, can excise from their host's genome and form circular intermediates,
potentially allowing virulence genes to be transferred to non-pathogenic V. cholerae

strains (Banerjee et al., 2014).

Interestingly, some non-O1, non-O139 environmental isolates have been identi-
fied to have virulence genes. These strains may serve as reservoirs of virulence
genes for non-choleragenic V. cholerae strains. The discovery that V. cholerae be-
comes naturally competent when it grows on chitin, and the existence of hybrid strains
of V. cholerae that encode mobile genetic elements associated with virulence, suggest
that the shell of copepods is a critical location for genetic material exchange, poten-
tially leading to the emergence of novel pathogenic isolates (Dalsgaard et al.,2000;

Vale et al.,2022).
1.6. Taxonomy

The genus Vibrio has many different species, only a few of which are patho-

genic. V. cholerae is the classi-

cal example of a pathogenic species Phyltim Protecbacteria

in this genus, with others including Class Gamma proteobacteria
V. parahaemolyticus, V. alginolyti- Order S

cus, V. mimicus, V. vulnificus, and Family Vibrionaceae
various .non-agglutlnable VlbI‘l(TS S Vibrio

(Sakazaki, Gomez, 1967) (previ- Scies \: cholerie

ously termed as NAG vibrios). The

present systematic position of V. Table 1.1. Systematic position of V. cholerae

cholerae shown in Table 1.1 (along- [Source: (Garrity et al., 2005)].

side),
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1.7. Phenotypic fingerprinting and classification of V. cholerae

The phenotypic fingerprinting and classification scheme of V. cholerae can be
divided into five major types, which include biochemical tests, serological classifica-

tion, biotyping, phage typing, and anti-microbial susceptibility testing (Fig.1.5).

Serot:
Antigen

Biochemical tests i =\
w [ reom | N
and sobiion) Nou0139 : "
Serological B
Classfication
(Serogroups) |
v A
C
A
Boyping | 2
—— .
Sensitve
Puageypin <———-‘
R Resistan
Antimicrobial —
susceptibility testing
e ———

Fig.1.5. Scheme of classification of V. cholerae [Source: (Rahaman et al., 2015)].
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1.7.1. Biochemical tests

V. cholerae and the other species belonging to the Vibrio and related genera can
be differentiated for all practical purposes by a variety of simple tests as shown in

Table 1.2 (below) (Chatterjee et al., 2003; Kaper et al., 1995).

Other Vibrio

Tests V. cholerae oo Enterobacteriaceae
Ornithine
decarboxylase? + i =
Growth in 0% NaCP® + —-b =
47-49 38-51 38-60

Table 1.2. Differentiation of V. cholerae from related species. a, except for V.
metchnikovii; b, except for V. mimicus; positive response means: 1, test for the
presence in bacteria of certain oxidase that will catalyze the transport of electrons
between donors in bacteria and a redox dye which is reduced to a deep purple
colour; 2, a mucoid string is formed when an inoculating loop is drawn slowly
away from a drop of 0.5% aqueous solution of sodium deoxycholate in which a
24-h growth of the organism is suspended. The string is formed because the or-
ganisms are lysed, DNA released and the mixture made viscous; 3, the ability of
the organism to ferment the particular sugar added to the growth medium and
produce acid which changes colour of an indicator (phenol red, bromothymol
blue, etc.); 4, the ability of the organism to decarboxylate a particular amino acid
added to the growth medium with the liberation of carbon dioxide and change of
colour of the medium to violet; 5, the ability of the organism to grow in the ab-
sence of NaCl in the medium; 6, DNA base composition given in terms of mol%
G+ C [Source: (Garrity et al., 2005)].

=
N

.2. Serological classification (Serotyping)

V. cholerae is classified based on the type of O-antigen present. O-antigen is a
homopolymer formed of amino acid sugar D-perosamine (4-amino-4, 6-dideoxy-D-
mannose), with the amino groups acetylated by 3-deoxy L-glycero-tetronic acid (Red-
mond, 1979; Kenne et al, 1982; Manning et al, 1994). Sakazaki and Shimada devel-
oped the most extensively used classification method for V. cholerae O-antigen (Sa-

kazaki & Shimada, 1977). This typing system consists of 138 O-groups, which
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includes the recently discovered O139 group (Shimada et al., 1994). The different O

groups are referred to as serogroups or serovars (Fig.1.6).

The O1 serogroup is divided into three antigenic forms: Inaba, Ogawa, and
Hikojima. These antigenic types are referred to as serotypes or subtypes. V. cholerae
Ol's O antigen consists of three factors: A, B, and C. The A factor is likely a D-
perosamine homopolymer, but the nature of the B and C factors is unknown (Martinez-

Govea et al., 2001).

The differences among the subtypes are mainly quantitative; Ogawa strains pro-
duce A, B, and a small amount of C antigen, while Inaba strains exclusively produce
A and C antigens (Shimada et al., 1994). The Hikojima subtype contains all three fac-
tors. The O139 strain combines O1 and non-O1 strains. This strain lacks O1 LPS pro-
duction and some O1 antigen-related genes, but shares similarities with O1 El Tor
strains in terms of cholera enterotoxin and toxin co-regulated pilus (TCP).

(O] Ol-antigen
16«18 x 12 Iimked hincar

4.6-dideoxy-4-(3-deoxy-L-glyeero-

tetronamido pa-D-mannosc

0139 0139 side chainand capsule
e a PD-QuipNAC
b: a-D-GalpA
@) ¢: B-D-GlepNAC
@O — oy
@ ¢ 4.06-7-B-D-Gal g
@ J,
Core0OS:

1 3deoxy-D-manno-octulosonic acid
2: L-glycero-D-manno-heptose

¥ a-glucose

4 Perlucose

S: B-fructose

6 a-glucosaming

7. 2-ammoethylphosphat

8: phosphate

2 O-acetyl

LipidA:

- G J
P-GICN(B 1 -6)GIeN-1-PP-En
l I I | hexadecan acid, tetradecan acid
Vhyvdroxy-myristin acid

Fig.1.6. LPS structure of V. cholerae serogroup O1 and O139. The deduced struc-
ture of V. cholerae serogroup O1 (left) and O139 (right); shown are the different O
antigen and capsule structures, and the similar core-OS and lipid A structures
[Source: (Villeneuve et al., 2000)].
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1.7.3. Biotyping

There are two biotypes of V. cholerae O1 strains: Classical and El Tor. The two
biotypes are distinguished by hemolysis, hemagglutination, phage and polymixin B
sensitivity, the Voges-Proskauer reaction, and genetic methods including multiplex
PCR and RFLP (Alm & Manning, 1990) as shown in Table 1.3 (below). Isolates from
the sixth pandemic were classified as classical biotype. The seventh pandemic has pri-

marily involved isolates of the El Tor biotype.

Tests used Responses of the Two biotypes
Classical El Tor

Hemolysis of sheep erythrocytes s + -

Agglutination of chicken erythrocytes = +

+

Voges-Proskauer reaction

Inhibition of Polymixin B (50-ug disk)
Lysis by Gr IV cholera phage

Lysis by FK cholera phage

+ + +

Table 1.3. Differential characteristics of V. cholerae biotypes [Source: (Alm et al.,
1990)].

1.8. Isolation and identification of V. cholerae

The Cary-Blair medium is utilized for transporting V. cholerae in stool samples.
Alkaline peptone water (APW) is generally used as enrichment broth, while TCBS
agar is the preferred plating medium for V. cholerae (Fig.1.7). TCBS agar is green
when prepared. V. cholerae grows overnight (18-24 hours) and forms large (2-4 mm)
yellow colonies with opaque centers and translucent peripheries. The yellow colour
results from sucrose fermentation in the medium. V. parahaemolyticus and other or-
ganisms that are sucrose nonfermenting organisms, from green to blue-green colonies.
Taurocholate Tellurite Gelatin Agar (TTGA), also known as Monsur's agar, can be
used to isolate V. cholerae bacteria (Kaper et al., 1995). V. cholerae grows overnight
on TTGA agar to form small opaque colonies with slightly dark centers. After 24
hours, the centers of the colonies darken and eventually turn "gunmetal" grey. In ad-
dition to the dark coloration caused by tellurite reduction, colonies have an opaque

zone surrounding them that resembles a halo.



Refrigerating the plate for 15-30 min
can intensify the halo effect caused by pro-
duction of enzyme gelatinase. Vibrio colo-
nies on MacConkey's agar initially appear
colourless but turn reddish after prolonged
incubation due to lactose fermentation. On
blood agar, colonies are initially sur-
rounded by a green zone that eventually
clears due to hemolysis. V. cholerae can be
detected using biochemical testing, direct
specimen examination, agglutination in an-

tisera against the O1 antigen, and DNA
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Fig.1.7. V. cholerae grown on TCBS agar,
selective media for V. cholerae. Overnight
colonies of V. cholerae on TCBS agar are
large (2-4 mm) and yellow because of the
fermentation of sucrose. They are character-
istically round, smooth, glistening. and

probes/PCR (Chakraborty et al.,2000). slightly flattened

1.9. Ecology and environmental reservoirs of V. cholerae

The ecology of V. cholerae plays an essential role in developing virulent and
toxic variants. The salt requirement for V. cholerae development indicates that it orig-
inated at sea. The similarities between Vibrio spp. isolated from deep-sea hydrother-
mal vents in the East Pacific region indicate that this species is native to the deep sea
(Colwell et al., 2004). Later V. cholerae genome sequencing investigations confirmed
that V. cholerae is a versatile bacterium that can live in various habitats and infects the

human gastro-intestinal tract (Vezzulli et al., 2010).

Virulence genes in V. cholerae strains from various serogroups disperse in
aquatic habitats due to lateral movement of genetic material, creating an environmental
reservoir for these genes (De et al., 2004). Phage infection causes V. cholerae to ac-
quire antibiotic resistance genes, leading to new toxigenic variants and multi-drug re-
sistance. Chitin, a major component of crustacean shells, has recently been found to

induce the natural competence of V. cholerae (Lipp et al., 2002; Colwell et al., 2004).

V. cholerae, an aquatic pathogen, can be found in brackish, marine, and fresh
waters. It can live for months or years in some aquatic habitats by interacting with

zooplankton and other aquatic animals (Hugq et al., 1983) (Fig.1.8). V. cholerae form
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biofilms on the chitinous surface of copepods in its natural environment. Colwell and
colleagues were the first to identify V. cholerae symbiotic relationship with aquatic
planktons(Huq et al., 1983; Vezzulli et al., 2010). V. cholerae Ol and non-Ol
serogroups were found on live copepods, primarily colonizing the mouth and egg sac.
Low temperature and nutritional conditions can cause the Viable but Non-Culturable
(VBNC) state, which can be resuscitated under favourable conditions. V. cholerae can
bind to autotrophic species like phytoplankton and macroalgae, which can serve as a
carbon source. Attachment to chitinous zooplankton and gelatinous egg masses (e.g.,
chironomids) provides nutrition and also promotes horizontal gene transfer (HGT).
Fish and birds eat plankton or mussels that may contain V. cholerae, which might pos-
sibly spread the bacterium over long distances. In aquatic habitats, V. cholerae out-
competes other bacterial taxa associated with zooplankton such as y-proteobacteria
and Vibrio photobacterium, and it is commensal with copepods (Vezzulli et al., 2010).
V. cholerae associated with zooplankton lives longer in seawater than free-living cells

(Alam et al., 2017).

Relationship of V. cholerae with copepods provides benefits such as increased
food availability, adaptation to environmental nutritional gradients, stress tolerance,
and predator protection. The presence of Cladocerans, Monia spp., Diphanosoma spp.,
and the rotifer Brachionus angularies is linked to V. cholerae prevalence and cholera
outbreaks. V. cholerae is associated with the copepod Acatina tonsa, which has a

higher amount of V. cholerae than other co-occurring copepods (Alam et al., 2017).
1.10. Environmental factors that influence V. cholerae growth

The occurrence of V. cholerae in the environment is dependent on a number of
environmental factors such as temperature, pH, salinity, and phyto- as well as zoo-

planktons (Lutz et al., 2013; Turner et al., 2014).
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1.10.1. Abiotic factors

V. cholerae thrives in warm water (above 15°C), high pH (8-8.6), and 25 ppt
salinity. Elevated temperature and pH enhance attachment to chitinous surfaces, while
high salinity triggers melanin production for UV protection. Sunlight supports its
spread via phytoplankton, but excessive evaporation raises salinity, limiting growth.
While, heavy rainfall responsible for 51% of water-borne outbreaks, reduces salinity
and alters ocean circulation, boosting V. cholerae growth, though excessive rain may
sometimes lower cases. Huq et al, in the year 2005 mentioned increased cases of chol-

era with a decrease in

. Air Temperature Rainfall
pond or estuarine wa-
ter depth. V. cholerae Below climatological Below
average for two previous climatological
persistence is influ- months average
Above
enced by water con- climatological Above
average for two climatological
dllCtiVity, with hlgher previous months dverage
conductivity in lakes
and estuaries linked High Risk Ryl
to increased cholera
. Available
cases. Its adaptive : et
Low Risk
traits allow survival
. . Water and
without soluble iron Cholera Outbreak Sanitation Access

by producing sidero-

phores to absorb in- Fig.1.9. Envir ommnental Factors Influencing Epidemic Cholera

soluble iron (Fe:0s).  [Seurce: Jutlaetal., 2013].
Access to Fe*' ions enhance survival, boosts proliferation, and affects cholera toxin

(CT) expression (Castro-Rosas and Escartin 2000; Turner et al., 2009) (Fig.1.9)
1.10.2. Biotic factors

In spring and autumn, abundant phytoplanktons and zooplanktons provide chi-
tinous surfaces for bacteria like V. cholerae to thrive. This could allow the organism's
overall population to increase in the environment despite the presence of more bacte-

rivorous predators (Huq et al., 2005; Lobitz et al., 2000).
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1.11. Different roles played by V. cholerae in the environment

V. cholerae plays multiple functional roles in order to survive and adapt to their
environment. Majority of these features are initiated or activated in the presence of
chitin in the exoskeleton of zooplanktons in aquatic reservoirs. As already mentioned,
V. cholerae uses them as an adhesion matrix, the other functions are interconnected to

each other.
1.11.1. Chemotaxis

V. cholerae exhibits chemotaxis toward chitin oligosaccharides. Starving cells
secrete chitinase, which breaks down chitin into (GIcNAc)n, creating a gradient that
guides the cells to the chitin surface. Once attached, V. cholerae absorbs carbon and

nitrogen from chitin (Cottingham et al., 2003).
1.11.2. Surface colonization

V. cholerae uses multiple attachment mechanisms to survive in nutrient-limited
aquatic environments and acquire nutrients from biotic surfaces. It binds to surfaces
like ship hulls, zooplankton, macroalgae, and floating aggregates. When near chitin,
V. cholerae attaches via hydrophobic and ionic bonds. Key surface proteins involved
in chitin binding include MSHA, GbpA, and ChiRP (Hugq et al., 2005; Tamplin et al.,
1990) (Fig.1.10).

A. Detection ,' B. Attachment

£

2 4. N-acetyl--glucosaminidase

& o

3. chitodextrinase 1

mshA S0
gbp A g chitooligosaccharides @
pilA 1

PHVOHEOEDODOBDEHODH O 600 DHHSH®OOH DD

| Chitin Chitin

Fig.1.10. Utilization of chitin by Vibrio spp. (A) Chemotaxis towards chitin occurs
when chitin oligosaccharides are detected by two independent receptors. (B) Attach-
ment to chitin occurs via GbpA, MshA pilus, or chitin-regulated pilus encoded by
pilA. (C) Attachment to chitin leads to extracellular secretion of chitinases such as
ChiA, which degrade chitin polymer to chito oligosaccharides creating a gradient
that guides the cells to the chitin surface [Source: (Erken et al., 2015)]
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1.12. Motility

Vibrio spp. use flagella for motility, which is essential for chemotaxis, coloniza-
tion, biofilm formation, and pathogenicity. V. cholerae and V. alginolyticus are mono-
trichous with a single polar flagellum, while other Vibrio spp. can be peritrichous or
lophotrichous (Butler & Camilli, 2005; McCarter, 2004; Yildiz & Visick, 2009). The
flagellum consists of the basal body, hook, and filament, assembled sequentially. In V.
cholerae, over 50 genes regulate flagellar synthesis through a four-tier transcriptional
hierarchy (Echazarreta & Klose, 2019). FIrA, the master regulator, activates class 11
genes with RpoN (654), while FIrB and FIrC regulate class III genes that encode struc-
tural components like FlaA, FlgB/G, FIgT, FIgP, FlgK, and MotY (Klose &
Mekalanos, 1998; Syed et al., 2009) (Fig.1.11).

Fig.1.11. Structure of V. cholerae flagellar complex. (A) Electron mi-
croscopy rendering of the sheathed Vibrio flagellar complex. Vibrio spe-
cific attributes are depicted by arrows: the sheath (green arrow) and the O
ring (purple arrow). (B) Schematic of the sheathed Vibrio flagellar com-
plex [Source: (Echazarreta & Klose, 2019)].

1.13. Quorum sensing

Quorum sensing in V. cholerae regulates gene expression based on cell density
through autoinducers (Als), CAI-1 and AI-2. These Als are detected by two-compo-
nent receptors. At high cell density (HCD), quorum sensing activates hapR, which
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promotes flagellum biosynthesis and represses biofilm and virulence factor produc-
tion, allowing V. cholerae to disperse (Z. Liu et al., 2007). At low cell density (LCD)
(Higgins et al., 2007; Ng et al., 2011; Wei et al., 2012), hapR is repressed, leading to
biofilm formation and virulence factor expression for host attachment. Quorum sens-
ing also promotes natural competence and horizontal gene transfer (HGT), enhancing

survival and adaptation (Fig.1.12).

Low Cell High Cell
Density Density
(low Als) (high Als)
phosphate phosphate
flow flow
®
LuxO-P C D D LuxO
} T
Qrr sRNAs
hapR mRNA hapR mRNA
HapR vy —
biofilms virulence biofilms virulence
c-di-GMP c-di-cMmP |——

Fig.1.12. Simplified model of the interaction between Quorum sensing and c-di-
GMP in the regulation of gene expression in V. cholerae. When concentrations of
Als are low (left side), the response regulator LuxO is phosphorylated, resulting in
expression of multiple genes encoding the Qrr SRNAs that repress translation of the
master transcriptional regulator, HapR. When concentrations of Als are high (right
side), LuxO is dephosphorylated which leads to termination of qrr expression. In the
absence of the Qrr sSRNAs, HapR is produced. HapR represses both biofilm for-
mation and virulence factor expression. Like HapR, c-di-GMP also represses viru-
lence factor expression, but unlike HapR, c-di-GMP activates biofilm formation.
Here, HapR is shown to repress biofilm formation both directly (via controlling
vpsT) and indirectly by reducing the levels of c-di-GMP [Source: (Waters et al.,
2008)]

1.14. Biofilm formation

V. cholerae forms biofilms for survival in aquatic environments and host colo-

nization. Biofilms enhance nutrient uptake, aid in acid resistance, and are regulated by
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VpsR and VpsT (Watnick et al., 1999). Rugose colonies, with high VPS production,
resist stress, phages, and protists (Fig.1.13).

Fig.1.13. V. cholerae forms biofilms on chitinous surfaces.
Biofilm forming V. cholerae cells bound to chitinous surfaces
are illustrated in these scanning electron micrographs. In the
lower row bacteria that are attached to chitinous spikes (porous-
looking surface) are shown at higher magnification, which al-
lows the visualization of detailed structures such as the polar
flagellum, unidentified pili/fibers, and biofilm matrix compo-
nents [Source: (Echazarreta & Klose, 2019)].

1.15. Transmission of V. cholerae from the environment to the host

Toxigenic strains of V. cholerae coexist with nontoxigenic strains in aquatic en-
vironments, a situation facilitated by biofilm formation on biological surfaces and the
utilization of chitin as a source of carbon and nitrogen (Fig. 1. 14). When these bacteria,
adapted to aquatic environments, are ingested through contaminated food or water, the
toxigenic strains can colonize the small intestine. They then multiply and secrete chol-
era toxin, which is expelled back into the environment through the host's secretory
diarrhea. The pathogens shed in the stool are in a transient hyper infectious state, which
enhances the outbreak by facilitating transmission to subsequent hosts (Antonova et

al., 2012; Lo Scrudato & Blokesch, 2012, 2013; Meibom et al., 2004).
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Fig.1.14. The life cycle of pathogenic V. cholerae. Toxigenic strains of V. cholerae per-
sist in aquatic environments alongside non-toxigenic strains, aided by biofilm formation
on biological surfaces and the use of chitin as a carbon and nitrogen source. On ingestion
of these aquatic-environment adapted bacteria in contaminated food or water, toxigenic
strains colonize the small intestine, multiply, secrete cholera toxin, and are shed back into
the environment by the host in secretory diarrhoea. The stool-shed pathogens are in a
transient hyper-infectious state that serves to amplify the outbreak through the transmis-
sion to subsequent hosts [Source: (Nelson et al., 2009)]

1.16. V. cholerae Pathogenesis

Cholera causes severe, watery diarrhoea that can quickly lead to dehydration and
death in untreated patients. V. cholerae of the Ol and O139 serotypes cause epidemic
cholera in humans. All other serotypes are classified as "non-O1" strains and are

linked with sporadic cases of gastroenteritis (Taylor, Miller, et al., 1987) (Fig.1.15).

Aquatic reservoirs Human host

Diverse V. cholerae Selection for toxigenic Ol and O139 V. cholerae
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Fig.1.15. Phylogenetic relationship of V. cholerae strains. Onthe basis of the antigenicity of the O antigen component
of the outer membrane lipopolysaccharide, more than 200 serogroups (O1-0200) of V. cholerae
exist in aquatic environments. Only a subset of O1 and O139 serogroup strains are toxigenic
(Tox+) and therefore capable of causing cholera when ingested; such strains are selected in
the host environment, while the non-toxigenic (Tox—) strains are selected against. Different O
antigen types are indicated by the colour of the outer membrane and sheathed flagellum. Cap-
sules are present in a subset of strains [Source: (Boucher et al., 2016)].
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V. cholerae infection occurs after consuming contaminated water or food. After
passing through the stomach acid barrier, the organism colonizes the epithelium of
the small intestine using toxin-coregulated pili and other colonization factors, such
as haemagglutinins, accessory colonization factor, and core-encoded pilus, which are

thought to play a role in pathogenesis (Fig. 1.16).
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Fig.1.16. V. cholerae life cycle and pathogenesis. V. cholerae is a waterborne disease that
causes cholera and is a human-restricted pathogen. (1) V. cholerae is introduced to the human
host through contaminated water. (2) In the stomach, V. cholerae encounters a low pH envi-
ronment. (3) To induce disease, V. cholerae colonizes the small intestine. (4) V. cholerae uses
a single flagellum to propel through the mucus and reaches the epithelial surface. V. cholerae
responds to host signals including bile, mucins, pH, and oxygen availability to induce viru-
lence factors such as toxin coregulated pilus (TCP) and cholera toxin (CT). (5) TCP facilitates
the colonization of the epithelial surface, and CT is produced, binding GM1 on the host cells.
(6) CT is then endocytosed and induces cyclic AMP (cAMP). High cAMP levels cause the
efflux of electrolytes and water, resulting in the characteristic watery diarrhea of cholera. (7)
Microcolonies form and V. cholerae produces extracellular matrix components including Vib-
rio polysaccharides, biofilm proteins, and extracellular DNA. At high cell density, V. cholerae
represses virulence genes through quorum sensing. (8) At this high density, V. cholerae de-
taches from the epithelial surface and migrates to the lumen. Genes required for transitioning
into the aquatic environment are upregulated. (9) V. cholerae is excreted from the host in di-
arrheal stool and vomitus. (10) V. cholerae returns to the environment, where contamination
of drinking water may infect another host. [Source: (Chac et al., 2021)]
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1.17. Cholera: The fearsome waterborne infection

Cholera is an acute enteric infection caused by the bacterium V. cholerae, found
in fecally contaminated water or food, often associated with insufficient access to
safe water and proper sanitation. The World Health Organization estimates that 3-5
million people worldwide are afflicted with cholera each year, resulting in 100,000-

120,000 deaths (WHO,2023).

Cholera is characterized by a sudden onset of acute watery diarrhoea, resulting
in substantial fluid loss, sunken eyes, blue-grey skin, and death (Fig.1.17). The short
incubation time (two hours to five days) can lead to explosive outbreaks, with a rapid
increase in case numbers. Approximately 75% of those infected with cholera show no
symptoms. However, the pathogens can remain in their facces for 7-14 days before
being released into the environment and potentially infecting others (Nelson et

al..2009).

1.18. Epidemiology of V. cholerae

Cholera originally appeared in India's Ganges Delta in the 19th century. Seven
well-defined pandemics have been reported over the centuries, with an eighth pan-
demic suspected to have occurred since 1992 (Table 1.4). The seventh pandemic, in-
duced by the El Tor biotype of V. cholerae serogroup Ol, started in Indonesia in 1961
and spread to Africa and the America in 1970 and 1991, respectively. In 1992, a new
serotype, O139, emerged in India and spread rapidly to Bangladesh and other sur-
rounding Asian countries. Recent cholera outbreaks have occurred in countries that

have been free of the disease for decades.
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Cholera

j Years Countries
Pandemics

1817-1823 The first pandemic originated in the Ganges River delta in India.
First the disease spread to Southeast Asia, central Asia, Middle East,
eastern Africa, and the Mediterranean coast.
1829-1849 It started also in India and reached Russia by 1830 and spread in
countries Finland, Poland, Europe, North America.
1852-1859 Originated once again in India. It devastated large swaths of
Third Asia, Europe, North America and Africa. In 1854, the worst
year, 23,000 died in Britain alone.
The fourth pandemic began in the Bengal region from which
1863-1879 Indian Muslim pilgrims visiting Mecca spread the disease to the
Middle East. From there it migrated to Europe, Africa and North
America. Cholera claimed 90,000 lives in Russia in 1866.
18811596 Again, originated in the Bengal region of India and swept
Fifth through Asia, Africa, South America and parts of France and
Germany.
1899-1923 The sixth pandemic killed more than 8,00,000 people in India
Sixth before moving into the Middle East, northern Africa, Russia and
parts of Europe.
Unlike other pandemics the seventh pandemic originated in
1961 to  Indonesia then spread to Italy, Africa and ravaged populations
Seventh present  across Asia and the Middle East. Later an outbreak among
Rwandan refugee in 1994, Zimbawe in 2008, Haiti in 2010 took
many lives.

Second

Fourth

Table 1.4. History of cholera pandemics [Source: (Momba et al., 2018)].

In 2022, the World Health Organization (WHO) reported a near doubling of
global cholera cases, with a total of 923,037 cases compared to 499,447 in 2021. While
this increase might seem like a setback in cholera control, there is some positive news:
the total number of reported cholera-related deaths fell by 36%, decreasing from 2,990
in 2021 to 1,911 in 2022. Notably, Africa recorded its lowest annual numbers of cases
and deaths in the 21st century, and America reported the fewest cases and deaths since
cholera was introduced to Haiti in 2010. In 2022, there was a significant rise in reported
cholera cases, mainly attributed to the surge in Yemen (861,096 cases) (Fig.1.19), the
Democratic Republic of the Congo (30,304 cases), and Mozambique (7,010 cases).
These three countries together accounted for 97% of the globally reported cases that

year (WHO, 2022) (Fig.1.18)

“Yemen has been devastated by a brutal war which started in early 2015.
Twenty-one million people (75% of the total population) require humanitarian assis-
tance, 7.3 million are severely food insecure, and 3.3 million are internally displaced.

Moreover, the healthcare system is on the brink of collapse as more than 55% of health



Review of Literature | 21

facilities are partially functioning or destroyed. This situation, which is already a com-
plex web of challenges, is exacerbated by the airport closures, severe shortages of fuel,
food, drinking water and medication, and non-payment of public employees for 15
months since September 2016. In addition, sewage and drainage systems are clogged
and rubbish is piled high in the streets. The underground water in all Yemeni cities is
contaminated with sewage and treatment plants are not functioning because of lack of

fuel and maintenance.”

-excerpt from Al-Mekhlafi Hesham, 2018 on Recent cholera outbreak in Yemen.
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Fig.1.18. Countries reporting cholera cases and deaths in 2022 [Source: Weekly
Epidemiological Record, WHO cholera report 2022]

. £

Fig.1.19. (A) People gather to collect drinking water from a charity tanker truck in the
midst of the cholera epidemic in Taiz governorate, (B) rubbish piles up on the main
street in Sana’a city, and (C) cholera-infected patients lie on the ground while receiv-
ing treatment at a temporary health station in Hajjah governorate, Yemen. [Source:
(Al-Mekhlafi, 2018)]
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1.19. V. cholerae and human intestine

Ingestion of water or food contaminated with V. cholerae is the primary route by
which humans acquire this bacterium. After ingestion, V. cholerae must survive the
harsh acidic conditions of the stomach to establish an infection. It then needs to pene-
trate the mucus lining that protects the intestinal epithelial cells. Because V. cholerae
is sensitive to acid, a relatively high infectious dose is necessary to cause an infection
in humans, typically ranging from 10° to 10'' CFU/ml. Once in the human intestine,
V. cholerae adheres to and colonizes the intestinal epithelial cells, eventually produc-
ing cholera toxin (CT), which leads to the symptoms of cholera (Cash et al., 1974).
During the transition from aquatic environment to the human intestine, V. cholerae
encounters low pH conditions of gastric juice (Cash et al., 1974). The cells that over-
come the gastric barrier further colonize the intestinal epithelial cells, eventually pro-

ducing CT and causing cholera.

1.20. Mechanisms of intestinal colonization

V. cholerae pathogenesis is complex and involves interactions between both host
and bacterial factors. Once V. cholerae is introduced into the intestinal lumen, it must
attach to the intestinal lining (Valiente et al.,2018; Chiang et al.,1999). This initial
attachment is essential for the bacteria to establish disease. Various colonization fac-
tors have been identified as important adhesion molecules that interact with the surface
of host cells. For V. cholerae to successfully cause disease, it must colonize the small
intestinal epithelium. Several components contribute to this colonization process, in-
cluding bacterial pili, hemagglutinins, an accessory colonizing factor, porin-like pro-

teins, rfb-encoded enzymes, and a chitin-binding protein (Lloyd et al.,2023).

1.21. Impact of host factors

To survive and cause infection, V. cholerae must pass certain barriers after in-
gestion. Additionally, several factors assist the bacterium in colonizing and causing
cholera. For infection, V. cholerae must survive the acidic gastric barrier (pH 2), re-

quiring a high infectious dose (10° to 10" CFU/ml). It thrives in the small intestine
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(pH 7.6), where GbpA, a chitin-binding protein, helps it to bind mucin, a glycoprotein
coating the intestinal epithelium. This GbpA-mucin interaction enhances colonization.
However, recent studies show that mucins can restrict V. cholerae colonization, espe-
cially in the proximal small intestine, where the mucus layer is thicker (Kaper et al.,

1995).

According to previous reports, control of V. cholerae virulence gene expression
is mediated by two opposing ToxT effectors in vivo. Bicarbonate enhances ToxT ac-
tivity, whereas the unsaturated fatty acid components of bile, such as linoleic acid,
inhibit ToxT activity. The concentrations of these two effectors differ between the lu-
minal fluid and within the mucus layer that protects the epithelium. Bile and its com-
ponents are at high concentrations in the lumen but, due to their relatively large size,
are at very low concentrations within the mucus layer (A. Chatterjee et al., 2007; Gupta
& Chowdhury, 1997). Bicarbonate is present both in the lumen, where it buffers stom-
ach acid, and within the mucus layer, via secretion by the epithelial cells. ToxT of V.
cholerae is inactivated by bile in the lumen, which permits the bacteria to retain mo-
tility and enter the mucus layer so that they can colonize the epithelial surface (Abuaita
& Withey, 2009). The production of TCP and CT prior to entry into the mucus layer
would be deleterious, as the bacteria would aggregate in the lumen and will be unable
to colonize. Thus, these two signals that act inversely on the binding affinity of ToxT
for its DNA binding sites are able to direct V. cholerae to the optimal site for coloni-

zation (Kaper et al., 1995) (Fig.1.20).
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Fig.1.20. Interaction of the gut microbiome with environmental signalling
during V. cholerae life cycle. The microbiome is shaped on individual basis
by diet, microbial exposure, and history of gut insults such as diarrhoea, mal-
nutrition, and inflammation. Commensal microbial functions influence chem-
ical cues used by V. cholerae to time gene expression during early vs late in-
fection states [Source: (Hsiao et al., 2020)].

1.22. Virulence factors of V. cholerae

In V. cholerae, the two main factors responsible for cholera disease are cholera
toxin (CT) and the toxin co-regulated pilus (TCP). A filamentous bacteriophage,
known as CTX®, carries genes that encode cholera toxin (Spangler et al.,1992). Ad-
ditionally, a 41-kb pathogenicity island located on the chromosome encodes the toxin
co-regulated pilus (TCP). Cholera toxin, which is encoded by the ctx4AB genes found
in the lysogenic CTX®, is a potent enterotoxin that belongs to the A-B toxin type
(Cassel et al.,1978). The toxin consists of one enzymatic A subunit and five receptor-
binding B subunits. It is secreted by a bacterial type Il secretion system. After secre-
tion, the B subunit (CT-B) binds to ganglioside GM1 receptors located in lipid rafts
on the plasma membrane of target cells. The entire toxin complex is then endocytosed
by the cell and transported through the Golgi apparatus to the endoplasmic reticulum.
Here, the A subunit (CT-A) dissociates from the toxin complex. CT-A is subsequently
transported to the cytoplasm of the target cell, where it ADP-ribosylates a GTP-bind-
ing protein that activates adenylate cyclase. The event causes an increase in intracel-

lular cAMP levels, which disrupts the movement of electrolytes in the epithelial cells
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(Field et al.,2003). This disruption results in increased secretion of NaCl, which further
drives the osmotic movement of water into the intestinal lumen. As a result, this leads

to watery diarrhea, a hallmark of cholera (Field et al.,2003).

1.23. Regulation of Virulence factors

Many virulence genes of V. cholerae are regulated co-ordinately in response to
environmental signals. While the specific conditions affecting toxin production in the
human intestine are not fully understood, research studies have identified several fac-
tors that increase toxin production. These factors include low temperatures (between
25°C and 30°C), osmolarity (with NaCl concentrations of 50 to 60 mmol), high aera-
tion, acidic pH (around 6.5), and the presence of certain amino acids (such as aspara-

gine, serine, glutamate, and arginine), as well as phosphate and trace elements
1.23.1. ToxR regulon

The transcription of virulence genes from both the CTX¢ and VPI is meticu-
lously orchestrated by a regulatory cascade known as the “ToxR Regulon.” Despite
the historical reference to ToxR as the primary regulator, it does not directly control
the expression of cholera toxin (CT) and toxin-coregulated pilus (TCP) (Taylor et al.,
1987). Instead, this role is fulfilled by the transcriptional activator ToxT. Various reg-
ulatory proteins and factors modulate the cascade to ensure ToxT is expressed only

under optimal environmental conditions (Dirita et al., 1992)

ToxR, along with TcpP, regulates the transcription of foxT. The foxR gene is
present in all Vibrio species as part of the ancestral genome and is constitutively ex-
pressed. In contrast, 7cpP is located on the Vibrio pathogenicity island (VPI), found
only in pandemic strains, and is expressed solely under virulence-inducing conditions.
ToxR is an integral membrane regulatory protein belonging to the OmpR family, char-
acterized by a cytoplasmic winged helix-turn-helix DNA-binding domain (Matson et

al., 2007).

ToxS, another integral membrane protein, enhances ToxR dimerization, which
is essential for full ToxR activity and subsequent initiation of zoxT transcription. At

the roxT promoter, ToxR is thought to act as an enhancer of TcpP binding (Morgan et
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al., 2011). Although TcpP can directly interact with RNA polymerase, ToxR is neces-
sary for activating foxT transcription. DNase | footprinting has shown that ToxR/S
binds to the foxT" promoter between -100 and -69 relative to the transcriptional start

site (Krukonis et al.,2000).

ToxR also regulates the transcription of the outer membrane porins OmpU and
OmpT. It upregulates ompU, which encodes a porin that protects against the harmful
effects of bile, and this regulation is further enhanced in the presence of bile. Con-
versely, ToxR downregulates ompT, which is expressed in environmental and nutrient-

limited conditions (Goss et al.,2013; Beck et al., 2004).

TcpP, in collaboration with ToxR/S, regulates toxT transcription through its in-
teraction with TcpH, another membrane protein. TcpH stabilizes TcpP, preventing its
rapid degradation by the metalloprotease Yael.. However, in non-permissive condi-
tions for virulence, TcpP degradation occurs even in the presence of TcpH. YaeL tar-
gets the periplasmic domain of TcpP and remains active in non-virulence inducing

environments (Njoroge et al.,2012).

Taurocholate, a bile salt found in the intestine, induces TcpP dimerization,
thereby enhancing its activation potential for foxT. TcpP/H binds to the foxT promoter
between -51 and -32 relative to the transcriptional start site (Manneh-Roussel et
al.,2018). TcpP alone can activate foxT" expression when overexpressed due to its
DNA-binding specificity. However, tcpPH expression is not constitutive. Instead, it is
regulated by the transcriptional regulators AphA and AphB. AphA binds to the tcpPH
promoter between -101 and -71, while AphB binds between -78 and -43 (Bogard et
al., 2012; Behari et al.,2001).

AphA is a dimer and a member of the winged helix transcription factor super-
family, while AphB is a LysR-type regulator protein. AphB directly interacts with
AphA on the DNA to activate zcpPH and changes conformation in response to pH and
oxygen level changes (Bogard et al., 2012). TcpPH is also negatively regulated by the
cAMP receptor protein (CRP) and PepA. CRP, typically involved in metabolism, can
bind to the promoter and repress expression by competing for the same binding sites
as AphA and AphB (Bogard et al., 2012). The mechanism of PepA repression remains

unclear, but it is known that PepA responds to changes in pH and temperature. Under
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non-permissive conditions for virulence, PepA represses fcpPH transcription (Skorup-

ski et al.,1997) (Fig.1.21)
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Fig.1.21. Schematic representation of ToxR regulon showing the differ-
ent components regulating the production of two major virulence deter-
minants CT and TCP [Source: (Matson et al., 2007)]

1.24. The Virulence Gene Transcriptional Activator ToxT

ToxT is a 32 kDa protein composed of 276 amino acids and serves as the primary
virulence gene regulator for ctxAB and tcp (Champion et al., 1997; Hulbert & Taylor,
2002). It belongs to the AraC/XylS family of proteins, with homology observed in the
C-terminal domain (CTD). The CTD, spanning amino acids 170-276, is approximately
100 amino acids long and contains two helix-turn-helix DNA-binding motifs. A small
linker region of ten amino acids separates the CTD from the N-terminal domain
(NTD), which extends from amino acids 1-160 (Lowden et al., 2010). While the NTD
lacks sequence similarity to other members of the AraC/XylS family, the crystal struc-
ture of ToxT reveals secondary structural homology to AraC, despite minimal amino

acid identity.

ToxT not only activates transcription of the genes encoding cholera toxin (CT)
and toxin-coregulated pilus (TCP), but also other virulence genes, including acf4,

acfD, aldA, tagA, tcpl, and the regulatory RNAs tarAd and tarB (Withey et al., 2005).
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ToxT achieves this by binding to 13 base pair degenerate sequences called toxboxes,
each containing a poly-T tract at the 5’ end of the binding site. These toxboxes are
located upstream of the -35-promoter element, which is part of the RNA polymerase
binding site. This positioning suggests that ToxT directly interacts with the RNA pol-

ymerase o subunits to stimulate transcription (Matson et al., 2007).

The arrangement of toxboxes varies depending on the target gene. For fcpA,
ctxAB, and tarA, there are two toxboxes arranged as direct repeats (Richard et al., 2010;
Withey et al., 2006). For acf4, acfD, tagA, and tcpl, the toxboxes are arranged as in-
verted repeats, with the divergently transcribed acf4 and acfD sharing the same tox-
boxes. In contrast, aldA contains only a single toxbox (Withey et al., 2005). Addition-
ally, ToxT can activate its own transcription through its role in activating the 7cp op-
eron, where the foxT gene is located. This self-regulation allows for finer control over

virulence gene expression.

Members of the AraC/XylS family can function as either dimers or monomers.
For example, AraC, RhaS, and RegA act as dimers, while MarA, SoxS, and Rob act
as monomers. The ability of ToxT to function as either a monomer or a dimer remains
controversial. Since most ToxT-activated promoters contain two toxboxes, it is hy-
pothesized that ToxT functions as a homodimer. However, aldA, which contains only
a single toxbox, suggests that dimerization is not required for ToxT to activate tran-

scription (Richard et al., 2010; Withey et al., 2006).

Studies using the LexA dimerization assay and bacterial two-hybrid systems in-
dicate that the NTD of ToxT is involved in dimerization (Wood et al., 1999). However,
full-length, intact ToxT has never been observed to dimerize, and the crystal structure
of ToxT depicts a monomeric protein. Virstatin, a small molecule inhibitor of virulence
gene expression, is proposed to reduce ToxT dimerization (Shakhnovich et al., 2007).
Interestingly, ToxT can bind to promoters as a monomer, as demonstrated in DNA -
footprinting experiments at the 7cp4 promoter (Withey et al., 2005). Even when the
spacing between toxboxes was increased, ToxT could still protect the DNA. However,
when the spacing was significantly altered, ToxT failed to activate transcription, indi-
cating that the distance between toxboxes is critical for full activation. Despite exten-
sive research, further studies are needed to fully understand the role of dimerization in

ToxT function (Fig.1.22).
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Fig.1.22. Regulation model of ToxT-mediated virulence genes in V. chol-
erae. TcpP/TcpH and ToxR/ToxS function together in activating transcription
of toxT. ToxR and TcpP need accessory proteins (ToxS and TcpH, respectively)
for maximal activity. ToxT initiates transcription of the full 7cp operon, ctx4B,
and acf. AphA and AphB activate transcription of the tcpPH operon in response
to environmental conditions. tcpPH promoter is negatively influenced by the
global regulator, CRP. ToxR/ToxS, and AphA/AphB also regulate genes other
than ctx and acf. ToxRS, AphAB, TcpPH, and ToxT coordinately regulate the
transcription of cfx and fcp. AphA and AphB activates the expression of the
tepPH. TcpPH and ToxRS regulate c#x and fcp genes through ToxT. AphB has
been linked to the expression of fcpP H for anaerobiosis that enhances the pro-
duction of CT. The direct activator and the second activator are differentiated
by black solid and dotted arrows, respectively. Blue arrows indicate different
environmental conditions sensed by the ToxRS and TcpPH, AphAB, and VarS
regulatory systems. The two component VarS-VarA system responds to envi-
ronmental factors and signals fox7. ToxR, independently activates and represses
transcription of ompU and ompT. ToxR modulation was shown by an arrow
(ompU) and line with base (ompT) through (+) for the transcription of ompU
and (-) for repressing the transcription of ompT. Red circles in ompU and ompT
indicate the ToxR binding sites and the transcriptional start sites are marked
with arrows for each promoter [Source: (Ramamurthy et al., 2020)].
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1.25. Major virulence factors of V. cholerae

1.25.1. Cholera enterotoxin (CT)

Cholera toxin, also known as choler-
agen (PDB ID: 1XTC), is the primary factor

responsible for the clinical manifestations of

A subunit

cholera (Fig.1.23). This potent exotoxin
stimulates enterocytes to increase the secre-
tion of electrolytes, particularly chloride

ions (Cl-), leading to passive water loss and

B subunit

resulting in severe diarrhea. The cholera en-

terotoxin, produced by adherent V. chol-

erae, is secreted across the bacterial outer
Fig.1.23. Crystallographic structure

membrane into the extracellular environ- of Cholera enterotoxin [Source: (Od-

ment, where it disrupts ion transport in intes- umosu et al., 2010)].

tinal epithelial cells. The existence of cholera enterotoxin (CT) was first hypothesized
by Robert Koch in 1884 and was experimentally demonstrated 75 years later by S. N.
De and Chatterjee in 1953, followed by the work of Dutta et al. in 1959. Many strains
of V. cholerae O1 harbour multiple copies of the czx operon, which encodes the cholera

toxin.

Cholera toxin is classified as an AB toxin, comprising one A subunit and five
identical smaller B subunits (Finkelstein & LoSpalluto, 1969). The B subunits are re-
sponsible for binding the toxin to the eukaryotic cell receptor, ganglioside GM1, facil-
itating the entry of the A subunit into the host cell. Once inside, the A1 subunit acti-
vates the alpha subunit of Gs, a guanylnucleotide-binding protein involved in regulat-
ing adenylate cyclase activity. The ADP-ribosylation of Gs results in elevated levels
of cyclic AMP (cAMP), leading to alterations in ion transport in the villous and crypt
cells of the intestinal mucosa. This causes an increase in chloride secretion into the
intestinal lumen and inhibition of sodium absorption, resulting in significant fluid and

electrolyte loss.
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The A and B subunits of cholera toxin are encoded by the ctx operon located
within a region of DNA known as the CTX genetic element (Waldor et al., 1996).
Originally thought to be a compound transposon associated with toxigenic strains of
V. cholerae, it is now understood that the czx genes reside within the genome of alys-
ogenic filamentous phage (CTXo) (Davis & Waldor, 2003). The single-stranded
CTXg infects V. cholerae by binding to the toxin-coregulated pilus (TCP), the major
colonization determinant of V. cholerae. Upon infection, the CT X genome integrates
into the V. cholerae genome to form a prophage. The 6.9-kb CTX¢ genome has a
modular structure composed of two functionally distinct domains: the core and the
RS2 regions. The core region encodes cholera toxin and phage morphogenesis genes,
while the RS2 region encodes genes required for replication, integration, and regula-
tion of CTX¢ (Waldor & Mekalanos, 1996). Based on the distinct GC content of ctxAB
compared to the rest of the CTX¢ genome, it has been suggested that the ctxAB genes
were likely acquired by a precursor form of CTX¢. Comparative analysis of CTX¢
from various V. cholerae strains indicates that the acquisition of this phage by Vibrio
species has occurred multiple times and involved several CTXo genotypes (Boyd et
al., 2000). The binding of cholera toxin to epithelial cells is enhanced by the enzyme
neuraminidase. An alternative mechanism of cholera toxin action suggests that pros-
taglandins and the enteric nervous system (ENS) play a role in response to CT. Addi-
tionally, cholera toxin serves as a potent oral antigen, both independently and in com-
bination with unrelated antigens. The B subunit of CT exhibits an adjuvant-like effect,

likely due to its binding with GM1 ganglioside (Czerkinsky et al., 1989) (Fig.1.24).
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Fig.1.24. Schematic overview of mode of action of cholera enterotoxin
(CT). Cholera toxin approaches target cell surface. B subunits bind to oli-
gosaccharide of GM1 ganglioside (the first-ever structurally defined mam-
malian cell receptors). Conformational alteration of holotoxin occurs, al-
lowing the presentation of the A subunit to cell surface. The A subunit
enters the cell. The disulfide bond of the A subunit is reduced by intracel-
lular glutathione, freeing A1 and A2. NAD is hydrolyzed by Al, yielding
ADP-ribose and nicotinamide. One of the Gs proteins of adenylate cyclase
is ADP-ribosylated, inhibiting the action of GTPase and locking adenylate
cyclase (AC) in the “on” mode (Fishman,1980) and elevation of intracel-
lular cAMP occurs. Increased intracellular cAMP then causes stimulation
of cystic fibrosis transmembrane conductance regulator and/or inwardly
rectifying Cl-channel-dependent Cl- secretion and inhibition of Na+ ab-
sorption through NHE, resulting in effluxes of Na+ and water and, hence,
secretory diarrhea. CFTR: Cystic fibrosis transmembrane conductance reg-
ulator; CT: Cholera toxin; IRC: Inwardly rectifying Cl- channel; NHE:
Na+—H+ exchanger; TCP: Toxin-coregulated pilus [Source: (Muanprasat
et al., 2013)].

1.25.2. Zonula occludens toxin (Zot)

V. cholerae produces a range of extracellular products, including zonula oc-
cludens toxin (Zot). The zot gene, along with other virulence factor genes such as ctx4,
ctxB, and ace, is integrated into the chromosomal genome of a filamentous phage

known as CTX@. The Zot protein appears to play a role in CTXO morphogenesis, as
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mutagenesis studies have shown that CTX elements lose their ability to self-transmit

under appropriate conditions when the zot gene is disrupted (Fasano et al., 1991).

In addition to its role in phage morphogenesis, Zot increases the permeability of
the small intestine by disrupting the structure of intercellular tight junctions (TJ). This
effect was first observed in rabbit ileal tissues mounted in Ussing chambers using fil-
tered supernatants from V. cholerae O1 strains, suggesting that Zot is secreted (Fasano
et al., 1991). Zot exhibits cell specificity due to its interaction with a specific receptor
whose surface expression varies across different cell types. Zot induces cytoskeletal
reorganization, leading to the opening of TJ through transmembrane phospholipase C
activation and subsequent protein kinase Ca-dependent polymerization of actin fila-
ments, which strategically regulate the paracellular pathway (Pierro et al., 2001). In
vivo experiments indicate that this effect on TJ can cause intestinal secretion by ena-
bling the permeation of the intercellular space. This modulation is reversible, time-
and dose-dependent, and confined to the small intestine, as Zot does not affect colon
permeability. Furthermore, the number of Zot receptors decreases along the intestinal

villous axis (Baudry et al., 1992).

The strong correlation between the presence of the zot gene and the ctx genes
across V. cholerae strains suggests that Zot may synergistically contribute to the acute
dehydrating diarrhea characteristic of cholera. Additionally, the complete genomic se-
quence of the V. cholerae El Tor N16961 strain has revealed that the CTXQ filamen-

tous phage is integrated into one of the bacterium's two circular chromosomes.
1.25.3. Accessory cholera toxin (Ace)

The Ace protein of V. cholerae was first identified by Trucksis et al. in 1993.
The open reading frame of the ace gene is located directly upstream of the zot gene.
Unlike Zot, but similar to cholera toxin (CT), Ace increases the potential difference

across the membrane rather than tissue conductivity.

The ace gene encodes a peptide composed of 96 residues with a predicted mo-
lecular weight of 11.3 kDa. This peptide alters ion transport, leads to fluid accumula-
tion in ligated rabbit ileal loops, and induces mild diarrhea. The amino acid sequence
of Ace shares similarities with a group of eukaryotic ion-transporting ATPases, in-

cluding the human plasma membrane calcium pump, the calcium-transporting ATPase
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from rat brain, and the Cystic Fibrosis Transmembrane Conductance Regulator

(CFTR) (Bear et al., 1992).

In a colonic carcinoma T84 monolayer cell model, Ace stimulates Ca?*-depend-
ent CI/HCOs™ symporters, thereby generating a potential difference across the mem-

brane.
1.25.4. Hemolysin/ V. cholerae cytolysin (VCC)

In the early 1960s, it was observed that strains of the El Tor biotype of V. chol-
erae exhibited hemolytic activity toward sheep erythrocytes. This characteristic was
used as a phenotypic marker to differentiate them from strains of the classical biotype
(Kaper et al., 1995). Classical strains of V. cholerae lack this hemolytic toxin due to
an 1 1-base pair deletion in the structural gene responsible for producing the toxin. The
toxin was purified from cultures of V. cholerae grown in brain heart infusion broth
(BHI) and was partially characterized. The structural gene comprises an open reading
frame that is 2,223 nucleotides long, which encodes a protein known as pre-prohemo-
lysin. This protein is 741 amino acids long, with a molecular weight of 81,961. The
pore-forming toxin hemolysin was first purified by Honda and Finkelstein. Hemolysin

exhibits  cytolytic  activity

against various erythrocytes B-trefoil
lectin

and mammalian cells in cul-

ture, and it is highly lethal to

mice. The premature protein is o
. e
. ro- -
an 82 kDa protein that under- el ! "tT R’'poa

goes two processing steps to
become a mature 65 kDa active
cytolysin (Yamamoto Shigeo
et al, 1993) (Fig.1.25). The  Cytolysin _

domain

gene hlyA, which codes for he-

molysin, is found in classical, Fig.1.25. Crystallographic structure of Cy-

El Tor, and non-O1 strains of tolysin [Source: (Podobnik et al., 2016)].

V. cholerae. VCC can cause fluid accumulation in ligated rabbit ileal loops. In contrast
to the watery fluid produced in response to CT, the fluid accumulated due to hemolysin

was found to be bloody and mixed with mucus.
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1.25.5. Toxin Coregulated Pilus

After attachment to the intestinal epithelium, the bacterium decreases motility,
begins to proliferate, and initiates the virulence cascade. V. cholerae forms TCP-me-
diated clusters of bacterial cells
called microcolonies (Fig.1.26). It
was recently shown that microcolo-
nies originate from single cells after
reaching the intestinal epithelium. To
date, several roles of the pilus have
been determined: TCP enhances at-
tachment to intestinal epithelial cells
and facilitates bacteria-bacteria inter-

actions, visualized in vitro as autoag-

glutination, by tethering the cells to-
Fig.1.26. Crystallographic structure of Toxi

gether; the ability to form microcolo- Coregulated Pilus [Source: (Oki et al., 2022)]

nies correlates with the ability to colo-

nize the infant mouse and humans. TCP acts as the receptor of the CTX phage, a fila-
mentous bacteriophage that encodes CT (Chang et al., 2017). Interestingly, an in-
frame deletion mutant for 7cp4 shows highly reduced expression of the gene encoding
the major subunit of CT in vivo, indicating that the presence of an intact TCP apparatus
is essential for effective regulation of the virulence cascade (Almagro-Moreno et al.,
2015). TCP is also required for the secretion of the soluble colonization factor TcpF.
In vivo, a tcpF mutant is severely defective for colonization, a reduction equivalent to
the effect seen with a 7cpA mutant, which encodes the major pilin subunit. Although
TcpF mutants are still able to form microcolonies, they are loosely packed and have
decreased adherence around the edges; thus, it appears that TcpF functions as an en-
hancer of microcolony formation in vitro (Almagro-Moreno et al., 2015). As is the
case for the ctxAB genes, V. cholerae tcpA and TCP biogenesis genes are encoded by
a genetic element (TCP-ACF pathogenicity island) with the characteristics of a phage.
Thus, it appears that the two major virulence determinants of V. cholerae, which are
co-ordinately expressed in response to a regulatory cascade that is influenced by in
vivo signals. They are encoded by genetic elements that have been acquired by hori-

zontal transmission (Fig.1.27).
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Fig.1.27. Synthesis of cholera toxin and toxin coregulated pilus in the small
intestine [Source: (Peterson et al., 2018)]

Forming microcolonies within the host may also be beneficial to V. cholerae for
other reasons, including more efficient nutrient uptake and protection from antimicro-
bials like bile or bactericidal compounds produced near the intestinal epithelium. Fur-
thermore, it is thought that microcolonies might protect V. cholerae from shedding. In
strains with functional quorum-sensing systems, virulence is repressed at high cell
density. However, quorum sensing does not seem to play an essential role in virulence,
as various toxigenic strains of V. cholerae have a naturally occurring frameshift muta-

tion in the hapR gene, which encodes the master regulator of quorum sensing.
1.25.6. Accessory Colonization Factor

Intestinal mucus serves as a chemotactic signal for V. cholerae, guiding the bac-
teria toward the intestinal surface. This directed motility, combined with the ability of
vibrio to secrete enzymes such as mucinase, lipases, and proteinases, enhances their
capacity to penetrate the mucus layer and reach the intestinal epithelial cells. Disrup-
tion of accessory colonization factor (ACF) genes leads to altered swarm plate pheno-
types, a hallmark of genes involved in chemotaxis (Valiente et al., 2018). Furthermore,
amino acid alignment algorithms reveal a close similarity between AcfB and enteric
methyl-accepting chemotaxis proteins, supporting the hypothesis that ACF proteins
play a role in host-specific chemotaxis system that responds to intestinal mucus (Va-

liente et al., 2018).

The TCP and ACF gene clusters are physically linked with V. cholerae chromo-
some and are flanked by bacteriophage attachment (a#f) half-sites. Together, these two
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loci form over 25 Kb of chromosomal DNA, encoding an environmentally regulated
“pathogenicity island.” Genomic analysis of V. cholerae strains indicates that only
vibrios capable of causing epidemic cholera possess this “pathogenicity island.” A re-
cent study suggests that the “pathogenicity island” carrying the TCP/ACF genes func-
tions as a prophage (VPIp). Notably, the genes encoding CTX are located on CTXe,
with TCP serving as the receptor for CTX¢ and the coat protein for VPIp. Remarkably,
maximum TCP expression presumably occurs only in the gastrointestinal tracts of hu-
mans. Indeed, CTXo can efficiently convert TCP+ CTXo- V. cholerae to CTXe+ in
experimentally infected mice (Valiente et al., 2018). These findings underscore the
importance of understanding the role of intestinal signals in the pathogenesis and

spread of Asiatic cholera.
1.25.7. Miscellaneous toxins

In addition to CT, Zot, Ace, hemolysin, and, TcpA which are commonly found
in V. cholerae, several
other toxins have been
identified in this path-
ogen. These include
Shiga-like toxin (ST),

Cholix toxin, a new

Fig.1.28. Crystallographic structure of (A) Shiga-like
itor associated with toxin and (B) Cholix toxin [Source: (Ling et al., 1998)]

sodium channel inhib-

cholera toxin, and thermo-stable direct hemolysin (Fig.1.28).

1.26. Prevention and control of V. cholerae

A comprehensive approach is essential for preventing and controlling cholera,
as well as reducing fatalities. This includes surveillance, water sanitation and hygiene,

social mobilization, treatment, and the use of oral cholera vaccines.
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1.26.1. Surveillance

Cholera cases are diagnosed on the basis of clinical symptoms in patients pre-
senting like severe acute watery diarrhea. To confirm the diagnosis, V. cholerae is
identified in stool samples from infected individuals. Local capacity to detect and mon-
itor cholera cases, through the collection, organization, and analysis of data, is essen-

tial for an effective surveillance system and for planning control measures.
1.26.2. Water and Sanitation interventions

Economic development and universal access to safe drinking water and adequate
sanitation are essential long-term solutions for controlling cholera, as well as for re-
ducing other diseases spreading through the fecal-oral pathway (Taylor et al.,2015).
To prevent both epidemic and endemic cholera, the following precautions are taken.
Development of piped water systems with water treatment facilities, including chlo-
rination, household-level interventions such as water filtration, chemical or solar water
disinfection, and safe water storage, as well as the installation of safe sewage disposal

systems, including latrines (D’Mello-Guyett et al.,2020).
1.26.3. Treatment

Noncommunicable diseases now dominate global health, but diarrheal disease
remains a significant threat. In 2016, it was the eighth leading cause of death, claiming
7.6 million children under five. Oral rehydration solution (ORS), pioneered by Dr.
Dilip Mahalanabis, revolutionized dehydration treatment, saving millions of lives, par-
ticularly in resource-limited areas. Cholera, a potentially deadly disease, can be suc-
cessfully treated if ORS is administered promptly. The WHO/UNICEF ORS sachet is
dissolved in 1 litre of clean water. Adult patients with mild dehydration may require

up to 6 litres of ORS (Table 1.5).

New ORS Grams/litre % New ORS Mmol/litre
Sodium chloride 2.6 12.683 Sodium 75
Glucose, anhydrous 13.5 65.854 Chloride 65
Potassium chloride 11 7317 O 75

anhydrous
isodi it Potassium 20
T.rls_n( ium citrate, 2.9 14.146
dihydrate Citrate 10
Total 20.5 10000 1o 245

Osmolaritf

Table 1.5. Composition of the new ORS formulation
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1.27. Vaccines — present and future

Oral Cholera Vaccines (OCVs) are now a cornerstone of the action plan titled
"Ending Cholera: A Global Roadmap to 2030," which was launched in 2017 by the
World Health Organization's Global Task Force on Cholera Control (GTFCC) along
with 50 other organizations. The goal is to reduce cholera deaths by at least 90% and
to eliminate cholera transmission in most of the currently affected countries by the
year 2030. There are currently three WHO-approved oral cholera vaccines: Dukoral®,

ShancholTM, and Euvichol® (Table 1.6).

Vaccine Dukoral® Shanchol™ Euvichol®

Manufacturer Valneva, France Shantha Biotechnics, Eubiologics, Seoul,
(Hyderabad, India) Sanofi ~ Republic of Korea
Company

Developer SBL Vaccin (Solna, Sweden) IVI, Shantha VI, Eubiologics

Type Monovalent, killed whole-cell vaccine Bivalent, killed whole-cell  Bivalent, killed whole-cell

Age range for vaccination
Regimen

01 serogroup and recombinant

cholera toxin B subunit
= 2 years

2 doses given 7 to 14 days apart (3
doses for children 2 to 5 yrs old)

(01 and 0139 serogroups)

1 year and older
Two doses 14 days apart

(01 and 0139 serogroups)

1 year and older
Two doses 14 days apart

Booster Every 2 years for individual 6 yrs  No recommendation from  No recommendation from
{every & mo for children 2 to 5 yrs)  manufacturer manufacturer
Route Oral Oral Oral
Buffer Sodium bicarbonate buffer No buffer required No buffer required
Duration of protection 2 years (6 months in children 2 to At least 3 years Up to 5 yrs  Not available
5 yrs)
Storage +2°C to +8°C +2°C to 48°C +2°C to +8°C
Shelf Life 36 months 24 months 24 months
Licensure 60 countries 28 countries Zambia, Nepal and
Pakistan
WHO prequalification 25 Qct 2001 29 Sep 2011 23 Dec 2015

Table 1.6. WHO-approved oral cholera vaccines

Dukoral™ (Valneva, France): The first effective oral cholera vaccine (OCV)
developed was the inactivated whole-cell/ cholera toxin B subunit vaccine, Dukoral™.,
This vaccine contains a mixture of formalin- and heat-killed V. cholerae O1 bacteria,
which includes both the Ogawa and Inaba serotypes, as well as the classical and El Tor
biotypes. Additionally, it contains a recombinantly produced cholera toxin B subunit.
Dukoral is widely used as a vaccine for travellers to prevent both cholera and entero-
toxigenic Escherichia coli (ETEC) diarrhea. It provides approximately 65% protection

against cholera for a duration of 2 years.
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Shanchol™ (Sanofi-Shantha Biotechnics, India): In the late 1980s, Sweden
supplied Vietnam with the technology to manufacture an orally killed whole-cell chol-
era vaccine (OCV). This vaccine included the same components of V. cholerae O1
found in Dukoral, but it excluded the cholera toxin B subunit to reduce production
costs and simplify the manufacturing process. A two-dose immunization against chol-
era has been shown to provide 66 percent protection for both adults and children as
young as one year old. Following the development of O139 in India and Bangladesh
in 1992, the vaccine was modified to include killed V. cholerae O139 cells and was
subsequently approved for use, first as OrcVax™ and later as mOrcvax™. In endemic
areas, individuals vaccinated with Shanchol™ or Euvichol® can expect approximately

65 percent protection against cholera for up to five years after immunization.

Euvichol™/Euvichol-Plus™ (Eubiologics, S. Korea): To meet the growing
demand for OCVs, IVI transferred the reformulated OCV technology to Eubiologics
in Seoul, Republic of Korea. This has resulted in the successful production of
Euvichol™ OCVs, which share an identical composition with Shanchol™. ICMR-
NIRBI successfully conducted a mass vaccination program using the Euvichol-Plus
oral cholera vaccine in South 24 Parganas, Kolkata, covering approximately 30,000

people.

Other nationally licensed OCVs: The mOraVax™ from Vietnam, Cholvax™
from Bangladesh (produced by Incepta), OraVacs™ from China (produced by Shang-
hai United Cell Biotechnology), and Vaxchora™ from the United States (produced by
PaxVax) consist of lyophilized V. cholerae “CVD 103-HgR” O1 bacteria. These bac-

teria are derived from a classical Inaba strain (569B).

1.28. The emergence of drug resistance in V. cholerae

In recent decades, V. cholerae, the bacteria responsible for acute watery diarrheal
disease cholera, has become important multidrug-resistant (MDR) enteric pathogen
(Kitaoka et al., 2011). While chromosomal mutations can contribute to antimicrobial
resistance (AMR), a significant factor in the drug resistance of V. cholerae is its fre-
quent acquisition of extrachromosomal mobile genetic elements (MGEs) from both

closely and distantly related bacterial species. The antimicrobial resistance genes
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identified in V. cholerae can lead to antibiotic resistance through one of three mecha-
nisms: (i) reduced permeability or active efflux of the antibiotics, (ii) alteration of an-
tibiotic targets via post-transcriptional or translational modifications, and (iii) hydrol-

ysis or chemical modification of the antibiotics (Fig.1.29).

Antibiotic treatment for cholera patients is recommended after restoring initial
fluid loss and controlling vomiting. The emergence of multi-drug resistant (MDR) and
extremely drug-resistant (XDR) V. cholerae serves as significant evidence of recent
bacterial evolution (Verma et al., 2019). Recent research suggests that horizontal gene
transfer (HGT) through self-transmissible, autonomously replicating plasmids, or in-
tegrative mobile genetic elements (IMGESs), such as integrating conjugative elements
(ICEs), insertion sequences (IS), and transposable genetic elements, primarily contrib-

utes to the development of MDR and XDR V. cholerae.

During the 1960s, resistance to one or more antibiotics was mainly due to spon-
taneous mutations in the drug's target, which includes DNA gyrase, topoisomerase, the
beta-subunit of RNA polymerase (RpoB), and the small subunit of ribosomal protein.
Multidrug-resistant (MDR) V. cholerae isolates from serogroup O1 that were resistant
to tetracycline, streptomycin, and chloramphenicol were first reported in 1970. Since
the early 1990s, resistance to ampicillin, nalidixic acid, chloramphenicol, and tetracy-
cline has rapidly increased. Currently, most clinical isolates of V. cholerae exhibit re-

sistance to nearly all commonly used antibiotics (Verma et al., 2019).

The emergence of multi-drug resistant (MDR) V. cholerae serogroup O139 was
first reported in 1996. This resistance is attributed to the SXT element, a 100-kb inte-
grative conjugative element (ICE) that harbours multiple resistance genes against sul-

famethoxazole, trimethoprim, and streptomycin (Das et al., 2020).
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Fig.1.29. Mechanisms of antibiotic resistance in V. cholerae. Bacteria can de-
velop resistance to antimicrobials by two simple mechanisms; by altering the tar-
get sequence (vertical transmission) or by acquiring resistance-encoding genes
from other bacterial species (horizontal gene transfer). The acquired resistance
traits can provide resistance by changing membrane permeability, enzymatic deg-
radation or modification of antimicrobial drugs or by modifying the drug targets.
They may also provide an alternative metabolic pathway or actively pump out
antimicrobial compounds from the cytosol [Source: (Das et al., 2020)].

1.29. Anti-bacterial vs Anti-virulence approach

Antimicrobial resistance (AMR) is one of the top global public health and de-
velopment threats. According to WHO report, bacterial AMR was directly responsible
for approximately 1.27 million deaths worldwide in 2019 and contributed to an addi-
tional 4.95 million deaths. The primary factors driving the emergence of drug-resistant
pathogens are the misuse and overuse of antimicrobials in humans, animals, and plants.
AMR affected countries across all regions and income levels. The drivers and conse-
quences of antibiotic resistance (AMR) are exacerbated by poverty and inequality,
with low- and middle-income countries being the most affected. AMR jeopardizes
many of the advancements in modern medicine. It complicates the treatment of infec-
tions and increases the risks associated with medical procedures, such as surgeries,
caesarean sections, and cancer chemotherapy. The world is facing a crisis regarding
the antibiotic pipeline and access to medications. There is lack of new antibiotics in
the pipeline, alongside a pressing need for equitable access to both new and existing
vaccines, diagnostics, and treatments, all against the backdrop of rising resistance lev-

els.
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Bacteria secrete various virulence factors to cause disease in humans. These fac-
tors include adhesins, which allow bacteria to bind to host cells and facilitate coloni-
zation, as well as the production of toxins that can kill cells or disrupt signal transduc-
tion in mammalian cells. Anti-virulence therapeutic strategies aim to inhibit essential
virulence components, thus preventing bacterial pathogenesis without killing the bac-
teria. This approach in treating bacterial infections may be more effective than stand-
ard antibiotics since it targets specific factors involved in pathogenesis. As a result, it
may exert less evolutionary pressure on the development of antibiotic resistance and
also minimize collateral damage to the resident microbiota (Dehbanipour et al.,2022)

(Fig.1.30).
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Fig.1.30. A graphical summary of the anti-bacterial vs anti-virulence approach
[Source: (Dehbanipour et al.,2022)].

1.30. Anti-virulence Therapeutic Strategies Targeting Bacterial Patho-
genicity

Antimicrobial resistance (AMR) has become a critical threat to human health. In
addition to approximately 700,000 deaths caused by drug-resistant pathogens annu-
ally, this number is projected to rise to around 10 million by 2050. Furthermore, es-
sential medical procedures such as organ transplantation, cancer chemotherapy, and

surgery are increasingly compromised due to AMR. Since antimicrobial resistance is
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a multifactorial phenomenon, addressing this issue requires a multifaceted approach

(WHO, 2018).

One promising strategy in the fight against AMR is the development of innova-
tive antimicrobial compounds that operate through mechanisms different from those
of conventional antibiotics (Munguia & Nizet, 2017). Among these strategies, anti-
virulence therapy has emerged as a potential alternative. Unlike traditional antibiotics
that aim to kill pathogens, anti-virulence therapy focuses on depriving pathogens of
their virulence factors. This approach is expected to exert lower selective pressure on
pathogens, thereby reducing the emergence and spread of resistant mutants (Johnson

et al., 2018; Langeveld et al., 2014; Rasko & Sperandio, 2010).

Virulence factors are microbial components that enable pathogens to colonize,
invade, and persist within a host. Production of these factors is regulated by complex
mechanisms; interfering with these regulatory pathways is a viable strategy to inhibit
virulence. In this context, quorum-sensing systems (QS), which control the production
of various virulence factors, are considered one of the most promising targets for anti-

virulence drug development (Aminov, 2010; Aminzare et al., 2018; Burt, 2004).

In addition, the proper folding and oligomerization of virulence factors are es-
sential for their biological activity. Consequently, targeting the bacterial machinery
responsible for virulence factor assembly is another effective approach. Recent re-
search has highlighted the role of bacterial functional membrane microdomains
(FMMs) in the assembly of several virulence factors, making FMMs an attractive tar-

get for drug development.

Anti-virulence strategies also aim to interfere with the functions of virulence
factors. One effective method is toxin neutralization, as pathogens often secrete toxins
to colonize the host and evade the immune system. Furthermore, biofilm formation is
a common strategy used by pathogens to resist the host immune response. Anti-viru-
lence therapies targeting biofilms focus on disrupting bacterial adhesion, interfering

with extracellular matrix production, or disintegrating existing biofilms (Fig.1.31).
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Fig.1.31. Schematic representation of anti-virulence strategies. Membrane mi-
crodomains: The functional membrane microdomains (FMMs) are targeted by small
molecules (statins, zaragozic acid) that inhibit the biosynthesis of their major con-
stituent lipids (hopanoids, carotenoids). Anti-biofilm agents: This strategy focused
on the use of agents that block the initial bacterial attachment to surface during bio-
film formation and agents that destroy preformed biofilm. Quorum-sensing: The
anti-virulence strategy that seeks modulate the production of virulence factors
through interference with the quorum-sensing networks. Toxin neutralization: A
strategy focused on block the action of toxins on host target cells. HMG-CoA (3-
hydroxy-3-methylglutaryl-CoA), MVA (mevalonic acid), MVPP (5-diphos-
phomevalonate), GAP (D-glyceraldehyde-3-phosphate), HMBPP (4-hydroxy-3-
methylbut-2-enyl-diphosphate), IPP (isopentenyl diphosphate), QS (quorum sens-
ing), AMPs (antimicrobial peptides) [Source: Martinez et al., 2019].

1.30.1. Different anti-virulence strategies to combat bacterial infections
» Destroying bacterial membrane microdomains

Disrupting functional microdomains (FMMs) in bacterial membranes hin-
ders biofilm formation and virulence in Bacillus subtilis, Campylobacter jejuni,
and Staphylococcus aureus, making FMMs a promising anti-virulence target with
low resistance potential. For eg., drugs such as statins can disrupt bacterial mem-
brane microdomains, potentially rendering antibiotic-resistant bacteria like

MRSA more susceptible to antibiotics.
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» Interference with quorum-sensing signal biosynthesis

Small molecule inhibitors disrupt quorum sensing (QS) without affecting
bacterial growth or causing resistance. MTAN inhibitor 5'-methylthio-DADMe-
Immucillin-A blocks autoinducer production in V. cholerae and E. coli O157:H7.
Innovative quorum quenching strategies, such as CRISPRi targeting LuxS and

bacteriophage-based CRISPRi delivery, effectively disrupt E. coli biofilms

» Preventing biofilm formation and affecting the biofilm structure without kill-

ing bacteria

Biofilms protect bacteria from antibiotics and immune responses, often
forming on implants and catheters. Anti-virulence compounds like Higrocin C,
Coumarin, and DNAse I prevent adhesion, inhibit matrix production, and disrupt

biofilms without harming bacteria.
> Bacterial toxin neutralization

Pathogenic bacteria produce toxins like S. aureus alpha-toxin and C. difficile
TcdB to evade immunity and cause damage. Anti-virulence therapies target these
toxins without affecting bacterial viability, reducing resistance and preserving the
microbiome. Promising approaches include using bioactive compounds (e.g., pi-
noresinol, guineensine) monoclonal antibodies (e.g., MEDI4893, ASN100), na-
noparticles, liposomes, engineered Lactobacillus strains, and multi-antigenic nano

toxoids for vaccine development.

Inhibitors of functional membrane microdomains assembly, quorum-sensing

systems, biofilm formation, and toxin production and function are listed in Table 1.7.

Inhibitors Inhibitory Bacterial species Virulence factors affected
Activity
Miltefosine Anti-FMM S. aureus * Rny oligomerization
5-DSA Anti-FMM S. aureus * Rny oligomerization
» T7SS system assembly
Simvastatin Anti-FMM S. aureus » T7SS system assembly
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CRISPR-Cas9

Anti-QS
Anti-biofilm

E. coli SE15

* Reduced biofilm for-
mation
* Down-regulation of

mqsR, pgaB, pgaC, csgE,

and csgF
CRISPR interference Anti-QS E. coli AK-117 * Reduced biofilm for-
Anti-biofilm mation
2-(methylsulfonyl)-4- Anti-QS P. aeruginosa * Reduced biofilm for-

(1H-tetrazol-1-yl) pyrimi-

dine

Anti-biofilm

mation
* Reduced production of

pyocyanin and pyoverdine

AHL-nitric oxide hybrids | Anti-QS P. aeruginosa PA14 * Reduced pyocyanin and
P. aeruginosa PAO1 elastase production
Flavonoids Anti-QS P. aeruginosa PA14 * Reduced pyocyanin pro-

duction and swarming mo-
tility
* rhiA transcription inhibi-

tion

T315 compound

Anti-biofilm

S. enterica serovar
Typhimurium

S. enterica serovar
Typhi

A. baumannii

* Reduced biofilm produc-

tion

2-aminobenzimidazole

Anti-biofilm

S. enterica serovar

* Reduced biofilm produc-

derivatives Typhimurium tion
Kaempferol Anti-biofilm | S. aureus * Reduced biofilm produc-
tion (inhibition of
initial attachment)
* Inhibition of sortase A
activity
» Downregulation of ¢/fA4,
clfB, fubA and fnbB expres-
sion
3F1 compound Anti-biofilm | S. mutans * Biofilm dispersion
2-aminoimidazole deriva- | Anti-toxin Clostridium difficile * Reduced toxin activity
tives
Peptides Anti-toxin Aggregatibacter * Inhibition of LtxA-medi-

actynomycetemcomitans

ated cytotoxicity
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Galloylated catechins Anti-toxin A. actynomycetemcomi- | * Inhibition of LtxA-medi-

tans ated cytotoxicity

Table 1.7. Inhibitors of functional membrane microdomains assembly, quorum-sensing
systems, biofilm formation, and toxin production and function [Source: (Martinez et al.,
2019)].

In conclusion, anti-virulence therapy represents a promising approach to combat
antimicrobial resistance. By targeting virulence factors and their regulatory mecha-
nisms, this strategy can potentially reduce the selective pressure on pathogens and limit
the emergence of resistant mutants. Extensive research and development in this field
are essential to mitigate the growing threat of antimicrobial resistance. The potential

use of small molecules, and other bioactive compounds were also studied here.
1.31. Combination therapy

Combination therapy is the tailored use of two or more therapeutic agents and/or
methods to combat the increasing problem of multidrug-resistant (MDR) pathogens,
which is a significant global health concern. Antibiotics, once the most effective de-
fence against life-threatening infections, are becoming less effective. As a result, we
are left with a limited selection of antibiotics to treat MDR infections. Researchers are
actively seeking new antibiotics, but combination therapy is also gaining recognition
in the treatment of multidrug-resistant (MDR) infections (N. Wang et al., 2022). This
approach involves using two or more therapeutic agents that work through different
mechanisms. By doing so, it can create a synergistic effect that effectively kills MDR
pathogens. When pathogens utilize significant resources to defend against one agent,
they often become more vulnerable to another. Combination therapy offers a wider
antimicrobial spectrum, enhances the synergistic effects, and helps in reducing devel-
opment of drug resistance (Tamma et al.,2012). In recent years, non-antibiotic com-
pounds have played an important auxiliary role in improving the efficacy of antibiotics
and promoting the treatment of drug-resistant bacteria (Bollenbach T et al.,2015).
Combining non-antibiotic compounds with antibiotics is considered a promising strat-

egy against multidrug-resistant (MDR) bacteria (Wolska et al., 2012).
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1.31.1. Bacterial Resistance Mechanisms Against Antibiotics and Potential Re-

sistance-Reversing Agents

» Enzymatic Modification of Antibiotics
The most common mechanism of bacterial resistance to aminoglycoside an-
tibiotics (AGAs) is through aminoglycoside modifying enzymes (AMEs). B-lac-
tams enhance AGA entry by damaging the bacterial cell wall, aiding in treating
resistant infections. f-lactams antibiotics are often combined with beta-lactamase
inhibitors like clavulanic acid, sulbactam, or tazobactam which prevent enzymatic
degradation of antibiotics.
» Decreased Drug Accumulation
Bacteria resist aminoglycosides through active efflux pumps (e.g., MexXY -
OprM in P. aeruginosa, AcrAD-TolC in E. coli, and EmrD-3 in V. cholerae) that
expel AGAs, reduced membrane permeability due to porin mutations (e.g., OmpF
in E. coli), membrane protease activity (e.g., FtsH in P. aeruginosa) that degrades
misfolded proteins, and biofilm formation, which blocks AGA penetration and
triggers stress responses via PhoPQ and PmrAB systems in P. aeruginosa. Com-
bining tetracycline/minocycline with a lipopeptide designed to improve mem-
brane targeting and accumulation has shown promising results. L-leucine has been
shown to increase the sensitivity of drug-resistant Salmonella to salafloxacin.
» Modification of Drug Targets
16S rRNA methyltransferases (16S-RMTases) confer high-level aminogly-
coside resistance by adding methyl groups to 16S rRNA using S-adenosylmethi-
onine (SAM), reducing AGA binding.
Artemisinin derivative DHA27 in combination with the AG antibiotic tobramycin
enhances the antibacterial effect of aminoglycosides against Pseudomonas aeru-
ginosa by inhibiting the activity of 16S rRNA methyltransferases.
» Changes of Bacterial Metabolism
In P. aeruginosa, the Crc-Hfq complex and small RNA CrcZ regulate car-
bon metabolism and contribute to gentamicin resistance. Combination of carben-
icillin and gentamicin or piperacillin-tazobactam and gentamicin can improve ef-
ficacy against P. aeruginosa. Polymyxin B and amikacin disrupt P. aeruginosa
metabolism, while AMPs like PMAP-36 and PRW4 increase membrane permea-

bility, enhancing gentamicin's effect on E. coli and S. aureus.
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Examples of synergy between novel antimicrobials and antibiotics are listed in

Table 1.8.
Novel antimicrobial Antibiotic Bacterial species
Plant
thymol Nisin L. monocytogenes
EGCg Ampicillin + sulbactam MRSA
EGCg Penicillin S. aureus
Baicalein tetracycline MRSA
7-methyljuglone Isoniazid M. tuberculosis
Carnosol Aminoglycosides VRE
Asiatic acid, corosolic acid | Tobramycin P. aeruginosa
Ellagic acid, tannic acid Novobiocin A. baumanii
Kaempferol glycosides Fluoroquinolones MRSA
Galangin Cefazidime PRSA
Oleanolic acid Rifampicin M. tuberculosis

Betulic acid

Methicillin, vancomycin

S. aureus

Oleanolic acid, ursolic acid

Ampicillin, oxacillin

S. aureus, S. epidermidis

green tea catechin, Triphala, | gentamicin E. coli, S.aureus

Brazilian red propolis

Other antibiotics

gentamicin azithromycin P. aeruginosa

ciprofloxacin trimethoprim V. cholerae, E. coli

Ag+ and AgNPs

Ag+ Vancomycin, amoxicillin, S. aureus
penicillin G

AgNPs Polymyxin B Gram— bacteria

AgNPs Ampicillin Gram+ bacteria
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Photosensitizers

PACT

Gentamicin

S. aureus, MRSA

Bacteriophages lytic enzymes

Cpl -1 Cefotaxime, moxifloxacin S. pneumoniae
LysK Lysostaphin MRSA

ClyS Oxacillin, vancomycin MRSA

LysH5 Nizin S. aureus

Table 1.8. Examples of synergy between novel antimicrobials and antibiotics [Source:

(Wolska et al., 2012)].

In this work, we evaluated the combined effects of bioactive compounds with

the conventional antibiotics and examined the effect of this strategy in enhancing the

efficacy of existing antibiotics.
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COestives

@he overall goal of this thesis work is to identify potential inhibitors targeting the

virulence factors of V. cholerae and to elucidate their mechanisms of action. The spe-
cific objectives are:

1. Screening of potential inhibitors against Vibrio Cholerae growth, mo-

tility, adhesion, virulence, and toxin production.

The successful colonization of Vibrio cholerae in the host is facilitated by its mo-
tility, which allows the organism to penetrate the thick mucus layer. This penetra-
tion is followed by the induction of virulence factors that aid in colonization and
the release of toxins. Therefore, targeting these virulence factors with potential in-

hibitors will be an important aspect of the study.

2. Elucidation of possible mode of action of these inhibitors.

After screening the inhibitors, our next objective is to identify and understand the

mechanism of inhibition.

3. Investigate the effect of these inhibitors in combination with known

drugs in vitro and in vivo models.

Combinatorial therapy is becoming increasingly important in the treatment of dis-
eases. Combining multiple drugs to address a condition has demonstrated greater
effectiveness than using a single drug, as it can help reduce the development of drug
resistance. In this study, we investigated the effects of the potential inhibitor with

antibiotics.
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Wateriats and Wethods

3.1. Bacterial strains, their maintenance and culture conditions

The multidrug-resistant V. cholerae O1 El Tor Inaba strain N16961 was used as
a standard strain (Heidelberg et al., 2000) and the list of all strains used in this study
is included in the appendix. All strains were stored at -80 °C in Luria broth (LB) sup-
plemented with 15% glycerol, in a total volume of 2 ml. To isolate the V. cholerae
strains, aliquots from the -80 °C stock were streaked onto Thiosulfate Citrate Bile Salts
Sucrose Agar (TCBS) agar plates and incubated overnight at 37 °C. The characteristic
large, yellow, single colonies were then selected for further work. Strains were grown
in Luria-Bertani (LB) medium (BD, Difco, Franklin Lake, NJ) at 37 °C with the nec-
essary antibiotics, either streptomycin (100 pg/ml) or ampicillin (100 pg/ml), as
needed, under constant shaking at 180 rpm. To study the expression of virulence genes,
bacteria were grown in AKI media containing 0.4% yeast extract (BD Difco, San Di-
ego, CA), 1.5% Bacto peptone (BD Difco, San Diego, CA), 0.5% NaCl, and 0.3%
freshly produced NaHCO3 (Merck, Burlington, MA) pH=7.2 and at 37 °C under static

condition.

3.2. Medium additives for inhibitor study

For the inhibitor study, the following bioactive compounds were used, Sodium
butyrate (Sigma-Aldrich, Saint Louis, Missouri, USA), NH125 (Calbiochem, San Di-
ego, California),Cyclic-di-GMP (Sigma-Aldrich, Saint Louis, Missouri), Totarol
(Cayman chemicals, Ann Arbor, Michigan), Quercetin (Sigma-Aldrich, Saint Louis,
Missouri), Allylanisole (Sigma-Aldrich, Saint Louis, Missouri), Geraniol (Sigma-Al-
drich, Saint Louis, Missouri), Ethyl gallate (Sigma-Aldrich, Saint Louis, Missouri),
Camphor (Sigma-Aldrich, Saint Louis, Missouri), Basil oil (Sigma-Aldrich, Saint
Louis, Missouri), Catechin hydrate (Sigma-Aldrich, Saint Louis, Missouri),
Rosemarinic acid (Sigma-Aldrich, Saint Louis, Missouri), Melibiose (Sigma-Aldrich,
Saint Louis, Missouri), Ribose (Sigma-Aldrich, Saint Louis, Missouri), 1,2 deox-

ywithastramonolide (Sigma-Aldrich, Saint Louis, Missouri), eugenol (Sigma-Aldrich,
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Saint Louis, Missouri) Xylose (Sigma-Aldrich, Saint Louis, Missouri) (Table 3.1).
Appropriate dilutions were made during stock preparations and during experiments by
dissolving the compounds in DNAase/RNAase-free water or in polar solvent Dimethyl
Sulfoxide (DMSO) and filter sterilizing it (0.2um). Additives were supplemented in

LB or AKI media in different concentrations. Media with no additive was used as

control.

Bioactive compounds Uses Structure

Camphor Anti-virulence é %o

Totarol Anti-virulence Na W
S

Cyclic-di-GMP Anti-virulence o Ry

Basil oil Anti-viral

Catechin hydrate Antimicrobial I

Rosemarinic acid

Anti-virulence

o
o
o coon
M,
+o. < 2
o
o

Ribose Anti-virulence T
OH OH
Melibiose Anti-virulence o Lo, e
1,2 deoxywithstramon- | Anti-virulence . L]:\]
L L
olide T
eugenol Anti-virulence s L
s
Xylose Anti-inflammatory H
geraniol Antioxidant
HO/\)\/\)\
NHI125 Antibacterial o
@);
Ethyl gallate Antioxidant {-oerons

il
Ho Sy o
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Sodium butyrate Anti-inflammatory 0
ch/\)J\OQ NS

quercetin Anti-inflammatory i &

p-allylanisole Antibacterial Q

3.1. List of different compounds used for inhibitory study

3.3. Determination of Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) of inhibitor

The Minimum Inhibitory Concentration (MIC) of inhibitors was determined us-
ing the broth microdilution method in accordance with CLSI guidelines (Clinical La-
boratory Standards Institute, 2000) (Fig 3.1). This was performed in 96-well flat-bot-
tom polystyrene microtiter plates (Costar Corning, Arlington, Virginia). The bacterial
suspension was adjusted to an optical density of 0.08-0.12 at 600 nm, which is equiv-
alent to 0.5 McFarland standard turbidity, using a spectrophotometer. 200 pl of cell
suspensions were inoculated into 96-well microplates. Inhibitors were dissolved in ap-
propriate solvents and then mixed with Mueller Hinton Broth (MHB) as needed before
being transferred to the microplate wells to achieve a 2-fold serial dilution. Wells con-
taining only MHB served as negative controls, while wells containing MHB with bac-
teria were used as positive controls. Plates were incubated at 37 °C for 24 h, and bac-
terial growth was assessed by checking turbidity and the presence of pellet at the bot-
tom of the plate. The concentrations of inhibitors that did not affect the bacterial
growth were selected as sub-MICs. The minimum inhibitory concentration (MIC)
value was recorded as the lowest concentration of the tested compound that showed
no macroscopically visible growth of bacteria (Burt et al., 2004). To determine the
minimum bactericidal concentration (MBC), 100 pl from each well that exhibited no
visible growth was inoculated in Miiller-Hinton Agar (MHA) plates. After incubating
for 24 h at 37 °C, the number of surviving organisms was counted. The lowest con-
centration at which no colonies were identified on the plate after 24 h incubation was
determined to be the MBC (Magina et al., 2009). Each experiment was repeated three
times independently. To ensure that the antimicrobial effect was due to the inhibitors
and not the solvent, we used solvents as negative controls, which did not inhibit bac-

terial growth.
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Conc of SO“gi’J‘; 0.25 0.5 1 2 4 8
drug: contee] ng/mi ug/mi )g/ml ug/mi ;ng/‘ml ug/mi

Sub-culture onto drug-free agar to look for survivors when the drug is diluted out

/

MBC

Fig 3.1. MIC/MBC test of a bactericidal drug [Source:
(Alm et al., 2005)].

3.4. Generation of V. cholerae growth curve

The growth curves of V. cholerae El Tor strains were examined using an over-
night culture in LB media, followed by the addition of inhibitors at or below the min-
imum inhibitory concentration (MIC) levels. Briefly, one colony was inoculated in 5
ml of LB broth and cultured overnight at 37 °C with shaking (Mondal et al., 2014).
The cells in the stationary phase were collected, centrifuged, washed twice in phos-
phate buffered saline (PBS), and their concentration was adjusted to 1 x 107 cells per
ml using LB medium. Subsequently, in fresh 25 ml of LB broth, an initial inoculum of
1 x 10% cells per ml was added. The cultures were then maintained at 37 °C for an
additional 24 h under constant shaking conditions. Viability of the bacteria was as-
sessed by performing dilution plating in streptomycin treated Luria Agar (LA) plates
at various time intervals, followed by colony count (Vercruysse M. et al., 2014). For
the combination study, the growth curve was analysed using the same protocol, except
that the bacterial culture was challenged with sodium butyrate, antibiotics and combi-

nation of drugs.
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3.5. Mucin penetration assay

The assay was conducted following a previously published method (Z. Liu et al.,
2008). In brief, mucin columns were prepared using 1 ml syringes by adding varying
concentrations of porcine mucin (1%, 1.5%, and 2%) (Sigma, Saint Louis, Missouri).
During the inhibitor study, different concentrations of bioactive compounds were
added to each mucin column, while an untreated mucin column served as the control.
Bacteria were grown till mid-log phase and their concentration was adjusted to 5x108
cells per ml using PBS. Next, 0.1 ml of the bacterial culture was added to the top of
the mucin columns. The columns were then allowed to settle for 1 h at 37 °C under
static conditions. After settling, 100 pl fractions were collected from the bottom of the
columns. The bacterial numbers were determined by serially diluting the samples, plat-

ing them in LA plates, and counting the colony-forming units (CFU).

3.6. ELISA

Levels of [L-8, IL-6, IL-1f, and TNF-were measured from fluid collected during
rabbit ileal loop cultures after infection with wild-type V. cholerae, and treatment with
and without sodium butyrate, using ELISA method. The ELISA was performed using
ELISA Kits from Krishgen, Mumbai, India, following the manufacturer's protocol. In
brief, 50 pl of ELISA diluent (composed of 12 ml of buffered protein base with 0.09%
sodium azide as a preservative) was added to each well. Subsequently, 100 pl of the
sample was added to the wells. The mixture was incubated for 2 h at room temperature,
and then the wells were washed five times. After washing the wells, 100 pl of the
working detector (enzyme concentrate + detection antibody) solution was added to
each well and incubated for 1 h at room temperature. Following incubation, the wells
were washed five times. Next, 100 ul of TMB substrate was added to each well, and
the wells were incubated for 30 min at room temperature. After this incubation period,
50 pl of the stop solution was added to each well, and optical density (OD) was meas-
ured at 450 nm using a microplate reader (BioRad, Hercules, CA). A standard curve
was generated using a 2-fold serial dilution of purified IL-8, IL-6, IL-1p, and TNF-a.
This curve was then used to determine the unknown concentrations of IL-8, 1L-6, IL-

1B, and TNF-a.
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3.6.1. GM1 ganglioside — Cholera toxin (CT) ELISA

Secretion of cholera toxin (CT) by V. cholerae strains was assessed using a GM|1
enzyme-linked immunosorbent assay (ELISA) based on a previously described
method (Holmgren et al., 1973), with minor modifications (Patra et al., 2012). CT ex-
pression was measured using cell-free culture supernatants from V. cholerae cultures
grown in AKI media, which were harvested after 18 h of static incubation at 37 °C as
well as from in vivo rabbit ileal loop cultures. The culture supernatants were then added
to the wells of MaxiSorp ELISA plates, which had been coated with 1.5 pg/ml GM1
ganglioside in 60 mM NaxCOs (Sigma, Saint Louis, Missouri). After incubating for 2
h at room temperature, the wells were washed five times with PBS. Next, 100 pl of
polyclonal a-CT antibody (Sigma, Saint Louis, Missouri), diluted in Solution 1 [1x
PBS, 2% BSA, 0.05% TWEEN-20] at 1:1000 ratio, was added to each well. Again
after 1 h incubation at room temperature, the wells were again washed five times with
PBS. Finally, 100 pl of HRP-conjugated anti-rabbit secondary antibody, diluted in
PBS at 1:2000 ratio, was added to each well. After incubation for 1 h at room temper-
ature, the plate was washed five times with PBST (PBS + 0.05% TWEEN 20). Next,
100 pul of TMB substrate (BD Biosciences, Franklin Lakes, New Jersey) was added to
each well, using a 1:1 ratio of Kit solution 1 and 2. The plate was then incubated for a
few minutes to allow colour development. Finally, 100 pl of 6N H2SO4 was added to
each well to stop the reaction. In each set of assays, known amounts of purified CT
were used at different concentrations to generate a standard curve. The amount of CT
secreted by V. cholerae strains was determined by extrapolating the optical density
values of the samples at 450 nm using this standard curve. The ODa4so average obtained
from triplicate wells of each experimental set was used to estimate the amount of CT

present and expressed as ng of CT/ml.

3.7. Biofilm assay

Biofilm assay was performed using a previously described method (Zhu et al.,
2003). In brief, 1:100 dilution of an overnight culture of V. cholerae was inoculated
into LB broth present in 10 by 75 mm borosilicate glass tubes and incubated at 37 °C
for 30 h. After incubation, the tubes were rinsed three times with PBS and then filled
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with 1% crystal violet stain. After 5 min, the excess stain was rinsed off with deionized
water. The crystal violet that was associated with biofilm was solubilized in DMSO,

and the optical density at 595 nm (ODsos) of the resulting suspension was measured.

3.8. Cell culture

In this study, human intestinal cell line HT-
29 (ATCC HTB-38) was used for the experiments
(Fig 3.2). HT-29 cell line was maintained follow-
ing the guidelines provided by the American Type
Culture Collection (ATCC). The cells were cul-
tured in Corning T-25 flasks using Dulbecco's
Modified Eagle's Medium (DMEM) (Sigma, St.
Louis, MO, USA), which contained 4.5 g/l of glu-

. Fig 3.2. Microscopic image
cose, 110 mg/l of sodium pyruvate, and 10% heat- ¢ 41229 cell line

inactivated fetal bovine serum (FBS) (South Amer-

ican origin, PAN Biotech, Germany). The cells were incubated in an incubator
(HERACcell® 150, Thermo Scientific, USA) containing 5% CO- at 37 °C to form a
monolayer. Complete DMEM media, supplemented with 3.7 g/l sodium bicarbonate,
50 U/ml penicillin, and 50 mg/ml streptomycin (Sigma, St. Louis, CA), was used for
maintaining the cell line and infection studies. Culture media was replaced with fresh
media on alternate days, and the monolayer was used after reaching approximately
90% confluency. Stock was prepared by using 95% complete growth media and 5%
DMSO (Sigma, St. Louis, MO, USA) and was stored in liquid nitrogen. To maintain
the growth of anchorage-dependent cell lines in monolayers during exponential devel-
opment, cells were sub-cultured at regular intervals. Cells were sub-cultured after
reaching approximately 70% to 90% confluency, indicating they were nearing the end
of exponential growth. First, media was discarded, and the cells were washed with
PBS at 37 °C, without calcium or magnesium. Next, 2 ml to 3 ml of a 0.25% trypsin-
EDTA solution (37 °C), was added to detach the cells. After a short incubation at 37
°C, complete growth medium was added to inactivate the trypsin. Following this, the
cells were centrifuged, suspended in complete media, and seeded according to a rou-

tine split ratio of 1:3 to 1:8.
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3.9. In vitro growth assay in HT-29 cell line

The mucin-secreting human intestinal cell lines HT-29 was maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM, Sigma, St. Louis, MO, USA). This me-
dium was supplemented with 10% fetal bovine serum (FBS) (HiMedia, Mumbeai, In-
dia), 1% (vol/vol) non-essential amino acids (DMEM, Sigma, St. Louis, MO, USA),
and a 1% (vol/vol) mixture of penicillin and streptomycin (Sigma, St. Louis, MO,
USA). Cells were cultured at 37 °C under 5% COa». Survival of V. cholerae in the
presence of mucin-secreting HT-29 cells was analyzed using the established protocol
(Mondal et al., 2014). Incomplete media, lacking penicillin-streptomycin and contain-
ing 0.5% FBS, was used for serum starvation. HT-29 cells, which were 80% confluent
and serum-starved, were cultured in 12-well plates and infected with log phase cultures
of V. cholerae N16961 strains (with or without drugs) at an infectious dose of 1x10’
CFU/ml. After a varying period of incubation, unbound cells were collected from the
supernatant. The bound bacteria were then detached by treating the cells with 0.1%
Triton X-100 for 2-3 min. Both the unbound and bound bacteria were collected,
washed in PBS, serially diluted, and plated on LA plates to determine the viable bac-

terial count.

3.10. HT-29 cell adhesion assay

Adhesion of V. cholerae (with or without drugs) to HT-29 cells was performed
according to previously described methods (Chourashi et al., 2016). HT-29 cells were
split into 12-well cell culture plates and maintained in DMEM supplemented with 10%
fetal bovine serum (FBS). Once the cells reached 80% confluency, a freshly grown
mid-log phase bacterial inoculum of 1.2x10% was prepared. This inoculum was washed
in PBS and quantified using colony-forming unit (CFU) counting. The ratio of bacteria
to HT-29 cells was set at 100:1 (MOI 100), and the inoculum was added to 1.2x10°
HT-29 cells in DMEM culture medium containing 0.5% FBS and no antibiotics. Ad-
hesion assay was performed by incubating the bacteria/cells at 37 °C for 1 h under
conditions of 5% CO- and 90% relative humidity. Following incubation, the cells were
washed three times with pre-warmed PBS (pH=7.4) and then detached using 0.1%
Triton X-100. The adherent bacteria were counted after serial dilution by plating on

LA plates that were supplemented with 100 pg/ml of streptomycin. For fluorescence
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microscopy, V. cholerae strains were transformed with Ampicillin resistant GFP ex-
pressing plasmid, pGFPuv (Clontech, TaKaRa Bioscience) by electroporation. Con-
fluent monolayers were infected with 1 ml of bacterial suspension (GFP expressing V.
cholerae strain containing 1x10° bacteria/ml) and incubated at 37 °C for 4 h. Adhesion
assay with this GFP expressing V. cholerae strain was done on a grease-free, sterile
coverslip, washed in PBS, and mounted with VECTASHIELD antifade mounting me-
dium (Vector laboratories, Newark, California) to view under a fluorescence micro-

scope (Olympus AX-70, Hachioji, Tokyo, Japan).

3.11. In silico docking study

The 3D structure of the docking target ToxT was downloaded from the RCSB
Protein Data Bank and visualized using UCSF Chimera version 1.11. Protein was pre-
pared for docking using the Yasara engine and saved as a new PDB file with Chimera.
The ligands used for docking were sourced from various published reports. These lig-
ands were converted to PDB format using UCSF Chimera and energy minimized using
universal force fields (UFF). The ligands were then docked into the binding pocket of
ToxT using PyRx with AutoDock Vina, and energy values were computed for each
ligand. Ligands that fit into the binding pocket were selected for further in vitro and in

vivo studies.

3.12. Primer design for PCR

All the primers used in this study were designed based on the sequences of the
V. cholerae El Tor strain N16961 (NCBI Reference sequence: NC_002505.1 for Chro-
mosome 1 and NC_002506.1 for Chromosome 2), which is available in GenBank
(https://www.ncbi.nlm.nih.gov/). The primers and the sequences were tested for po-
tential primer dimer formation, degeneracy, and cross-reactivity with any other genes
present in V. cholerce using the BLAST program (https://blast.ncbi.nlm.nih.gov/Blast.cgi). For
Real-Time PCR, the primers were designed using IDT software (PrimerQuest™ Tool).
A complete list of all the primers utilized in this study is included in the appendix

section.
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3.13. Total RNA isolation for expressional studies

Bacteria were harvested from log-phase cultures and centrifuged at 8000xg for
10 min at 4 °C. The bacterial pellets were washed three times with PBS and then used
for RNA isolation. Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA)
according to the manufacturer's protocol. In brief, TRIzol, a monophasic solution of
phenol and guanidine isothiocyanate, was added to the cell pellet (0.5 ml) for every 5
ml of culture with an optical density (OD) of 1 at 600 nm. The cells were then resus-
pended through slow pipetting. Samples were incubated for 20 min at room tempera-
ture to ensure the complete dissociation of nucleoprotein complexes. Chloroform (0.2
ml per ml of TRIzol) was then added to the mixture, which was shaken vigorously for
15 sec and incubated for an additional 2 to 3 min at room temperature. Following this,
the mixture was centrifuged at 12,000xg for 20 min at 4 °C, and the aqueous phase
was carefully transferred to a DNase and RNase-free microcentrifuge tube (Axygen,
Union City, CA). Isopropanol was added (0.5 ml per ml of TRIzol), and the mixture
was incubated at room temperature for 10 min. Finally, RNA was precipitated by cen-
trifugation at 12,000xg for 10 min at 4 °C. The pellet was washed with 0.5 ml (1 ml/ml
of TRIzol) of 75% (v/v) ethanol, air dried, and then dissolved in nuclease-free water.
Isolated RNA was treated with DNase of Ambion® DNAfree™ kit (Ambion, Texas,
USA) to eliminate any contaminating genomic DNA, following the manufacturer's
protocol. The total RNA isolated was stored at -80 “C until needed. Purity of the RNA

was assessed spectrophotometrically at 260/280 nm.

3.14. Measurement of the RNA concentration and purity

Concentration of RNA was quantified by measuring the absorbance at 260 nm
using the following formula: (A260 x DF x 40)/ 1000 pg/ul. In this formula, A2eo rep-
resents the absorbance of the diluted RNA at 260 nm, while DF is dilution factor for
the RNA in nuclease-free water. For RNA, A2 of 1.0 corresponds to 40 pg/ml con-
centration. The purity of RNA was determined from the ratio of absorbance at both

260 and 280 nm. Ideally, the purest form of RNA has a ratio of A2eo/A2s0 equal to 2.
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3.15. Reverse transcription reaction

First-strand cDNA synthesis was prepared using a Verso cDNA synthesis kit
(Thermo, Waltham, MA). Initially, 1 ug of total RNA was heated at 70 °C for 10 min
to denature secondary structures, then immediately cooled on ice. This RNA was
mixed with the reaction components in a 0.2 ml PCR tube, as outlined in Table 3.2.
The components were gently mixed and briefly spun down. The mixture was incubated
at room temperature for 10 min, followed by incubation at 42 °C for 15 min. The en-
zymes were heat-inactivated by incubating at 95 °C for 5 min, and the sample was then
kept at 4 °C for at least 5 min. The reverse transcription (RT) products were stored at

=20 °C until further use.

Components Volume added

5X cDNA synthesis buffer* 4 ul

dNTP mix I pl

RNA primer (Random hexamer) | 1 ul

RT enhancer 1 ul

Verso Enzyme Mix 1 ul

Template (RNA) 1-5 ul

Nuclease Free Water To make up the volume of 20 pl
Final volume 20 ul

Table 3.2. Composition of the reaction mixture for reverse transcriptase PCR
*The reverse transcriptase buffer contains 100 mM tris-HCI (pH 9.0 at 25°C),
500 mM KCl and 1% Triton X-100.

3.16. Quantitative Real Time PCR

V. cholerae was grown to the log phase in the presence or absence of inhibitors.
Total RNA isolated from V. cholerae was converted to cDNA using the Reverse Tran-
scription protocol (Promega, Madison, WI, USA). This cDNA was then used as a tem-
plate to quantify mRNA transcript levels. Quantitative PCR (qPCR) was performed
using 2x SYBR Green PCR Master Mix (Applied Biosystems, Foster City, California)

along with 0.2 uM of specific forward and reverse primers. These primers were
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designed using Primer Quest from Integrated DNA Technologies (IDT) for each tran-
script (appendix for details). The composition of the real-time PCR reaction mixture
is shown in Table 3.3 while the cycling conditions for real-time PCR are illustrated in
Fig. 3.3. Data analysis was performed using the 7500 Real-Time PCR detection sys-
tem (Applied Biosystems, Foster City, California). The process involved 40 cycles of
a two-step cycle, followed by a melting curve. Relative expression of the target tran-
scripts was calculated using Livak’s 224t method (Livak et al., 2001), with rec4

(VC_0543) serving as an internal control.

Components Volume added
SYBR Green Master Mix 10 pl
Real-Time Forward Primer (10pM) | 1 pl

Real-Time Reverse Primer (10uM) 1 pl

Template (cDNA) 1-5 pl
Nuclease Free Water To make up the volume of 20 pl
Final volume 20 ul

Table 3.3. Composition of the Real-Time PCR reaction mixture

Cycling stage

Holding stage (40 Cycles) Melt Curve stage
95%C 95°C g5°C
/ 10 min | 15 sec 15 sec
=%
60°C 60°C
1 min 1 min

Fig.3.3. Schematic diagram of real time PCR conditions for all transcripts.

3.17. Polymerase Chain Reaction (PCR)

Polymerase chain reaction throughout the study wherever required was con-
ducted in 0.2 ml PCR tubes with the following reaction mixture as described below
(Table 3.4). The components were mixed gently and briefly spun, after which PCR
was performed using a thermal cycler (Bio-Rad, Hercules, California). The annealing

temperature for each set of forward and reverse primers was set 2 °C below the melting
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temperature (Tm) of each primer. The extension time for the Taq DNA polymerase was

calculated based on a synthesis rate of 1000 base pairs per min.

Components Volume added

MgClz, 25mM 2 ul

5X Reaction Buffer 4 ul

Forward Primer (10pM) 0.4 ul

Reverse Primer (10uM) 0.4 pl

dNTP mix, 10mM 0.8 ul

Taq DNA polymerase, SU/ul 0.2 ul

Template (DNA) 2 ul

Nuclease Free Water To make up the volume of 20 pl
Final volume 20 ul

Table 3.4. Composition of the PCR reaction mixture (For each reaction)

3.18. Agarose gel electrophoresis

The amplified DNA fragments were resolved using 1.2% agarose gel electro-

phoresis. First, agarose was mixed with 1xTAE buffer (refer to the Appendix) and

heated until fully dissolved. The melted agarose was then poured into a gel caster.

Following this, the electrophoresis run was performed, and the PCR products were

stained with either Ethidium Bromide (EtBr) or SYBR Safe DNA Gel Stain (Invitro-

gen). The stained gel was visualized under a UV transilluminator, and images were

captured using a gel documentation system (Bio-Rad). Densitometric analysis of the

agarose gel was conducted by measuring the band intensities of the amplified test sam-

ples using Bio-Rad QUANTITY 1 software.
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3.19. Plasmid DNA isolation

Plasmids were isolated using the Wizard® Plus Minipreps DNA purification kit
(Promega, USA) (Fig. 3.4). In summary, 1-10 ml of overnight-grown bacterial culture
was pelleted by centrifugation at 1,400 x g for 10 min.
The bacterial pellet was then resuspended in 400 pl of cell
resuspension solution (50 mM Tris-HCI, pH 7.5; 10 mM
EDTA; 100 pg/ml RNase A). Next, 400 pl of cell lysis
solution (0.2 M NaOH; 1% SDS) was added, resulting in
a clear cell suspension. After adding 400 pl of neutraliza-
tion solution (1.32 M potassium acetate, pH 4.8), the ly-
sate was centrifuged at 10,000 x g for 15 min. The super-

natant was combined with 1 ml of resin, and a vacuum of

. . . Fig.3.4. Agarose Gel of
15 inches of Hg was applied to completely draw the resin = p o oo placd pNA

and lysate through the mini column. Following this, the
resin was thoroughly washed with a wash buffer consisting of 80 mM potassium ace-
tate, 8.3 mM Tris-HCI (pH 7.5), 40 uM EDTA, and 55% ethanol. Finally, the plasmid

bound to the membrane was recovered using nuclease-free water.

3.20. Purification of PCR products

The PCR products and gel-cut products were purified using the Wizard SV Gel
and PCR Clean-Up System (Promega, USA). Briefly, an equal volume of membrane
binding solution (containing 4.5 M guanidine isothiocyanate and 0.5 M potassium ac-
etate at pH 5.0) was mixed with the PCR product. For gel-cut products, a membrane-
binding solution was added at 1 pul/mg and heated at 65 °C to dissolve the agarose gel.
This prepared mixture was then poured into an SV mini column and incubated at room
temperature for 1 min. A vacuum of at least 15 inches of Hg was applied to fully draw
the solution through the membrane. Following this, the membrane was washed by add-
ing 700 pl of wash solution, followed by 500 pl of a membrane wash solution contain-
ing 10 mM potassium acetate (pH 5.0), 80% ethanol, and 16.7 pM EDTA (pH 8.0). To
eliminate any residual ethanol, the mini columns were centrifuged at 16,000 x g for 5
min. The membrane was subsequently incubated at room temperature with 30 pl of

nuclease-free water for 1 min. DNA was eluted by centrifugation at 16,000 x g for 1
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min into a fresh tube. The absorbance of the eluted product was then measured at 260

nm to determine its concentration.

3.21. Measurement of DNA concentration and purity

Concentration of DNA was quantified by measuring absorbance at 260 nm using
the following formula: (A260 x DF x 50)/ 1000 pg/pl, where Aseo is the absorbance of
the diluted DNA at 260 nm and DF is dilution factor of DNA in nuclease-free water.
For dsDNA, Aeo of 1.0 corresponds to 50 pug/ml concentration. The purity of DNA
was determined from the ratio of absorbance at both 260 and 280 nm. Ideally, the

purest form of DNA has A260/A2so ratio of 1.8.

3.22. Polyacrylamide gel electrophoresis (PAGE)

Protein samples were analysed by using SDS-PAGE (Raymond et al.,1959).
Prior to loading, the samples were heated with loading dye at 100 °C for 5 min. The
gel run was conducted at a voltage ranging from 80 to 120 V at room temperature, in
an Atto gel running system (Atto, Japan) For the composition of the running buffer,
refer to the appendix. The details of the SDS-PAGE gel composition can be found in
Table 3.5.

Separating gel (pH 8.8) Stacking
gel
(pH 6.8)
5% 7.5% 10% 125% 15% 20%

A (ml)* 1.7 2.5 3.33 4.2 5 6.7 1.5

B (ml)* 2.5 2.5 2.5 2.5 2.5 2.5 -

C (ml)* - - - - - - 1.8

H>0 (ml) 5.8 5 4.2 3.33 2.5 0.8

10% APS (ul) |23 23 23 23 23 23 10

TEMED (pl) 5.5 5.5 5.5 5.5 5.5 5.5 7.0

Table 3.5. Composition of the SDS-PAGE gel

*A, B, C denotes the composition of different solutions. Please see the appendix.
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3.23. Coomassie staining

After performing SDS-PAGE, the gel was fixed in a solution of 50% methanol
(MeOH) and 5% glacial acetic acid (AcOH) for 30 min. Subsequently, the gel was
incubated at room temperature for another 30 min in a staining solution consisting of
50% MeOH, 50% AcOH, and 0.1% Coomassie Brilliant Blue R250. To visualize the
protein bands, the gel was destained using a solution of 5% MeOH and 7.5% AcOH
(Meyer et al., 1965).

3.24. Protein estimation by modified Lowry method

The concentration of the protein sample was measured using the modified Lowry
method (Lowry et al., 1951). Three types of reagents were used for this estimation
method:

Reagent A: 2% NaxCOs in 0.1 M NaOH containing 0.16% Na-K tartrate + 0.1% SDS
Reagent B: 4% CuSOs4. SH>O

Reagent C: 100: 1= A: B (10 ml + 100 pl)

A total of 200 pl of the protein sample was incubated with 600 pl of reagent C at room
temperature for 15 min. Following this, 1 N Folin-Ciocalteu's reagent was added to the
mixture, and it was further incubated at 37 °C for 30 min. Optical density (OD) was
then measured at 660 nm. The protein concentration was estimated using the equation:
concentration = ODeeo / 0.0026, which was derived from a standard curve of bovine

serum albumin (BSA).

3.25. Western blotting

For western blotting, the electrophoretic transfer of proteins from SDS-PAGE to
a nitrocellulose or polyvinylidene fluoride (PVDF) membrane was performed. To
transfer proteins from the polyacrylamide gel to the PVDF membrane (Towbin et al.,
1979), the membrane, gel, and filter pads were kept in transfer buffer (48 mM Tris, 39
mM Glycine, 0.05% SDS, and 20% MeOH) for 30 min at room temperature. The set
up for semi-dry transfer is illustrated in Fig. 3.5.4, and the transfer was performed at
200 mA for 1 h. For wet transfer, the transfer cassette was assembled as shown in Fig.

3.5.B, and the process was carried out at 100 V for 1 h under cold conditions.
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Fig.3.5. Arrangement of filter paper, gel, and membrane for western blot.

(A) Semi-dry transfer (B) Wet transfer [Source: (Alm et al., 2005)].

After the transfer, membrane was incubated in a blocking buffer containing 5%
skimmed milk in TBST (20 mM Tris, pH 7.5; 50 mM NaCl; and 0.1% Tween 20) for
1 h at room temperature to block non-specific binding sites. Subsequently, the mem-
branes were incubated with primary antibodies at appropriate dilutions for overnight
at 4 °C. The primary antibodies used included rabbit polyclonal anti-ToxT (Cat# BB-
SAP50), rabbit polyclonal anti-TcpA (Cat# BB-SAP50), and rabbit polyclonal anti-
DnaK (Cat# BB-SAP50). Following primary antibody incubation, membranes were
treated with goat anti-rabbit secondary antibody for 2 h at room temperature. Finally,
the membranes were washed with TBST for 30 min. Bands were then developed using
the ChemiDoc MP Imaging System (Bio-Rad, USA) with a chemiluminescent HRP
substrate (Millipore, Burlington, Massachusetts, USA).

3.26. Expression and purification of Recombinant protein NBP-ToxT/CytR

Purification of the Nickel Binding Recombinant Protein Fusion (NBP-
ToxT/CytR) was carried out as previously described (Plecha et al., 2015), using the
Escherichia coli strain BL21(DE3) containing the pHIS-Tev plasmid that harbors the
6X His-recombinant protein fusion construct (Fig.3.6). Initially, the cells were grown

overnight at 37 °C. They were then sub-cultured into fresh LB broth at a 1:100 ratio
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and allowed to grow until the optical density at 600 nm reached 0.5. Following this,
the culture was induced with 0.5 mM of isopropyl-D-thiogalactopyranoside (IPTG)
and incubated at 37 °C for 3 h. The NBP-ToxT/CytR protein was extracted as an in-
soluble protein from inclusion bodies by sonication and was then solubilized in 10 ml
of buffer A, which consists of 25 mM Tris, 100 mM NaCl, 0.1% Triton X-100, and 7
M urea at pH 7.5. The denatured protein was initially loaded in Ni**-conjugated aga-
rose beads that had been pre-equilibrated in buffer A. The column was then washed
with 20 ml of buffer A, and the denatured protein was eluted using 10 ml of buffer A
containing 250 mM imidazole. Fractions that contained the 6 X His-recombinant pro-
tein fusion construct were collected and subsequently renatured by gradually removing
urea through dialysis using a 10 kDa membrane. SDS-PAGE was performed to analyze
the samples, and the protein concentration in each sample was quantified by Bradford
Reagent and the purity was confirmed by SDS-PAGE, stained with Coomassie Bril-

liant Blue.

Fig.3.6. Coomassie blue staining of the purification of (His)e-
ToxT/(His)e-CytR fusion protein using nickel chelated affinity
chromatography. Mw, molecular weight marker; F, flow-
through fraction; W, washed fraction
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3.27. Fluorescence Quenching Analysis

Interaction between the ToxT protein and Sodium butyrate (SB) was analyzed
by examining concentration-dependent effects of SB on the tryptophan fluorescence
emission of ToxT. Emission spectra for ToxT were obtained from a solution of 0.1 uM
of the protein dissolved in 25 mM Tris (pH 7.5) and 100 mM NaCl, both in the pres-
ence and absence of SB. The solution was excited at 280 nm, and intrinsic fluorescence
emissions were scanned from 300 nm to 500 nm using a Hitachi Fluorescence Spec-
trophotometer F-7000 (Tokyo, Japan). Fluorescence quenching was evaluated using

the classical Stern-Volmer equation, as previously described (Tiikenmez et al., 2021).

3.28. Protein-DNA Binding Experiments

3.28.1. Chromatin immunoprecipitation

The effect of SB on ToxT occupancy at downstream promoter DNAs was exam-
ined through chromatin immunoprecipitation (ChIP). V. cholerae cells were grown in
the presence of SB (20 mM) for 4 h. Following the incubation, the cells was cross-
linked with 1% formaldehyde. Crosslinking was stopped by adding glycine to a final
concentration of 125 mM, and the bacteria were washed three times with ice-cold PBS
buffer. Cells were then resuspended in lysis buffer (10 mM Tris-HCL, pH 8.0; 50 mM
NaCl, containing 20 ng/ul RNase A and 10° kU of ready lyse lysozyme) and incubated
at 37 °C for 30 min. One volume of double-strength IP buffer (200 mM Tris HCI, pH
7.5; 600 mM NacCl; 4% Triton X-100), which also contained a protease inhibitor cock-
tail and 1 mM phenyl methyl sulfonyl fluoride (PMSF), was added to each lysate.
DNA was then sonicated to achieve fragments ranging between 200 to 1000 base pairs.
Cell debris was removed by centrifugation at 12,000 rpm for 10 min and 4 °C, and a
portion of the supernatant was collected as the input sample for immunoprecipitation
(IP) assays. The nucleoprotein complexes were immunoprecipitated by overnight in-
cubation at 4 °C with 8 ug of anti-ToxT antibody. Salmon sperm DNA treated G aga-
rose beads (Thermo Scientific), pre-washed with lysis buffer was used to pull down
the antibody protein DNA complexes for 4 h at 4 °C. The beads were washed sequen-
tially: first with lysis buffer, then with wash buffer (500 mM NaCl lysis buffer), fol-
lowed by LiCl immune complex buffer, which consists of 20 mM Tris-HCI (pH 8.0),
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0.25 M LiCl, 1 mM EDTA, 0.5% (wt/vol) NP-40, 0.5% (wt/vol) DOC, and 1%
(wt/vol) PMSEF. Finally, the beads were washed with TE buffer (10 mM Tris-HCI, pH
8.0, 1 mM EDTA). The immunoprecipitated complexes (IP) were eluted from the
beads by incubating at 65 °C for 30 min in TE buftfer containing 1% SDS. Reversal of
cross-linking was done by incubation with 20pg of proteinase K for 1 h at 65 °C. Both
the control input and the immunoprecipitated DNA samples were then purified using
a PCR purification kit (Qiagen, Hilden, Germany) and eluted in 30 pl of DNase-free
water. Real-time quantitative PCR (qPCR) and agarose PCR gel electrophoresis were
performed to quantify promoter occupancy by ToxT, as previously described using the
primers for ChIP (Yan et al.,2023). Data were graphically represented as % of input.
The schematic representation of chromatin immunoprecipitation (ChIP) assay in rep-

resented in Fig 3.7.

Cross-linking

Antibody binding

% %{' @rz»q
l\l\l [ -— - i
Crosslink Wash steps | 9 gx Immunoprecipitation i J
reversal
Ay

Y — DNA and protein analysis

DNA purification and
quantitative PCR

Fig 3.7. A schematic representation of ChIP assay
[Source: (Song, C et al., 2015)].

3.28.2. Electrophoretic Mobility Shift Assay

Chromosomal DNA of V. cholerae N16961 was used as a template for PCR
process to amplify a DNA fragment of 150 bp corresponding to the ftcpA promoter
region. This amplified product was then labelled with biotin at the 5* end and purified
using the QIAquick removal kit (Qiagen). To assess the drug-protein interaction, bind-
ing reactions were set up in which purified His-tagged ToxT protein was pre-incubated
with SB for 20 min in a binding buffer consisting of 10 mM Tris-HCI (pH 7.5), 100
mM KCI, I mM EDTA, | mM dithiothreitol, 200 pg of bovine serum albumin per ml,
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and 10% glycerol. Next, a fixed amount of biotinylated DNA fragment (1 nM) was
added, and the mixture was incubated for an additional 20 min. To demonstrate spec-
ificity, - ifi tei : =
ificity, a non-specific protein SO Nucei aci
(CytR), a 70-fold molar ex- W, A

cess of unlabelled double- '

stranded 7cpA fragment and a

Binding reaction
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belled non-specific DNA . L W TIN G
were used as controls. Addi- R ARt -
tionally, another butyrate de- K

Unbound nucleic acid— — —

rivative, tributyrate (TB), was

utilized to further assess the
Fig 3.8. A schematic representation of

specificity of the interaction. EMSA [Source: (Hellman et al., 2007)].

To investigate potential drug-

DNA interactions, labelled DNA (0.5 nM) was pre-incubated with SB for 20 min in a
binding buffer. After this initial incubation, purified ToxT protein (4 uM) was added,
and the incubation continued for an additional 20 min. The samples were then loaded
onto a 4% native polyacrylamide gel and electrophoresed at 100 V at 4 °C using 0.5x
Tris-borate-EDTA buffer. Following electrophoresis, DNA was transferred from the
gel to a charged nylon membrane for nucleic acid blotting (Millipore). Cross-linking
was performed using a UV Strata linker from Strata gene, and detection was achieved
with the LightShift™ Chemiluminescent EMSA Kit (Thermo Scientific). The sche-
matic representation of EMSA in represented in Fig 3.8.

To determine the equilibrium dissociation constant (Kp) for samples with and without
SB, the percentage of labelled DNA bound to protein for each lane was measured.
These data were then fitted to the following equation: percent bound=Buax X [pro-
tein]"/ (Kp" + [protein]"), where h is the Hill coefficient and Bua is the amount of
bound DNA at which the curve plateaus, which was set to a constraint of 100% using
GraphPad Prism 9 software. Kp values for each condition were compared to each other
using the extra sum of squares F test to determine if the two values were statistically

different.
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3.29. RNA Sequencing

RNA sequencing was performed by Medgenome, Bangalore, India. V. cholerae
strain N16961 samples were grown under toxin-inducing conditions, both in the pres-
ence and absence of SB, until they reached mid-log phase. Following this, the bacterial
samples were harvested. Total RNA was isolated using Trizol method and processed
for quality assessment. RNA samples were evaluated using a Nanodrop for quality and
quantitated with the Qubit dsDNA BR assay (Thermo Scientific). Additionally, quality
of RNA was verified using a 1% agarose TAE gel, and any degradation was checked
with the Agilent Bioanalyzer RNA 6000 nano kit. The samples that passed quality
control (QC) were further analyzed. To selectively enrich the mRNA, ribosomal RNA
(rRNA) was depleted using a Ribo-Zero rRNA removal kit (Epicentre, Madison, WI).
Subsequently, a cDNA library was constructed using a TruSeq stranded mRNA sam-
ple kit (Illumina, San Diego, CA). RNA sequencing was performed with Illumina
HiSeq X system.

Library QC: 1) Illumina library: To achieve the highest quality of data on Illu-
mina sequencing platforms, optimum cluster densities across every lane of each flow
cell were created which required accurate quantification of library templates. So, to
quantify prepared libraries, qPCR was done according to the Illumina qPCR Quantifi-
cation Protocol Guide. 2) GS FLX library: To generate a standard curve of fluores-
cence readings and calculate the library sample concentration, Roche's Rapid library
standard Quantification solution and calculator was used. The samples which had
passed library QC were taken further for sequencing.

The raw data were processed using the HISAT2-StringTie pipeline. The raw se-
quencing reads were mapped against the genomic sequence of V. cholerae O1 biovar
El Tor str. N16961 using the HISAT2 alignment tool. StringTie was used to assemble
reads and generate FPKM (fragments per kilobase per million) values, as a normaliza-
tion metric (Liu et al., 2022). After filtering undesirable contaminants (such as
rRNAs), differentially expressed genes between different groups were identified by
the package DESeq2 [20mM of SB over 0OmM of SB treatment were determined as
fold change (FC) by the formula log2(mean FPKM esy/ mean FPKMcontro1)], with thresh-
olds of adjusted P values at <0.05 and an absolute fold change > 2. The differentially
expressed genes identified among the two groups were generated in a heatmap by the

CIMminer program.
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3.30. Antimicrobial Susceptibility Testing

Disc diffusion method: - Bacterial growth inhibition was assessed using the standard
disc diffusion method as described previously (Bauer et al., 1966). First, Petri plates
were prepared by pouring 25 ml of Nutrient Agar (Biomark Laboratories, Pune, India)
and allowing it to solidify. The plates were then dried, and 100 pul of bacterial suspen-
sion containing 1 x 10° cells/ml was evenly spread over the surface of each plate. The
plates were then allowed to dry for 5 min. Next, antibiotic discs (Oxoid Ltd., Hamp-
shire, UK) were placed on the surface of the plates. The plates were incubated at 37
°C for 24 h, after which the zones of inhibition were observed and measured in mm

(Table 3.6).

Name of the | Zone diam- | V. cholerae strains (zone size in | E. coli strains (zone
antibiotics eter inter- mm) size in mm)
(Disc content pretative
pg/disk) criteria
(CLSI
guidelines)
mm
S R | N16961 | BCH13298 | Micro78 B2 IDH15978
(O1 El (O1 El Tor (O1 El Tor
Tor) variant) variant)
Ampicillin >17 | <13 | 6(R) 6 (R) 6 (R) 0(R) 0([R)
10)
Erythromycin | >17 | <12 7 (R) 7 (R) 7 (R) 6 (R) 6 (R)
()
Chloramphen- | >18 | <12 | 6(R) 6 (R) 6 (R) 19 (S) 19 (S)
icol (5)
Ciprofloxacin | >21 | <15 0(R) 0(R) 0(R) 0(R) 0(R)
()
Tetracycline | >15 | <11 | O(R) 0(R) 0(R) 0(R) 0([®R)
(5)
Streptomycin | >17 | <12 | 0(R) 0 (R) 0 (R) 0 (R) 0 (R)
10)
Nalidixicacid | >19 | <13 | 0(R) 0([R) 0(R) 0(R) 0([®R)
(39
Trimethoprim | > 16 | <10 | 0(R) 0(R) 0(R) 0(R) 0([R)
/ Sulfamethox-
azole
(1.25/23.75)
Norfloxacin | >17 | <12 [ 8(R) 8 (R) 8 (R) 9(R) 9([R)
10)
Cefotaxime >26 | <22 | 14(R) 14 (R) 14 (R) 0(R) 0(R)
(39)
Gentamicin >15 | <12 22(S) 22 (S) 22 (S) 21 (S) 21 (S)
10)

Table 3.6. Antibiogram profile of bacterial strains determined according to the

CLSI guidelines
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Broth microdilution method: - We have also determined the bacterial growth inhi-
bition using the CLSI broth microdilution method. This test involved serially diluting
the antibiotics in LB media containing bacterial suspension of 1 x 10° cells/ml and
incubating them at 37 °C for 24 h. The minimum inhibitory concentration (MIC) indi-
cates the lowest concentration of the antibiotics that prevents visible bacterial growth.
The table below (Table 3.7) presents the MIC values (ug/ml) along with the cutoff

values for resistance according to CLSI guidelines.

Antimicrobial | MIC (g/ml) IDH1986 | IDHO7976 | IDH14062 | IDHI3966 | V32 | VM4 V100 | Micro7§

Agent Interpretive

Criteria

5§ |I |R
Steptomyen |8 |16 (32 |64(R) | 64(R) 12(8) 128R) [8(5) [8(5) |16(5) |B4(R)
Ampicillin § |16 (32 [32R) (3R 2({R) 2(R) 88 |1R2R®) ¥R (2R
Amthromycn |2 |- |- [8R) |8(R) 64 (R) 8(5) 64R) [8(5) |8(3 64 (R)
Chloramphenicol |8 |16 [32 [32(R) [32(R) 32(R) 8(3) 4(5) 1408 |64R) |[32(R)
Tetracycline 4 |8 |16 |16(R) |[I6(R) 8 A1) 28 1408 |8(D 16(R)
Cprofloxacn {1 2 |4 [4(R) 4(R) 20 4R) fR) (1D |15 4B/
Gentamicin 4 18 |16 |1(8) 1(8) 2(5) 8 80 |16(R) |2(8) 1(8)

Table 3.7. MIC values (ug/ml) for resistance according to CLSI guidelines.

3.31. Checkerboard Assay

The combination of sodium butyrate with antibiotics and the determination of
fractional inhibitory concentrations (FIC) indices were assessed using checkerboard
assays (Fig 3.9). In this procedure, 100 pl of Mueller-Hinton broth (MHB) was added
to each well of a 96-well plate. Antibiotics were diluted along the abscissa while so-
dium butyrate was diluted along the ordinate. Overnight bacterial culture was stand-
ardized to 0.5 McFarland turbidity standard and then diluted at a ratio of 1:100 in MHB
broth. After incubation at 37 °C for 24 h, the optical density of each well at 600 nm

was measured using a Microplate reader (Tecan, Mannedorf, Switzerland).
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Fig 3.9. Synergy Checkerboard Assay [Source:
(Prince et al., 2022)].

» Evaluation of combination effects

The FIC index (FICI) was calculated using the following formula:

FIC index = MICap / MIC, + MICp, / MICy, = FIC, + FICy

In this formula, MIC, represents the minimum inhibitory concentration (MIC) of
compound A alone, MICyp, is the MIC of compound A in combination with com-
pound B, MICy is the MIC of compound B alone, and MICypa is the MIC of com-
pound B in combination with compound A. FIC, is the FIC index of compound A,
and FICy is the FIC index of compound B. Synergy is defined as an FIC index of <
0.5. An FIC index between 0.5 and 4 is considered indifferent, while an FIC index

greater than 4 is antagonistic.

> Isobolograms
To define the type of interactions between compounds and antibiotic combinations,
results obtained from the checkerboard method were graphically represented as
isobologram. Isobologram curve was created by plotting the minimum inhibitory
concentration (MIC) of various combination ratios. A straight line indicates an ad-
ditive effect, a concave curve suggests synergy, and a convex curve represents an

antagonistic effect.
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3.32. Live/Dead bacteria staining

Overnight cultures of V. cholerae strains were diluted in LB broth and incubated
at 37 °C for 4 h with either sodium butyrate alone, antibiotics alone, or a combination
of'both. Following incubation, bacteria were collected and centrifuged. They were then
resuspended in PBS to obtain an optical density at 600 nm (ODeoo) of 0.5. The samples
were stained using the LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, CA,
USA) according to the manufacturer’s instructions. Green fluorescently labelled bac-

teria were live, and red fluorescently labelled bacteria were dead.

3.33. Cytoplasmic content leakage

Release of 260/280nm absorbing materials: - Integrity of the cell membrane of V.
cholerae was assessed by measuring the release of cellular constituents at wavelengths
of 260 nm and 280 nm. In this experiment, 10 ml of cell cultures were incubated at 37
°C with agitation for 24 h, either in the presence of sodium butyrate only, antibiotics
only, or a combination of both. Following incubation, samples were centrifuged at
5000 x g for 10 min, and the absorbance of the supernatants was measured at 260 nm
and 280 nm using a NanoQuant Plate (Tecan Infinite™, model number M200 PRO,
Morrisville, NC, USA). The results were further analyzed using agarose gel electro-

phoresis.

> Release of nucleic acids: - Bacteria from the logarithmic growth phase were
collected and centrifuged at 10,000 x g for 10 min. They were then washed
once with 10 mM PBS (pH 7.2) and resuspended to an optical density (ODeoo)
of 0.6. 1 ml of these suspensions was treated either with SB only, antibiotics
only, or a combination of both at 37 °C for 2 h and then centrifuged at 10,000
x g for 5 min. Supernatants were then analyzed using agarose gel electropho-
resis. Ethanol precipitation was performed to isolate the released nucleic acids.
The resulting precipitated pellets were dissolved in 10 pl of Tris-EDTA (TE)
buffer, which contains 10 mM Tris-HCI at pH 7.5. Subsequently, 10 ul of each
sample was mixed with 2 pl of 6x gel loading dye (New England Biolabs, Ips-
wich, MA, USA). Nucleic acid leakage was visualized using a Bio-Rad
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ChemiDoc XRS+ system after electrophoresis in a 0.8% agarose gel containing
ethidium bromide. The gel was run with 1x TAE buffer, which consists of 40
mM Tris base, 0.5 mM EDTA (pH 8.0), and 20 mM glacial acetic acid, at a
voltage of 100 V for 40-45 min. A 100 bp DNA ladder (from UBPBio, Lu-
cerna-Chem AG, Luzern, Switzerland) was used as a molecular weight size

marker.

3.34. Cell membrane disruption

Bacterial cell membrane disruption was evaluated by measuring the release of
alkaline phosphatase using a commercial kit (Solaibao, Beijing, China) and, -galac-
tosidase release was determined through the hydrolysis of 2-nitrophenyl -D-galacto-
pyranoside and assessed using a colorimetric assay at 405 nm (Y. Liu et al., 2017).

ATP levels were determined using a commercial kit (Solaibao, Beijing, China).

3.35. Scanning Electron Microscope

Scanning electron microscopy (SEM) was used to examine the morphological
changes in V. cholerae upon challenge with SB alone, antibiotics alone, or a combina-
tion of both agents. Briefly, bacterial cells were treated with the test agents and incu-
bated for 1 h. They were then washed three times with PBS (pH 7.4) and centrifuged
at 6,000 rpm. The obtained pellet was suspended in PBS, and a thin smear was pre-
pared on a glass slide. The slide was then fixed in glutaraldehyde (2.5 g/100 ml) for 2
h. Following fixation, a dehydration step was conducted using increasing concentra-
tions of ethanol, ranging from 50% to 100%. The cells were then dried using liquid
COs. After drying, the cells were coated with gold using a sputter coater, and the sam-

ples were observed under a scanning electron microscope (SEM) (Hitachi-S4300, Ja-

pan).

3.36. Membrane Depolarization Assay

To demonstrate membrane depolarization, bacterial cells were grown, treated
with test agents, and then washed twice with PBS. Next, 1 ul of DiBAC4 (Bis-(1,3-

Dibutylbarbituric Acid Trimethine Oxonol)) staining solution (1 mg/ml, Molecular
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Probes, Eugene, OR, USA) was added to the samples. After incubating for 15 min at
room temperature, the samples were washed twice with PBS. Then, for fixation, 100
ul of 4% formalin was applied for 15 min. After that, the cells were washed twice with
PBS and then re-suspended in 20 pl of 50% glycerol. Confocal microscopy was carried
out using an Olympus 300 confocal laser scanning microscope (Olympus, Hachioji,
Tokyo, Japan) equipped with a UPlanSApo 63X oil immersion lens. For the observa-
tion of DIBAC4 (green), the argon laser was utilized with an excitation wavelength of

488 nm and an emission wavelength of 515 nm.

3.37. EtBr Efflux Assay and intracellular accumulation of antibiotics

The inhibitory effect of the test agents on the activity of efflux pumps was as-
sessed using an EtBr efflux assay. Cells were co-incubated with 5 x 10~ M EtBr and
a sub-minimal inhibitory concentration (sub-MIC) of'the test agents, or a known efflux
pump inhibitor, CCCP (100 x 10¢ M), at 37 °C until an optical density (ODsoo0) of 0.5
was reached. Next, the cells were centrifuged at 5000 x g for 10 min at 4 °C, and the
resulting pellets were collected and resuspended in fresh Mueller Hinton Broth
(MHB). The efflux of EtBr from the cells was then monitored using an excitation
wavelength of 530 nm and an emission wavelength of 600 nm over 60 min.
Accumulated tetracycline levels were measured as described previously (Oh & Jeon
et al., 2015). In brief, V. cholerae were grown overnight until they reached the late log
phase in MHB, in the presence of inhibitors. I ml sample was then centrifuged, washed
with 100 mM Tris buffer (pH 8), and resuspended in 1 ml of the same buffer. The
bacteria were subsequently cultured in the presence of tetracycline (100 pg/ml) for 15
min. After this incubation, 1 ml of 5 M HCI was added, and the cells were boiled for
10 min. This procedure quantitatively converted tetracycline into anhydrous tetracy-
cline. The cooled sample was centrifuged to remove cell debris, and the anhydrous
tetracycline present in the supernatant was measured using excitation and emission
wavelengths of 400 nm and 520 nm, respectively. The concentration of anhydrous tet-
racycline in these samples was determined using a standard curve ranging from 0 to

100 mg/l of tetracycline (Oh & Jeon et al., 2015; Andrea et al., 2004).
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3.38. Resistance development studies

Due to the sensitivity of V. cholerae isolate, C6709 to tetracycline, it was em-
ployed further in the resistance development studies. C6709, after culture at 37 °C for
24 h was diluted in 1:100 MHB media supplement with 0.25 x MIC of tetracycline or
tetracycline plus 0.25 x MIC of SB (4.4 mg/mL) which was then cultured again at 37
°C for 24 h. Then, the cultures were diluted in 1:100 MHB, and cultured to an ODsggo
of 0.5 while determining the MIC by two-fold serial dilutions in 96-well microtiter
plates. Furthermore, the cultures were again diluted in 1:100 MHB media containing
0.25 x MIC of drugs for a total of 30 passages containing C6709 inducing tetracycline-
resistant strains along with the calculation of the fold increase in subsequent tetracy-

cline MIC relative to initial MIC (Maisuria et al.,2019).

3.39. MTT Assay

HT-29 cells were cultured in 96-well plates at a density of 1 x 10* cells per well.
After the cells reached confluency, they were treated with different doses of inhibitors.
The cells were then incubated in an incubator containing 5% CO- at 37 °C for 24 h.
Cellular viability was assessed using the Colorimetric Cell Viability Kit IV (MTT)
(Promokine, Heidelberg, Germany). 20 pl of the reagent was added and incubated at
37 °C for 4 h. Purple crystal formazan was then solubilized by adding 300 pl of DMSO.
Optical density (OD) was measured at 570 nm, and % of cell viability was calculated

and presented graphically.

3.40. LDH Cytotoxicity Assay

The effect of different inhibitors on the cytotoxicity of the HT-29 cell line was
assessed using a lactate dehydrogenase (LDH) release assay, following the manufac-
turer’s protocol (LDH cytotoxicity detection kit, TaKaRa Biosciences). Briefly, HT-
29 cells were grown in 6-well cell culture plates till 80% confluency. The cells were
then co-incubated with different concentrations of inhibitors for 12 h at 37 °C in a
humidified cell culture incubator. Cell culture supernatants were analyzed for the re-
lease of lactate dehydrogenase (LDH). The percent cytotoxicity was calculated using

the formula: Cytotoxicity (%) = [{(EX - LC) / (HC - LC)} - BC] x 100, where: EX =
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Experimental value, LC = Low control (spontaneous LDH release from untreated nor-
mal HT-29 cells), HC = High control (maximum releasable LDH in HT-29 cells when
treated with 1% Triton X-100), BC = Background control (LDH activity in the assay
medium). Treatment with 1% (v/v) Triton X-100 represented maximum LDH release,

which corresponds to 100% cytotoxicity.

3.41. Rabbit ileal loop assay for fluid accumulation and bacterial recovery

Rabbit ileal loop experiments were conducted using New Zealand white rabbits
weighing between 1.5 and 2 kg, following previously established protocols (Koley et
al., 1999). Before surgery, the rabbits were starved for 48 h and provided water as
needed. Animals were anesthetized with an intramuscular injection of xylazine (5
mg/kg of body weight) and ketamine (35 mg/kg of body weight). A surgical incision
was made in the abdominal wall, and the ileum was carefully cleaned and ligated into
separate loops of about 10 cm. Each loop was injected with 1x10° CFU per ml of V.
cholerae N16961, with or without drugs. A loop injected only with PBS served as the
negative control loop. After 18 h, the animals were euthanized, and the loops were
removed. The length of each loop and the volume of the accumulated fluid were rec-
orded. The accumulated fluid per unit area (F/A) was expressed as the loop fluid vol-
ume (ml)/length (cm) ratio. Additionally, collected fluid was used to estimate the pro-
duction of CT in the intestine. A representative image of rabbit ileal loop injected with

V. cholerae is shown in Fig 3.10.

< < 4 ) . ’I"

Fig 3.10. Rabbit ileal loops (1,2,3) injected with V.
cholerae [Source: (Atif AB et al.,2014)].
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3.42. In vivo intestinal epithelium adhesion assay

In vivo adhesion of V. cholerae to the rabbit intestinal mucosa was also evalu-
ated. The ileal loop sections were recovered 18 h after the rabbit ileal loop experiment
and analyzed to estimate the number of bacteria adhered to the intestinal mucosa, fol-
lowing the previously described protocol (Alam et al., 1997). Briefly, the fluid in the
loops was taken out as outlined above. Each intestine was then excised, opened with a
longitudinal incision, and washed three times with PBS to remove any nonadherent or
loosely attached bacteria. After washing, the opened intestine was stretched on a
wooden sheet with the luminal surface facing upward. Several circular pieces of mu-
cosa, each measuring 7 mm in diameter, were punched out. Each of these intestinal
punches was then homogenized in 0.25 ml of Krebs/Ringer/Tris (KRT) buffer at a pH
of 7.5. To determine the viable cells of V. cholerae, 0.1 ml of the homogenate was
serially diluted in PBS, and 0.1 ml aliquots of these dilutions were plated in LA plates
containing antibiotics to enumerate viable V. cholerae cells. The adhesive ability of V.
cholerae (adherence index) was expressed as the average number of adhered bacterial

cells per punched mucosal surface.

3.43. Suckling mice colonization experiment

In vivo infant mouse colonization assay was performed using BALB/c mice (Fig
3.11) as described previously (Roy et al., 2016). Four to five-day-old suckling BALB/c
mice were orogastrically inoculated with 50 pl of bacterial suspension containing
1x10° CFU of V. cholerae cells, with or without drugs. Mice were maintained at 30
°C and were sacrificed after 18 h. The entire intestine was then removed and homog-
enized in PBS. Serial dilutions of the homogenates were plated on LA plates contain-
ing antibiotics to enumerate viable V. cholerae cells, which were expressed as CFU
per mouse intestine. The colonization experiment was performed three times inde-
pendently in three days with at least four mice in each group, and the combined data

for the three experiments was used for statistical analysis.
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Fig 3.11. 4 to 5 days old infant mice

3.44. Infant mouse survival challenge assay

The cholera survival protocol was modified from Duan and March (Duan et al.,
2010; Rollenhagen et al., 2006). Four-day-old suckling mice were separated from their
mother and kept in an incubator at 30 °C for 2 h to allow them to digest the milk in
their stomach. Mice were then orally inoculated with 50 pl of LB containing 5x10’
CFU of V. cholerae cells, with or without drugs, before being returned to their dam.

Mice were monitored for 48 h for survival and were sacrificed at the end of the study.

3.45. Histopathological studies

Histological analysis was done by collecting tissue samples (I cm in length)
from rabbit ileal loop assays. They were fixed in 10% neutral buffered formalin. Fur-
ther, the samples were embedded in paraffin. 3-4 um thin sections were cut in a mi-
crotomy rotor (Leica, Germany) and were stained with hematoxylin and eosin and ex-
amined under a compound light microscope. Photographs were taken under different
magnifications with a Carl Zeiss PrimoStar microscope (Oberkochen, Germany),

equipped with a digital imaging system.
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3.46. Animal ethics

All animal care and experimental procedures in the study were conducted in ac-
cordance with the Animal Ethics Committee for the Purpose of Control and Supervi-
sion of Experiments on Animals (CPCSEA). The protocol was also approved by the
Institutional Animal Ethics Committee of the National Institute of Cholera and Enteric

Diseases (registration no: 68/GO/ReBi/S/99/CPCSEA).

3.47. Statistical Analysis

Statistical analyses were carried out by the GraphPad Prism 9.0 software, and all
data are denoted as mean + standard deviation (SD) unless otherwise specitied. The
results were analyzed using appropriate statistical tests as indicated in figure legends.
Most of the experiments were repeated four to six times. Mean of three biological

replicates are represented.
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Results

4.1. Inhibitor study to assess the virulence of V. cholerae

Antimicrobial agents are generally used to combat V. cholerae infections; how-
ever, they have minimal impact on the expression of bacterial virulence factors. Sev-
eral epidemic strains of V. cholerae have developed multidrug resistance (MDR)
through mechanisms such as horizontal gene transfer and the accumulation of benefi-
cial mutations. Traditional antimicrobials are usually either bacteriostatic or bacteri-
cidal, which may contribute to the emergence of MDR strains (Das et al., 2020; Verma
et al., 2019). Therefore, there is an urgent need for effective therapies against enteric

bacterial infections that do not promote resistance.

One of the most promising strategies being increasingly explored is the targeting
of bacterial virulence factors or disrupting the interaction between the host and patho-
gen, rather than killing the bacteria responsible for infection (Roca et al., 2015). For
example, S-CMC has been found to inhibit the adherence of pneumococci to host cells
(Sumitomo et al., 2012). Researchers screened a library of 50,000 compounds and
identified a small molecule called 4-[N-(1,8-naphthalimide)]-n-butyric acid, com-
monly referred to as virstatin. This compound can prevent the expression of two key
virulence factors in Vibrio cholerae: cholera toxin and the toxin-coregulated pilus
(Rasko and Sperandio, 2010). In addition to synthetic chemical molecules, natural
compounds such as ginger (Zingiber officinale) and capsaicin, the active component
of chili peppers from Capsicum genus, have demonstrated promising anti-virulence
activity (Ahmad et al., 2015; Jensen et al., 2003). To reduce bacterial virulence during
pathogenesis, we have selected various bioactive compounds and evaluated their ef-
fects on different virulence attributes, including growth, motility, adhesion, cholera
toxin (CT) production, and biofilm formation in Vibrio cholerae. After a thorough lit-
erature study, the following inhibitors are used, melibiose, glucose, ribose, arabinose
as sugars; totarol, geraniol, camphor, eugenol as terpenes; quercetin, allylanisole, ethyl
gallate, basil oil, catechin hydrate as polyphenols; ursolic acid, betulinic acid as

triterpenoid; Sodium Butyrate, NH125, cyclic-di-GMP as small molecule.
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4.2. Effect of the inhibitors on the growth of V. cholerae

Our initial goal is to determine whether the inhibitors have any growth-inhibitory
properties. First, we assessed the effect of various sugars at a 0.5% (w/v) concentration
to see if they exhibit any growth-inhibitory functions. The sugars we examined,
Melibiose, Glucose, Ribose, and Arabinose, showed no significant effect on the
growth of V. cholerae as compared to the untreated control (Fig4.2A4). Next, we inves-
tigated the effect of phytochemicals on the growth of V. cholerae. The phytochemicals
used in this study belonged to various classes, including terpenes (Totarol, Geraniol,
Camphor, and Eugenol), triterpenoids (Ursolic acid and Betulinic acid), and polyphe-
nols (Quercetin, Allylanisole, Ethyl gallate, Basil oil, and Catechin hydrate). Growth
study of V. cholerae in the presence of terpenes revealed that, among all the com-
pounds tested, only geraniol (at 125 pg/ml) in the supplemented culture media demon-
strated growth inhibition compared to the control; the other compounds did not inhibit
the growth of V. cholerae (Fig.4.2B). In the case of polyphenols, addition of quercetin
(25 pg/ml) and allylanisole (125 pg/ml) to the culture media inhibited the growth of
V. cholerae compared to the untreated control (Fig.4.2C). In contrast, addition of other
compounds did not show any inhibition of growth (Fig.4.2C). Additionally, both com-
pounds from the triterpenoid class, ursolic acid and betulinic acid (25 pg/ml), demon-
strated significant growth inhibition compared to the untreated control (Fig.4.2D). We
also investigated the effects of three small molecules, Sodium Butyrate (SB), NH125,
and cyclic-di-GMP (c-di-GMP), on the growth of V. cholerae. Out of these, only
NH125 at a concentration of 20 pg/ml demonstrated growth inhibition when compared
to the untreated control (Fig.4.2E). In contrast, the other two small molecules, Sodium
Butyrate (40 mM) and c-di-GMP (200 pg/ml), did not exhibit any growth inhibition
(Fig.4.2E).
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Fig. 4.2. V. cholerae growth assay. Wild type V. cholerae N16961 was given as an initial
inoculum of 5x10° CFU/ml in the Luria-Bertani broth medium along with different inhibitors.
The viable bacterial counts in CFU/ml were detected by plate count method taking culture
samples from different time points and represented graphically. (A) Sugars used Glucose,
Ribose, Arabinose and Melibiose (B) Terpenes used Totarol (TR), Geraniol (GN), Camphor
(CP) and Eugenol (EN). (C) Polyphenols used Quercetin (QC), Allylanisole (AL), Ethyl Gal-
late (EG), Basil oil (BO) and Catechin Hydrate (CH) (D) Triterpenoids used Ursolic acid
(UA) and Betulinic acid (BA). (E) Small molecules used Sodium Butyrate (SB), NH125 and
cyclic-di-GMP (c-di-GMP).

4.3. Effect of the inhibitors on mucin penetrating ability of V. cholerae

Vibrio cholerae is transmitted in humans via the fecal-oral route. Upon reaching
the small intestine, the bacteria must traverse the thick mucus layer to colonize the
underlying enterocytes effectively. In this study, we evaluated the ability of V. chol-

erae to penetrate mucin columns composed of porcine mucin in the presence of various
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compounds. Both melibiose and glucose treatment did not affect the mucin-penetrating
ability of V. cholerae. In contrast, treatment with ribose and arabinose at a concentra-
tion of 0.5% (w/v) significantly reduced the mucin-penetrating ability by 2.5-fold and
2.6-fold compared to the untreated control respectively (Fig.4.34). We then examined
the effect of terpenes on the mucin penetration of V. cholerae to determine if they
possess any motility inhibitory function. The results indicate that geraniol at a concen-
tration of 31.25 pg/ml and camphor at 250 pg/ml have minimal effects (Fig.4.3B). In
contrast, treatment with eugenol at 200 pg/ml and totarol at 125 pg/ml caused a reduc-
tion in mucin penetration by 2.2-fold and 2-fold, compared to the untreated control
respectively (Fig.4.3B). Regarding polyphenols, quercetin at 6.25 pug/ml and basil oil
at 250 pg/ml reduced mucin penetration by 3.2-fold and 2-fold, compared to the un-
treated control respectively (Fig.4.3C). However, allylanisole, ethyl gallate, and cate-
chin hydrate did not exhibit any significant effects (Fig.4.3C). Moreover, both com-
pounds from the triterpenoid class, ursolic acid and betulinic acid (5 pg/ml), demon-
strated a reduction in the mucin-penetrating ability of V. cholerae by 2.6-fold and 3-
fold, compared to the untreated control respectively (Fig.4.3D). Among the small mol-

ecules tested in this study, none exhibited any inhibitory function on mucin penetration

(Fig.4.3E).

1000 -

A 1000+ B
« = 800- 5 o 800-
% E g £
-§ S 600- 2 2 600+
iz iE :
T 400+ — T = 400 e
: = o -
z % z &
200 200+
0- 0~
& -\o"’o & &£ & & \'f': Q'f’“ ‘{199 q}"?
S & &S & ¢ ¢ <
& &
C = D 1000~
2= = = B00-
5 E g E
2R T 2 600+
2 590
3 E s 400+
z XK o ™
Z 2 200~
0- —
o




Results |90

E 1000~
800
600

400

No.of bacteria
(x10* CFU/ml)

Fig.4.3. In vitro mucin penetration assay. Wild type V. cholerae N16961 was grown in LB
broth till mid-log phase. 100ul of 5x10® CFU/ml bacterial culture was loaded on top of the
1.5% 1ml mucin column with or without the inhibitors. Bacterial samples of 100l were col-
lected from the bottom of the column after 1 h incubation at 37 °C. The samples were serially
diluted and plated on LB agar supplemented with proper antibiotics and the bacterial numbers
were counted and graphically represented. (A) Effect of Sugars (B) Effect of Terpenes (C)
Effect of Polyphenols (D) Effect of Triterpenoids and (E) Effect of Small molecules. Each
of the experiments was repeated three times (n=3) and the data were expressed as Mean + SD;
* for P <0.05, ** for P <0.01.

4.4. Effect of the inhibitors on the adhesion of V. cholerae to intestinal cells

Host pathogen interaction is dependent on cholera toxin production and TCP
expression. We studied the ability of V. cholerae to adhere to the mucin-secreting co-
lon-carcinoma cell line HT-29 in the presence of various inhibitors. Bacterial culture
treated with 0.5% (w/v) melibiose showed minimal defects in adherence to HT-29
cells. In contrast, V. cholerae treated with 0.5% (w/v) glucose, ribose, and arabinose
exhibited significant adherence defects, with reductions of 2.6-fold, 2.5-fold, and 2-
fold, compared to the untreated control respectively (Fig.4.4A4). All terpenes used in
this study, totarol, geraniol, camphor, and eugenol, had no significant effect on the
adhesion of V. cholerae (Fig.4.4B). Treatment with the triterpenoids ursolic acid and
betulinic acid at a concentration of 5 pg/ml resulted in a 2-fold and 8-fold reduction in
the adherence efficiency of V. cholerae, compared to the untreated control (Fig.4.4C).
Among all the polyphenols evaluated in this study, quercetin at a concentration of 6.25
pg/ml demonstrated the most significant effect, reducing the adherence of V. cholerae
by over 7-fold compared to the untreated control, while, the other compounds tested
exhibited minimal to no inhibition (Fig.4.4D). Finally, small molecule Sodium butyr-
ate at 40mM supplemented bacterial culture reduced adherence of V. cholerae by 8-
fold, NH125 at 12.5 pg/ml by 1.6-fold, while c-di-GMP showed no inhibition
(Fig.4.4E).
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Fig.4.4. Adhesion assay of V. cholerae with HT-29 cell line in presence or absence of dif-
ferent inhibitors. V. cholerae was grown to mid-log phase and optical density were adjusted
to 1. HT-29 cells were grown in 12-well cell culture plate to 80% confluency. The cells were
then infected at 100 MOI of bacteria supplemented with or without the inhibitors. After incu-
bation at humidified 37 °C incubator for 1 h, cell culture plate was washed with PBS to remove
unbound bacteria, and then bound bacteria were collected and enumerated by plating on strep-
tomycin supplemented LB agar. (A) Effect of Sugars (B) Effect of Terpenes (C) Effect of
Triterpenoids (D) Effect of Polyphenols and (E) Effect of Small molecules. Each of the
experiments was repeated three times (n=3) and the data were expressed as Mean = SD;

* for P <0.05, ** for P <0.01
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4.5. Effect of the inhibitors on in vitro Cholera Toxin (CT) production

We then analyzed the production of cholera toxin (CT) by V. cholerae using a
CT-ELISA in the presence of various inhibitors. Treatment with melibiose and arabi-
nose resulted in a 2-fold and 4-fold reduction in CT production, respectively, compared
to the untreated control at a concentration of 0.5% (w/v). In contrast, bacterial cultures
treated with glucose and ribose showed no significant difference in CT production
compared to the untreated control (Fig.4.54). Among the terpenes studied, totarol (125
pg/ml), geraniol (31.25 pg/ml), and eugenol (200 pg/ml) significantly reduced the pro-
duction of cholera toxin (CT) by 4-fold, 10-fold, and 2-fold, respectively, compared to
the untreated control (Fig.4.5B). In contrast, camphor did not show any inhibition of
CT production (Fig.4.5B). Treatment with triterpenoids ursolic acid and betulinic acid
do not have any role in V. cholerae CT inhibition (Fig.4.5C). Among the polyphenols,
allylanisole (31.25 pg/ml) and ethyl gallate (500 pg/ml) significantly reduced the CT
production by 10-fold and 2.5-fold compared to the untreated control, whereas, quer-
cetin, basil oil, and catechin hydrate showed no inhibition (Fig.4.5D). Finally, small
molecule Sodium butyrate at 40mM supplemented bacterial culture reduced CT of V.
cholerae by 10-fold, NH125 at 12.5 pg/ml by 2.6-fold, while c-di-GMP showed no
such inhibition (Fig.4.5E).
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Fig. 4.5. In vitro CT production assay in the presence or absence of different inhibitors.
Log phase cultures of wild type V. cholerae were inoculated (1:100) in AKI media with or
without inhibitors and grown statically at 37 °C for 18 h. Culture supernatant was collected,
Cholera Toxin (CT) was measured by ELISA and represented graphically. (A) Effect of Sug-
ars (B) Effect of Terpenes (C) Effect of Triterpenoid (D) Effect of Polyphenols (E) Effect
of Small molecules. Each of the experiments was repeated three times (n=3) and the data were
expressed as Mean + SD; * for P <0.05, ** for P <0.01

4.6. Effect of the inhibitors on biofilm formation by V. cholerae.

Next, we tested the effect of various inhibitors on biofilm formation by Vibrio
cholerae. Our results showed that among the sugars, melibiose and arabinose success-
fully inhibited biofilm formation, whereas the other sugars, glucose and ribose, had no
effect (Fig.4.6A). Treatment with the terpene camphor at concentration of 250 pg/ml
completely inhibited the formation of biofilm in V. cholerae compared to the untreated
control (Fig.4.6B). In contrast, the other terpenes tested, totarol, geraniol, and eugenol,
did not have a significant effect on biofilm formation (Fig.4.6B). Treatment with ur-
solic acid at a concentration of 5 pg/ml inhibited biofilm formation in V. cholerae,
whereas betulinic acid showed no such effect (Fig.4.6C). Among the polyphenols,
quercetin, allylanisole, and ethyl gallate did not exhibit any inhibition. In contrast, basil
oil at 250 pg/ml and catechin hydrate at 125 pg/ml significantly inhibited biofilm for-
mation (Fig.4.6D). Finally, biofilm formation was evaluated in the presence of small
molecules. c-di-GMP at 200 pg/ml significantly inhibited biofilm formation; however,
strikingly, SB at 40 mM increased biofilm formation in V. cholerae (Fig.4.6F). Treat-
ment with NH125 showed no effect on biofilm formation (Fig.4.6F).
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Fig.4.6. Biofilm formation in the presence or absence of different inhibitors. V.
cholerae was grown in Luria Bertani broth in the presence or absence of different in-
hibitors. The formation of biofilm was quantified by Crystal Violet staining and rep-
resented graphically after measuring the optical density at 595nm. (A) Effect of Sug-
ars (B) Effect of Terpenes (C) Effect of Triterpenoid (D) Effect of Polyphenols (E)
Effect of Small molecules. Each of the experiments was repeated three times (n=3)
and the data were expressed as Mean + SD; * for P <0.05, ** for P <0.01

Based on this broad spectrum of activities of several inhibitors, the small mole-
cule Sodium Butyrate (SB) appears to be a potent anti-virulent agent that needs further
investigation. Detailed mechanism of inhibition in the presence of SB is further inves-

tigated.
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We have already screened and identified the small molecule Sodium Butyrate,

which has shown anti-virulence activities against V. cholerae. Our next goal is to in-
vestigate the underlying mechanisms of inhibition caused by Sodium Butyrate in both

in vitro and in vivo conditions.

5.1. Molecular docking shows stable binding of Sodium Butyrate (SB)
with ToxT.

The clinical symptoms of cholera are primarily caused by two key virulence fac-
tors: cholera toxin (CT) and toxin-coregulated pilus (TCP). CT, which belongs to the
A-Bs family of toxins. It is directly responsible for causing profuse watery diarrhea in
cholera patients, while TCP is essential for the colonization of the intestine. The coor-
dinated expression of these virulence genes is regulated by a master regulator, ToxT,
and given its pivotal role, numerous studies have been focused on its regulation, lead-
ing to the characterization of multiple mechanisms that contribute to its stringent reg-
ulation. ToxT is a member of the AraC/XyIS family of transcriptional activators, con-
sisting of two main domains: N-terminal domain associated with effector binding and
potential ToxT monomer association, and a C-terminal DNA-binding domain that
shares homology with AraC/XylS. Transcription of toxT is regulated by two mem-
brane-localized complexes, ToxRS and TcpPH. Additionally, TcpPH is activated by
two activators, AphA and AphB, which respond to factors such as cell density, anaer-

obiosis, and other environmental conditions.

Targeting the transcriptional activator ToxT in V. cholerae offers significant ad-
vantages for developing new antimicrobial drugs that focus on virulence factors in-
stead of inhibiting bacterial growth. The activator protein ToxT was molecularly
docked with sodium butyrate to explore if any interaction exists between them. The
3D image of the receptor (ToxT) and ligand (sodium butyrate) after optimal docking
as visualized is represented (Fig.5.14 and Fig.5.1B). The possible amino acid resi-

dues located in the binding pocket of ToxT (PDB ID: 3GBGQG) include [1e226, Tyr26,
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Asn28, Asp29, Ser223, Ser227, Asn60, Thr85, GInS8, Lys31, and Lys230. The results
revealed a stable interaction between ToxT protein and SB with a binding energy of -
7.68 Kcal mol™!. These interactions included two salt bridges with Lys31 and Lys230,
as well as a single hydrogen bond with Lys31. Other residues involved in interactions
with SB are summarised in Fig.5.1C. Altogether, these data suggest that SB may in-
teract with ToxT and therefore, used for subsequent in vitro and in vivo experiments

to test their efficacy against the virulence attributes of V. cholerae.

C)
RECEPTOR LIGAND BINDING AMINO ACIDS PDB ID
ENERGY INVOLVED IN
(Kcal/mol) INTERACTION
ToxT Sodium -7.68 GLNS, THRSS, 3GBG
butyrate(SB) SER227, SER223,
LYS31, LYS230

Fig 5.1. Binding of SB with ToxT in silico. Residues interacting with ligand (SB) and
receptor (ToxT) are represented in A) 3D conformation, B) 2D conformation, and C)
Table showing the probable interacting residues and the binding energy.

5.2. Viability of bacterial strains and cytotoxicity in HT-29 cells in pres-
ence of SB.

Effect of sodium butyrate on the viability was examined on a standard V. chol-
erae (El Tor strain) and two clinical isolates (El Tor variant). The MICs of SB against
strains N16961, Micro 78, BCH13298 were found to be 80mM and MBCs were found
to be 160mM respectively (Fig.5.24). The effect of SB on V. cholerae growth was
investigated by counting the live cells on the plates in a time-dependent manner. The
growth rate of N16961 (Fig.5.2B), BCH13298(Fig.5.2C) and Micro78(Fig.5.2D)

were measured in LB medium along with exogenously added different doses of SB.
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Result indicated that there was a complete inhibition of V. cholerae growth at
2xMIC (160 mM). No bacteria were recovered after 12 h in N16961 at 2xMIC. The
bactericidal activity of SB was much more potent in strains BCH13298 and Micro78
as no bacteria were recovered after 6 h in BCH13298 and after 8 h in Micro78 at
2xMIC. At 1xMIC (80mM), the growth pattern of all the three strains were almost
similar with the viable count reduced to 65% 2 h post-initial inoculum. Within the
initial 8 h, viability of the bacteria was further reduced to 20% and from 8 to 30 h,
there was a bacteriostatic effect on the remaining viable bacteria. At sub-MICs (10, 20
and 40 mM) there was no significant difference in growth rate as compared to the
untreated control. Additionally, we tested whether SB exhibits antibacterial activities
against E. coli strains. The results, as shown in Fig.5.2E and Fig.5.2F, indicate that
the antibacterial effect of SB on E. coli B2 and E. coli IDH15978 was not as pro-
nounced as that observed for V. cholerae strains. Even at the highest concentration of
SB tested (=160 mM), viable colonies of E. coli strains could still be detected after 30
h, emphasizing V. cholerae-specific bactericidal activity of SB. The sub-MICs of SB
were used in all subsequent in vitro experiments. In vivo experiments were performed

at both sub-MICs and MIC of SB to compare the effect with the different groups.
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Fig 5.2. Susceptibility testing and effect of SB on V. cholerae growth at MIC and
sub-MICs. A) Determination of MIC and MBC of SB against bacterial strains. Bacte-
rial strains were grown in LB broth along with SB at MBC (160 mM); MIC (80 mM);
1/2th MIC (40 mM); 1/4th MIC (20 mM); 1/8th MIC (10mM); and SB (0 mM) for the
indicated time periods (2, 4, 6, 8, 12, 24 and 30 h). Viable bacterial counts in CFU per
ml detected by the plate count method were represented graphically for B) multidrug-
resistant strain V. cholerae N16961, C) multidrug-resistant strain V. cholerae
BCH13298, and D) multidrug-resistant strain V. cholerae Micro78, E) multidrug-re-
sistant . coli B2, and F) multidrug-resistant £. coli IDH15978

Toxicity of SB in mammalian cell lines was also evaluated. MTT assay re-

vealed that no significant cytotoxicity was observed when HT-29 cells were incu-

bated with varying doses of SB (5-160mM) (Fig.5.34). In addition to this, LDH

cytotoxicity assay was also performed to determine the cytotoxic effect of SB on

HT-29 cell line. Different doses of SB were used to treat HT-29 cells and after 12

h the supernatants were collected and assessed for the release of LDH. HT-29 cell

treatment with triton X-100 showed maximum membrane damage hence considered

to possess 100% cytotoxicity. The experimental result obtained here showed that

SB exerts 9%, 4% and <1% cytotoxicity at 160mM, 80 mM and 40 mM concentra-

tion respectively, compared to the triton X-100 treated cells (Fig.5.3B). The above
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results led to the conclusion that SB at concentrations below 160 mM is safe and

does not cause human epithelial cell damage.
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Fig 5.3. Cytotoxic activity of SB in the HT-29 cell line. A) HT-29 cells were treated
with or without SB (5-160mM) for 24 h. MTT assay was performed to measure the %
viability level. One-way ANOVA was performed, and the significance was calculated
as ns=nonsignificant B) Cytotoxic effect of SB at different concentrations was measured
by LDH release assay and graphically represented as percent cytotoxicity taking Triton
X-100 treated cell LDH release as a positive control.

5.3. Inhibition of Cholera toxin production.

Host pathogen interaction is dependent on cholera toxin production and TCP
expression. To begin with, El Tor V. cholerae strain N16961 and two multidrug re-
sistant El tor variant strains Micro78 and BCH13298 were used for the study to check
the effect of sodium butyrate (SB) on cholera toxin production (CT) (Fig.5.44). We
explored the classical GM1-CT ELISA assay to detect the level of CT secreted in the
supernatant of the bacterial culture grown in presence or absence of SB. The sub-MIC
concentrations of SB that had no adverse effect on viability of the bacteria was found
to have significant effect on CT production. There was almost 10-fold, 6-fold and 5-
fold reduction in cholera toxin (CT) production at 20 mM (1/4thMIC) for N16961,
BCH13298 and Micro 78 (Fig.5.4) respectively. Similarly, at 40 mM (1/2thMIC) SB
there was 20-fold, 25-fold and 14-fold reduction in CT in N16961, BCH13298 and
Micro 78 (Fig.5.4) as compared to the SB-free culture. The results obtained from this
assay showed that although sodium butyrate (SB) had no effect on bacterial growth,

but it demonstrated significant activity in reduction of CT production.
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Fig 5.4. Dose-dependent inhibitory effects of Sodium butyrate (SB) on cholera
toxin (CT) production in different Vibrio cholerae O1 El Tor strains. In vitro CT
production from different O1 El Tor strains were measured by ELISA from the samples
grown in AKI media (pH=7.5, 37 °C, static condition for 18 h) with or without SB
respectively. The amount of CT produced is graphically represented. All data are repre-
sented as mean + S.E.M. (n = 3). One-way ANOVA was performed. Significance levels
were denoted as xfor P <0.05, *x for P <0.001, **x*for P <0.0001.

5.4. Effect of SB on virulence-related gene expression.

To understand the underlying mechanism behind CT reduction, we further
checked the transcript levels of virulence genes. The inhibitory effect of SB on CT
production was analysed using El Tor strain N16961 by assessing ctxA, ctxB gene
transcripts and other virulence genes by qRT-PCR (Fig.5.54). There was almost 4.3-
fold and 3.8-fold reduction in ctx4 and in ctxB transcripts respectively. In addition to
this, the influence of SB on transcription of t0xS, foxR, tcpH, tcpP, tcpA, toxT genes
were also analysed. Along with ctxAB transcripts there was significant reduction of 9-
fold in tcpA transcripts. However, there was no effect of SB on the transcription of
toxS, toxR, tcpH, tcpP and toxT. The results obtained from this assay indicated a sig-
nificant inhibitory effect of SB on the transcription of czxAB and tcpA genes, however,

no difference in the transcript level of toxT gene was observed in the presence of SB.

To rule out the possible mechanism that the reduced transcription of ctx4B and
tcpA genes depend on the post-transcriptional or translational regulation of fox7, the
levels of ToxT and TcpA proteins were measured. Western blot assay was performed
on total protein extracts obtained from the treated and untreated samples (Fig.5.5B).

The results demonstrated that SB had no relevant effect on the protein levels of ToxT.
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Moreover, the reduction in TcpA protein level in presence of SB was consistent with
the corresponding transcriptional profile. These observations are noteworthy in indi-

cating that inhibition of SB is related to virulence cascade but not with ToxT produc-

tion.
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Fig 5.5. Effect of Sodium butyrate (SB) on virulence attributes of Vibrio cholerae
O1 El Tor strain N16961. Vibrio cholerae N16961 was cultured under virulence in-
ducing conditions (AKI media [pH 7.5], 37 °C, static condition for 18 h) in the presence
or absence of 20mM SB. (A) Transcript levels of ctxA, ctxB, toxS, toxR, tcpH, tcpP,
tepA, toxT virulence genes were analyzed by real-time PCR and normalized using recA
gene as the internal control and graphically represented. Values represent the number
of times the genes are expressed compared to the untreated cells. One-way ANOVA
was performed. (B) Expression of major virulence proteins ToxT and TcpA was deter-
mined by western blotting followed by densitometric analysis which is graphically rep-
resented. Students t-test was performed. All data are represented as mean + S.E.M. (n =
3). Significance levels were denoted as n.s for non-significant, *** for 2 <0.001.
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5.5. SB binds to the ToxT protein and affects its interaction with the

promoter

Results from the qRT-PCR and western blot analyses demonstrated a stable pro-
duction of the ToxT protein regardless of the presence or absence of SB. Since ToxT
is the direct transcriptional activator of the fcpA and ctxAB genes, it is possible that
this compound influences the transcriptional activity of ToxT, which could lead to
reduction in the activation of the /cpA4 and ctxAB genes. The probable explanation for
the decrease in fcpA4 and ctxAB levels mediated by SB may be due to the ability of SB
to interact with and inactivate the ToxT protein. We conducted a fluorescence quench-
ing experiment to directly assess the binding of SB to ToxT (Fig.5.6). Our results in-
dicate that SB does interact with ToxT protein, with a quenching constant (Ks) of
6.04+0.04 x 10> M and a dissociation constant (Kp) of 2.6+0.03 mM, which supports

our previous in silico predictions.
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Fig 5.6. Fluorescence quenching spectra of ToxT in the presence of SB. A concentration
of 0.1uM ToxT protein was excited at 280 nm, and fluorescence quenching was recorded in
the presence of different concentrations of SB (0.2 to 5.6 mM). Stern-Volmer plots of decrease
in fluorescence of ToxT in the presence of SB was used to determine the quenching rate con-
stant, Ksv (calculated from the slope of line). Logarithmic plots of relative fluorescence
quenching of ToxT against logarithmic concentrations of SB was used to determine K, (cal-
culated from the intersection of the line with the y-axis) and the number of binding sites, n
(calculated from the slope of the line). Error bars indicate standard deviations calculated from
three individual experiments.

Next, we examined whether SB could inhibit the binding of ToxT to its DNA
binding site, which is located upstream of the 7cpA gene. We conducted an electropho-
retic mobility shift assay (EMSA). The results of the EMSA demonstrated that ToxT
binds to the P4 region in a concentration-dependent manner (Fig.5.7B). This inter-
action between ToxT and P4 is specific, as CytR (another protein) was unable to

interact with P (Fig.5.74). Additionally, a 70-fold molar excess of nonspecific
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competitor DNA did not affect the ToxT-Pp4 binding. In contrast, a 70-fold molar
excess of specific competitor DNA completely inhibited the binding, indicating the
specificity of the ToxT-Pip4 interaction (Fig.5.74). Next, we examined the effect of
SB on ToxT-Pyep binding. Addition of 20 mM of SB prevented ToxT from binding to
DNA (Fig.5.7B), and the interaction was completely inhibited at 40 mM of SB
(Fig5.7D). Based on the concentration of ToxT needed to bind 50% of the P4, the
dissociation constant (Kq) for ToxT without SB was 0.6 uM, while with 20 mM SB, it
increased to 1.4 uM (Fig.5.7C). This rise in the Kd value in the presence of SB further
confirms that SB significantly affects the equilibrium between DNA-bound ToxT and
free DNA (Fig.5.7C). Another butyrate derivative, tributyrate (TB), was tested, and it
showed no inhibition of ToxT-DNA binding, as illustrated in Figure (Fig.5.7E). We
also explored the alternative hypothesis that SB could interact with DNA and inhibit
DNA-protein binding. As demonstrated in Figure (Fig.5.7F), no inhibition of DNA
binding activity was observed under these experimental conditions (when SB was in-
cubated with DNA first, instead of ToxT). This indicates that SB specifically binds to
ToxT and not to DNA.
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Fig.5.7. SB interacts with and inactivates ToxT protein. A) ToxT binds specifically
to Pipa. ToxT was incubated with 1nM of biotin-labeled Py, in the reaction buffer in
the presence or absence of either 70x specific or non-specific competitors. 1nM of bio-
tin-labeled P,.,4 was incubated with ToxT or CytR in the reaction buffer. B) For EMSA,
a 150 bp Pw«psa DNA fragment was biotin-labeled and then used as a DNA probe. Purified
ToxT protein was added to the probe (1nM) in the presence or absence of SB (20mM).
C) Relative affinities of ToxT protein in the presence or absence of SB were compared
using the data from panel B. The percentage of bound DNA was calculated and plotted
against the concentration of ToxT added. Ky is shown in the inset. A significant differ-
ence between the best-fit values indicated by an asterisk (*P < 0.05). D) EMSA was
performed as described for panel B, except that ToxT was mixed with increasing
amounts of SB. EMSASs presented are representative of three independent experiments.
E) ToxT interacts with SB but not with TB. ToxT (1.0 uM) was incubated with 40mM
Sodium Butyrate (SB) or 40mM Tributyrate (TB) followed by the addition of P4. F)
SB binds with ToxT but not with DNA. Biotin labeled P/,4 DNA (0.5nM) was incu-
bated with SB (20 an 40mM) followed by ToxT protein (4 uM) addition. EMSAs pre-
sented are representative of three independent experiments

Results from the electrophoretic mobility shift assays (EMSAs) indicated that
SB interferes with the DNA binding ability of ToxT in vitro. To further investigate
this effect under physiological conditions, we conducted a chromatin immunoprecipi-
tation (ChIP) assay to determine whether SB impacts ToxT-DNA binding in the pres-
ence of other transcription factors. As anticipated, ToxT occupancy at the tcpA (Picpa)
and ctxAB (Pcx4p) promoter regions was significantly reduced in SB-treated V. chol-
erae cells compared to untreated cells. This finding suggests that SB strongly interferes
with the binding of ToxT to both the P4 and Pewap sites (Fig.5.8). In addition, we
evaluated whether the interaction of ToxT with the promoter DNAs of the acf4 (Pucr1),
aldA (Paax), acfD (Paem), tagA (Piga), and tcpl (Pipr) genes, which are regulated by
ToxT and encode accessory virulence factors, was influenced by the addition of SB.
Our results showed that ToxT occupancy at each of these promoters was reduced in V.

cholerae cells treated with SB compared to untreated cells (Fig.5.8). Overall, these
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findings indicate that SB significantly inhibits the binding of ToxT to its various down-

stream promoter DNAs.
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Fig.5.8. Interaction between ToxT and promoter DNAs at the cellular level in the
presence or absence of SB (20 mM) was analyzed by ChIP. Expression of promoter
DNAs was checked and compared to input in real-time PCR assay and agarose gel elec-
trophoresis. Two-way ANOVA was performed. The data are expressed as mean £+ S.D
(n=3). IP, Immunoprecipitation; significance levels were denoted as *for P <0.05, **for
P <0.01.

5.6. SB triggers global changes in the transcriptome of V. cholerae.

We investigated the global effects of SB on the transcriptional profile of V. chol-
erae using an RNA-seq approach. Our analysis revealed that SB induced significant
changes in gene expression: 53 genes were upregulated, while 95 genes were down-
regulated compared to the untreated condition (Fig.5.9). Notably, genes involved in
pathogenesis, metabolism, and regulatory factors related to transcription and transla-
tion were primarily downregulated, whereas biofilm-related genes showed increased
expression (Fig.5.94-C). Twelve differentially expressed genes were randomly se-
lected for quantitative reverse transcription polymerase chain reaction (QRT-PCR) to
validate the RNA sequencing (RNA-seq) data. Our results showed that the expression
trends of the twelve genes were consistent between RNA-seq and qRT-PCR data, sug-
gesting that RN A-seq was reliable in identifying transcriptional changes (Fig.5.9D).
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Fig.5.9. Global transcriptional responses to SB. A) Genes whose expression is
dysregulated in SB-treated cells (20mM) relative to the untreated cells, as identified by
RNA-seq analysis. The genes in each functional category are shown as percentages of
the total genes dysregulated. B) Volcano plot of differentially expressed genes of
N16961 cells in the presence or absence of SB treatment. The log,fold change difference
is represented on the X-axis and -logio (p-value) is on the Y-axis. Red and blue dots
show upregulated and downregulated genes. C) Heatmap of differentially expressed
genes of N16961 cells in the presence or absence of 20mM of SB. Z-score indicates
whether the genes were upregulated (red) or downregulated (green). Columns represent
independent RNA samples. D) RNA-seq results validation by qRT-PCR. Data are pre-
sented as mean+ SD (n = 3).

5.7. Adhesion to intestinal epithelial cells is affected by Sodivum butyrate (SB).

Adhesion of V. cholerae to epithelial cells is facilitated by TcpA, an important
colonization factor that plays a key role in forming microcolonies and adhering to ep-
ithelial cells. The ability of V. cholerae to adhere to intestinal epithelial cells was eval-
uated using the HT-29 cell line and further confirmed through in vivo animal models.

Since SB decreased TcpA levels, we first examined its effect on the ability of V.
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cholerae to adhere to intestinal epithelial cells, specifically intestinal cells (Fig.5.10A).
Results from the cell adherence assays showed that the adherence of V. cholerae to
HT-29 cells was significantly reduced in the presence of SB compared to the untreated
condition (Fig.5.10A). Additionally, an in vivo adherence study conducted in rabbit
ileal loops demonstrated a significant reduction in bacterial adhesion (adherence in-
dex) in SB-treated loops compared to untreated loops (Fig.5.10B). The effect of so-
dium butyrate (SB) on the colonization ability of V. cholerae in suckling mice was
evaluated. In mice treated with SB (administered orogastrically at concentrations of
40 and 80 mM), intestinal colonization of V. cholerae was significantly reduced by at
least two orders of magnitude compared to the untreated group (Fig.5.10C). However,
the administration of another butyrate derivative, Tributyrate, to suckling mice did not

reduce intestinal colonization of N16961 compared to untreated mice (Fig.5.10C).
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Fig.5.10. Influence of Sodium butyrate (SB) on the adhesion of V. cholerae to the
epithelial cells. A) Adherence of V. cholerae to HT-29 cell line performed at different
concentrations of SB (0-40 mM). One-way ANOV A was performed. Significance levels
were denoted as **for P < 0.01. B) The rabbit ileal loop was injected with 1x10°
CFU/ml V. cholerae N16961 with or without SB. After 18 h, the animals were eu-
thanized, the loops were removed and adherence index of N16961 were estimated in the
presence or absence of SB. Adherence index is denoted by the average number of ad-
hered bacterial cells per punched mucosal surface where each punch was 38.5 mm? (7
mm diameter). C) Effect of drugs on bacterial colonization in 4 to 5-day-old suckling
BALB/c mice (n=12 per group). The mice were orogastrically challenged with 10° CFU
of V. cholerae strain N16961 with or without drugs [TB or SB (20, 40, and 80 mM))]
and kept at 30 °C for 18 h. Bacterial colonization was estimated as CFU/intestine and
graphically represented. Each circle represents an individual mouse. Horizontal lines
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are medians. Significance was determined by Mann—Whitney U test (n=12 per group).
Significance levels (compared to controls challenged without any drug) were denoted
as ns=nonsignificant, * for P < (.05, *** for P <0.001.

5.8. SB displays a substantial reduction in virulence attributes of V.

cholerae in animal models.

The results described so far show that SB has a strong negative impact on ToxT
activity in vitro, as evidenced by both gene expression (CT and TcpA production) and
DNA binding experiments (EMSA). Next step is to determine whether administering
SB in animal models for cholera will reduce the production of virulence factors. We
assessed the effects of SB on fluid accumulation (FA) and CT production by N16961
using the rabbit ileal loop model (Fig.5.114-C). The fluid accumulation (FA) ratio in
treatment loops using SB at concentrations of 40 mM and 80 mM showed a more than
20-fold reduction in fluid accumulation compared to the loop that did not receive SB
(Fig.5.11B). At these two higher concentrations (40 mM and 80 mM), the level of CT
was significantly decreased by over 10-fold compared to the loop without SB
(Fig.5.11C). Additionally, the expression of virulence genes, specifically ctxAB and
tepA, was downregulated in V. cholerae cells collected from the SB-treated loop fluid

compared to those from the untreated loop (Fig.5.11D).

Next, we examined the histological changes associated with V. cholerae infec-
tion. H&E staining revealed that the infected loop exhibited necrotic changes in the
mucosa, submucosa, and lamina propria, along with deformed villi and hemorrhage at
the muscularis mucosa site. Notably, treatment with SB effectively prevented the tis-
sue damage induced by V. cholerae infection (Fig.5.11E). Additionally, the loops
treated with SB showed a significant reduction in the concentration of inflammatory
cytokines (IL-6, IL-8, IL-1B, TNF-a) compared to the loops that did not receive SB
treatment (Fig.5.11F).
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Fig.5.11. Efficacy of SB in an in vivo rabbit ileal loop model infected with N16961.
Each loop was injected with 1 x 10° CFU/ml V. cholerae N16961 with or without SB
and loop injected only with PBS served as negative control loop. After 18 h, animals
were euthanized, and the loops were removed. A) Representative image of recovered
rabbit intestine segment with infected loop at 18 h after infection. B) Fluid accumulation
per unit area (F/A) ratio of each loop was evaluated and graphically represented as mean
+ S.E.M. (n = 3). C) The accumulated fluid samples from SB treated and untreated ileal
loops were used to measure CT production by ELISA. D) Relative expression of major
virulence genes ctxA4, ctxB, tcpA, toxT were analyzed by real-time PCR. Normalization
was done using recA gene as the internal control. One-way ANOVA was performed.
All data are represented as mean + S.E.M. (n = 3). Significance levels were denoted as
*for P <0.05, *+for P <0.01, **=* for P <0.001. E) Representative H&E staining section
of rabbit intestinal tissues. SB treatment prevented mucosal damage, disruption of villus
structure, and necrotic changes induced by N16961 infection. GC, Goblet Cells; C,
Crypts; LP, Lamina Propria; Muc, Mucosa; SubM, Submucosa; *, indicating the site of
haemorrhage. F) ELISA results for I1L-6, IL-8, IL-1p, and TNF-a cytokine expression
in each of the ileal loops in the presence or absence of SB.
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We also examined the virulence of V. cholerae in the presence of TB (Fig.5.12A4-
C). As expected, there was no reduction in fluid accumulation or CT levels in the ileal
loop treated with TB compared to the untreated loop ((Fig.5.12B&C). The expression
profile of virulence genes in V. cholerae cells from the TB-treated loop was nearly

identical to that of the untreated loop (Fig.5.12D).
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Fig.5.12. Efficacy of drugs against the virulence factors in rabbit ileal loop. The
rabbit ileal loop was injected with 1 x 10° CFU/ml V. cholerae N16961 with or without
drugs [TB or SB (40 mM)]. After 18 h, the animals were euthanized, and the loops were
removed. A) Image of the recovered rabbit intestine segment presented here is repre-
sentative of three independent experiments. B) The loop length and the amount of fluid
accumulated in each loop were measured, and the amount of fluid (ml) per unit length
(cm) of the loop was determined in the presence or absence of drugs [TB or SB (40
mM)]. C) CT ELISA of rabbit ileal loop fluid produced in the presence and absence of
drugs [TB or SB (40 mM)]. D) Relative expression of major virulence genes ctxA4, ctxB,
tepA, toxT were analyzed by real-time PCR. Significance was calculated by one-way
ANOVA. Significance levels were denoted as xfor P < 0.05, *xfor P < 0.01, **x for P
<0.001.
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Results

Our findings revealed that small molecule sodium butyrate is a strong anti-viru-
lence agent against V. cholerae. Based on our findings, our next objective is to inves-
tigate the synergistic effects of sodium butyrate in combination with various conven-

tional antibiotics, to evaluate the combinatorial efficacy in vitro and in vivo conditions.

6.1. Sodium butyrate and tetracycline combination exhibit synergistic

antibacterial effects on multidrug-resistant V. cholerae

We evaluated the antibacterial activity of eight antibiotics against eight strains
of V. cholerae, both individually and in combination with sodium butyrate (SB). Ac-
cording to the results of the microdilution test, the bacterial strains used in this study
were all multidrug-resistant (MDR) strains (Table 6.1A). As shown in Table 6.1B, the
MICs of SB against the strains were >8.8 mg/ml and MBCs were >17.6 mg/ml, indi-
cating that SB alone did not exhibit significant antibacterial activity against V. chol-
erae strains. Therefore, we evaluated the synergistic effect of SB and antibiotics by
determining the FIC index (Table 6.1C). The results showed that out of all the antibi-
otics, SB can act as a synergistic antibacterial agent with tetracycline against multi-
drug-resistant V. cholerae strains (Table 6.1C), with FIC index values ranging from

0.09375 to 0.5, respectively.

IDH1986 | IDH07976 | IDH14062 | IDH13966 | V32 V24 Vi00 | Micro78
Streptomycin | 64 (R) | 64 (R) 32(8) 123(R) | 8(S) 8(S) 16(8) |64(R)
Ampicillin 32@R) |32@®) 2R |[2E®) 8(S) 2R [R2E |[2E®
Azithromyein | 64 (R) | 64 (R) 64R) | 8(S) 64(R) | 8(S) 8(8) 64 (R)
Chloramphenicol | 32(R) | 32 (R) 32R) | 8(S) 4() 4(8) 64R) |32@R)
Tetracycline 16(R) | 16(R) 8(I) 8(1) 2(8) 4(8) 8(D) 16 (®)
Ciprofloxacin | 4 (R) 1R) 2(1) 4[R) 8 (R) 1(8) 1(8) 1@®R)
Gentamicin 1(9) 1(8) 2(9) 0 8(1) 16(R) | 2(8) 1(8)

Table 6.1A. MICs of different antibiotics against V. cholerae strains (ug/ml).
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Strains MIC MBC
IDH1986 8.8 17.6
IDH07976 8.8 17.6
IDH14062 88 17.6
IDH13966 3.8 17.6
V32 17.6 35.2
V24 17.6 352
V100 17.6 35.2
Micro78 8.8 17.6

Table 6.1B. MICs and MBCs of SB against eight strains of V. cholerae (mg/ml).

IDH1986 | IDHO07976 | IDH14062 | IDH13966 | V32 V24 V100 Micro78

Streptomyein 1 0.5625 0.75 0.625 0.5625 1 0.53125 0.625
Ampicillin 0.625 1 1 0.5625 0.75 0.75 0.5625 1
Azithromycin 0.75 0.625 0.5625 0.75 1 0.53125 0.53125 0.75
Chloramphenicol | 0.5625 1 0.75 0.75 0.625 1 1 1
Tetracycline 0.09375 0.375 0.5 0.1875 0.5 0.375 0.5 0.75
Ciprofloxacin 1 0.5625 0.75 1 0.625 1 1 0.75
Gentamicin 0.5625 1 0.625 0.75 0.5625 1 0.5625 1

Table 6.1C. FICs of SB combined with different antibiotics against V. cholerae

Of all the strains, V. cholerae IDH1986 (tetracycline-resistant strain), V24 (tet-
racycline-susceptible strain), and IDH13966 (tetracycline-intermediate strain) were
selected for further study. In V. cholerae IDH1986, the MIC of tetracycline was re-
duced from 16 pg/ml to 0.5 pg/ml when used in combination with 1.1 mg/ml of SB,
with a further decrease to 0.063 pg/ml observed in combination with 4.4 mg/ml of SB
(Fig.6.14). Furthermore, combination of SB and Tet also exhibited a strong synergis-
tic antimicrobial effect on the other V. cholerae strains, with results showing that the
Tet MIC was reduced from 8 pg/ml to 0.5 pg/ml when used in combination with 1.1
mg/ml of SB for strain IDH13966 (Fig.6.1B), and the Tet MIC reduction from 4 pg/ml
to 1ug/ml when used in combination with 2.2 mg/ml of SB for strain V24 (Fig.6.1C).
Moreover, the Tet MIC of strain IDH13966 was significantly decreased to 0.063 pg/ml
when used in combination with 4.4 mg/ml of SB (Fig.6.1B) and for strain V24, the
Tet MIC was reduced to 0.063 pg/ml when used in combination with 8.8 mg/ml of SB
(Fig.6.1C), suggesting that SB exhibited a dose-dependent enhancement effect on the
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ability of Tet to kill multidrug-resistant V. cholerae strains. Isobologram curves estab-
lished from the results of the checkerboard assays confirmed the synergistic antimi-
crobial effect of Tet combined with SB against strain IDH1986, V24 and IDH13966
(Fig.6.1D-F). The concave isobole (represented by the solid lines) indicates the con-
firmation of antimicrobial synergy observed against V. cholerae strains. Since SB FIC
index with Tet was FICI=0.09375 for IDHI1986 (tetracycline-resistant strain),
FICI=0.375 for V24 (tetracycline-susceptible strain) and FICI=0.1875 for IDH13966
(tetracycline-intermediate strain), it indicated that the synergistic effect of SB with tet-

racycline existed in V. cholerae strains no matter it is tetracycline resistant or not.
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Fig.6.1. SB in combination with Tetracycline exhibits synergistic antimicrobial effects
against MDR V. cholerae strains. A) Checkerboard assays of SB in combination with
tetracycline against V. cholerae IDH1986, FICI=0.09375; B) Checkerboard assays of SB
in combination with tetracycline against V. cholerae strain V24, FICI=0.375; C) Checker-
board assays of SB in combination with tetracycline against V. cholerae strain IDH13966,
FICI=0.1875; D) Isobologram of the synergistic interaction for the combination of SB with
Tet against strain V. cholerae IDH1986; E) Isobologram of the synergistic interaction for
the combination of SB with Tet against strain V. cholerae V24; F) Isobologram of the syn-
ergistic interaction for the combination of SB with Tet against strain V. cholerae
IDH13966.

A critical consideration for combinational therapy in clinical settings is the po-
tential for increased toxicity when antibiotics are used together with adjuvants. Thus,
the cytotoxicity of tetracycline, alone and in combination with SB, was evaluated in
the mammalian HT-29 cell line. Results from the MTT assay indicated that the com-
bination of SB and tetracycline did not result in significant cytotoxic effects on HT-29
cells, suggesting that the co-administration is likely safe in this in vitro model cytotox-

icity of tetracycline, alone and in combination with SB, was evaluated in the
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mammalian HT-29 cell line. Results from the MTT assay indicated that the combina-
tion of SB and tetracycline did not result in significant cytotoxic effects on HT-29
cells, suggesting that the co-administration is likely safe in this in vitro model

(Fig.6.2).

150

ns ns ns

100~

Cell viability (%)
3
[ ]

Fig.6.2. Cytotoxicity of tetracycline in combination with SB against HT-29 cell line. Data are
presented as mean + SD, and the significances were determined by nonparametric one-way
ANOVA (*p<0.05, **p<0.01), ns=non-significance.

6.2. SB enhances tetracycline efficacy and minimizes the emergence of

resistance

To further investigate the synergistic bactericidal effect of SB and Tet combina-
tion, time-dependent killing assays were conducted on V. cholerae strains. In this ex-
periment, we found that growth of V. cholerae strain IDH1986 was not inhibited by
treatment with 2.2 mg/ml SB alone; treatment with 4 pg/ml of Tet alone caused only
a slight reduction in bacterial population size (Fig.6.34). However, on combined treat-
ment with 2.2 mg/ml SB and 4 pg/ml Tet, the tetracycline-resistant strain IDH1986
was completely eradicated within 6 h (Fig.6.34). In the tetracycline-intermediate
strain IDH13966, treatment with 2.2 mg/ml SB alone and treatment with 4 pg/ml Tet
alone showed no significant change in bacterial population (Fig.6.3B), while, com-
bined treatment with 2.2 mg/ml SB and 4 pg/ml Tet, resulted in complete eradication

of strain IDH13966 within 12 h of treatment (Fig.6.3B). Similarly, for tetracycline-
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susceptible strain V24, treatment with 4.4 mg/ml SB alone and treatment with 2 pg/ml
Tet alone could not kill the strain, while combined treatment with 4.4 mg/ml SB and
2 pg/ml Tet resulted in complete eradication of strain V24 within 18 h of treatment
(Fig.6.3C). These results suggested that SB significantly enhanced the bactericidal ef-

fect of Tet on V. cholerae strains.

To get better understanding of SB on the development of tetracycline resistance,
we performed serial passages of C6709 with sub-MIC (0.25 x MIC) of tetracycline in
the presence and absence of SB (4.4 mg/ml) during 30 d. Interestingly, we failed to
obtain the resistant mutants in the combination group (Fig.6.3D). In contrast, the tet-
racycline alone group produces high-resistant strains with 32-fold increase of MIC.
These results suggested that the combination of tetracycline and SB could effectively

minimize the de novo emergence of tetracycline resistance.
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Fig.6.3. Time-dependent Kkilling of MDR V. cholerae strains by combining SB with Tet.
V. cholerae strains were grown in LB along with SB, Tet, combination of SB and Tet for the
indicated time periods (2, 4, 6, 8, 12, 18, 24, and 30 hrs). Viable bacterial counts in CFU per
ml detected by the plate count method were represented graphically for A) SB (2.2 mg/ml),
Tet (4ug/ml), combination of SB and Tet (2.2 mg/ml + 4 ug/ml) were selected as treatment
concentrations for strain IDH1986; B) SB (2.2 mg/ml), Tet (4 pg/ml), combination of SB and
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Tet (2.2 mg/ml + 4pg/ml) were selected as treatment concentrations for strain IDH13966; C)
SB (4.4 mg/ml), Tet (2 pg/ml), combination of SB and Tet (4.4 mg/ml + 2 pg/ml) were selected
as treatment concentrations for strain V24. D) The addition of SB (4.4 mg/ml) prevents the
evolution of tetracycline resistance to V. cholerae C6709 in vitro.

A synergistic bactericidal effect of SB and tetracycline combination on V. chol-
erae strains was also illustrated by LIVE/DEAD staining (Fig.6.3). Treatment with SB
(2.2 mg/ml) or Tet (4 pg/ml) alone did not significantly reduce bacterial viability in
the V. cholerae IDH1986, with death rates similar to the control; however combined
treatment with 2.2 mg/ml SB and 4 pg/ml Tet resulted in death of 89.46% of bacterial
population (dead/live ratio, 8) (Fig.6.34). Similarly, for the other two strains,
IDH13966 and V24, neither SB alone (2.2 mg/ml for Tet-intermediate strain and 4.4
mg/ml for Tet-susceptible strain) nor tetracycline alone (4 pg/ml for the Tet-interme-
diate strain and 2 pg/ml for the Tet-susceptible strain) was effective in killing the bac-
teria, with death rates comparable to the control group. In contrast, the combined treat-
ment led to the death of 89% of the bacterial population (dead/ratio, 8) in the Tet-
intermediate strain IDH13966 (Fig.6.3B), and death of 97.73% of bacterial population
(dead/ratio, 9.6) in the Tet-susceptible strain V24 (Fig.6.3C).

Control SB + Tet
A) IDH1986

IDH1986

B)

]

IDH13966

o)

V24

Control SB  Tet SBeTet

Fig.6.3. LIVE/DEAD staining to depict synergistic bactericidal effect of SB and Tet com-
bination on multidrug-resistant V. cholerae strains IDH1986, IDH13966, and V24. A)
Strain IDH1986 was treated with SB (2.2 mg/ml), Tet (4 pg/ml), combination of SB and Tet
(2.2mg/ml + 4 pg/ml) followed by the graphical representation of LIVE/DEAD ratio; B) Strain
IDH13966 was treated with SB (2.2 mg/ml), Tet (4pug/ml), combination of SB and Tet
(2.2mg/ml+4pg/ml) followed by the graphical representation of LIVE/DEAD ratio; C) Strain
V24 was treated with SB (4.4 mg/ml), Tet (2pug/ml), combination of SB and Tet (4.4mg/ml +
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2pg/ml) followed by the graphical representation of LIVE/DEAD ratio. All data are presented
as mean £ SD and data were analyzed using one-way ANOVA and Tukey test (**p<0.01)

6.3. SB-Tet combination induces cytoplasmic content leakage.

Membrane leakage assays were also carried out to assess the integrity of the cell
membrane of V. cholerae (Fig.6.4). Firstly, we determined the leakage of nucleic acids
by measuring the O.D. of the culture supernatant. The data indicated that SB-Tet com-
bination significantly increased O.D2¢o by 2-fold compared to untreated or individual
treatment (Fig.6.4A4). This was further confirmed when the nucleic acid release was
visualized by agarose gel electrophoresis, which revealed a markedly higher release of
nucleic acids in the SB-Tet combination group, clearly distinguishable from the mini-

mal release observed with individual SB or Tet treatments (Fig.6.4B).

e mm Control
A) 0.15 mm SB
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Em SB+Tet
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IDH1986 IDH13966 V24

B)

IDH1986 IDH13966

Fig.6.4. The SB-Tet combination leads to the cytoplasmic content leakage. A) Spectro-
fluorometric measurement of change in release of cytoplasmic content in V. cholerae strain
IDH1986 in the presence of SB (2.2mg/ml), Tet (4pg/ml), combination of SB and Tet (2.2
mg/ml+4pg/ml); in V. cholerae strain IDH13966 in the presence of SB (2.2mg/ml), Tet
(4pg/ml), combination of SB and Tet (2.2 mg/ml + 4 pg/ml); in V. cholerae strain V24 in the
presence of SB (4.4mg/ml), Tet (2ug/ml), combination of SB and Tet (4.4 mg/ml+2pg/ml).
B) Agarose gel (0.8%, w/v) electrophoresis and ethidium bromide staining of the released
nucleic acid from V. cholerae strains IDH1986 [SB (2.2mg/ml), Tet (4pg/ml), combination of
SB and Tet (2.2 mg/ml+4pg/ml)]; IDH13966 [SB (2.2mg/ml), Tet(4pug/ml), combination of
SB and Tet (2.2 mg/ml+4pg/ml)] and; V24 [SB (4.4mg/ml), Tet (2pg/ml), combination of SB
and Tet (4.4mg/ml+2pg/ml)]. 1 kb ladder was used as a reference. All data are presented as
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mean + SD, and the significances were determined by nonparametric one-way ANOVA
(**p<0.01)

6.4. SB-Tet combination treatment causes profound morphological

changes and increases membrane permeability.

For a better understanding of the effect of SB-Tet combination treatment, we
used SEM to investigate the morphology of the cells after treatment with SB, Tet and
the combination of both (Fig.6.5). No morphological changes were observed when V.
cholerae IDH1986 was treated with 2.2 mg/ml SB; while treatment with 4 pg/ml Tet
led to minor morphological changes where bacterial cells were shortened (Fig.6.5A4).
Interestingly, when treated with 2.2 mg/ml SB and 4 pg/ml Tet combination, bacteria
were lysed and deformed with disrupted membranes (Fig.6.5A).

Furthermore, the levels of both -galactosidase and alkaline phosphatase were
significantly elevated in the SB-Tet combination treatment compared to treatment with
SB or Tet alone (Fig.6.5B and Fig.6.5C). This disruption was further illustrated using
a PI uptake assay. The SB-Tet combination also generated a significant increase in
fluorescence intensity due to PI uptake (Fig.6.5D). Next, we evaluated the ATP level
in V. cholerae IDH1986 treated with SB, Tet, and their combination. As shown in
Fig.6.5E, the combined use of tetracycline and SB significantly reduced the intracel-
lular ATP level compared to that of monotreatment with tetracycline or SB, suggesting
that SB had a synergistic effect with tetracycline in inhibiting ATP synthesis. Together,
these data indicate that combination therapy produces profound ultrastructural changes

leading to increased permeability and cell membrane damage.
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Fig.6.5. Combination of SB and Tet damages the bacterial cell envelope and enhances
the membrane permeability. A) SEM analysis representing morphological changes of tetra-
cycline-resistant strain V. cholerae strain IDH1986 after treatment with [SB (22mg/ml), Tet (4
ug/ml), combinationof SBand Tet (22 mg/ml+4pug/ml)]. The red arrow indicates the cell damage; B)
Integrity of the membrane determined by p-galactosidase [SB(2.2mg/ml), Tet(4png/ml), com-
bination of SB and Tet (2.2 mg/ml+4pg/ml)]; C)Integrity of the membrane determined by
alkaline phosphatase [SB (2.2mg/ml), Tet (4ug/ml), combination of SB and Tet (2.2
mg/ml+4pg/ml)] D) Integrity of the membrane determined by propidium iodide [SB
(2.2mg/ml), Tet (4pg/ml), combination of SB and Tet (2.2 mg/ml+4ug/ml)] and, E) Integrity
of the membrane determined by ATP production [SB (2.2mg/ml), Tet (4pg/ml), combination
of SB and Tet (2.2 mg/ml+4pg/ml)]. All data are presented as mean + SD, and the signifi-
cances were determined by nonparametric one-way ANOVA (*p<0.05, **p<0.01).

6.5. SB-Tet combination disrupts bacterial membrane potential.

Proton motive force (PMF; AP) is an electrochemical gradient of protons gener-
ated by the electron transport chain in bacteria, which acts by extruding protons out of
the cells. PMF, which is necessary for ATP synthesis and transport of various solutes,
is the sum of two parameters: the electric or membrane potential (Ay) and the trans-
membrane proton gradient (ApH). To further investigate the nature of damage inflicted
by SB and Tet combination on bacterial cell membrane, the membrane potential of V.
cholerae IDH1986 was determined using green fluorescent dye DiBAC4. This label
can enter depolarized cells where it binds to intracellular proteins or membranes and
exhibits enhanced fluorescence. As evidenced in Fig.6.6, no change in membrane po-
tential was observed when the cells were treated only with Tet; while SB-treated cells

exhibited a slight change in membrane potential (Fig.7.6). Remarkably, the
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combination of SB and Tet led to a significant decrease in membrane potential as evi-

denced by increase in fluorescence intensity (Fig.6.6).
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Fig.6.6.SB-Tet combination dissipates bacterial membrane potential. Bacterial membrane
potential of tetracycline-resistant V. cholerae IDH1986 in the presence of SB(22mg/ml), Tet (4
pg/iml), combination of SB and Tet (2.2mg/ml+4pg/ml) was determined by using DiBAC, and the
fluorescence intensity of DiBAC, is represented graphically. All data are presented as mean £
SD, and the significances were determined by nonparametric one-way ANOVA (**p<0.01).

6.6. SB-Tet combination suppresses efflux activity and promotes intra-

cellular accumulation of tetracycline.

Since PMF is required for driving efflux activities, the effect of the combination
of SB and Tet on the efflux activities was determined using the EtBr eftlux assay. EtBr
is a substrate for many efflux pumps and is widely used to monitor the inhibition of
drug efflux in bacteria. The fluorescence signal of EtBr is higher after its intercalation
into bacterial DNA; thus, an increase in the fluorescence signal indicates its intracel-
lular accumulation, reflecting impaired efflux activity. The accumulation of EtBr in
bacterial cells increased in a dose-dependent manner after adding SB, with values com-
parable to those of the positive control, CCCP, which is an established PMF modulator
(Fig.6.7). The fluorescence intensity of cells treated with SB increased significantly,
indicating the accumulation of EtBr in the cells due to the inhibition of efflux pumps.

Markedly, the combination of SB and Tet inhibited the efflux pumps' activity more
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significantly than the positive control CCCP (Fig.6.7), confirming that SB and Tet act
synergistically in inhibiting EtBr efflux.
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Fig.6.7. Combination of SB and Tet inhibits efflux pumps activity. Accumulation of eth-
idium bromide (EtBr) was used to assess the activity of efflux pumps induced by SB (22mg/ml), Tet
(4 pg/ml), combinationof SBand Tet (2.2mg/ml + 4pg/ml). All data are presented as mean + SD, and
the significances were determined by nonparametric one-way ANOVA (**p<0.01,
**%p<0.001)

The ability of tetracyclines to inhibit bacterial protein synthesis is essential for
their antibacterial activity; therefore, it is important to ensure sufficient drug accumu-
lation within bacterial cells. The high susceptibility of V. cholerae IDH1986 to tetra-
cycline in the presence of SB may be due to its increased intracellular concentration.
To verify this possibility, the level of tetracycline in the cells of IDH1986 was deter-
mined using the tetracycline accumulation assays. As shown in Fig.6.8, the presence
of SB led to an increase in intracellular tetracycline levels in V. cholerae IDH1986 in

a concentration-dependent manner.
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Fig.6.8. Combination of SB and Tet increases the intracellular accumulation of Tetracy-
cline. Increased intracellular accumulation of tetracycline in V. cholerae strain IDH1986
caused by SB in a dose-dependent manner. All data are presented as mean + SD, and the
significances were determined by nonparametric one-way ANOVA (*p<0.05, **p<0.01).
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6.7. Combination of SB and Tet showed potent anti-virulence activity.

The secretory diarrhoea caused by V. cholerae is attributed to two major viru-
lence factors, Cholera enterotoxin (CT) and adhesion factor (TcpA), which facilitate
infection in the host. Since our previous study has already shown that SB possesses
strong anti-CT and anti-TcpA activity, we aimed to test the anti-virulence activity of
SB against V. cholerae strain IDH1986 and whether combining SB with Tet enhances
its anti-virulence effect. Firstly, we explored the classical GM1-CT ELISA for detect-
ing the secreted CT level in the supernatant of bacterial cultures grown in the presence
of SB (0.55 mg/ml), Tet (0.125 pg/ml) or a combination of SB (0.55 mg/ml) and Tet
(0.125 pg/ml). As shown in Fig.6.9A, no change in CT production was observed in
cells treated with 0.125 pg/ml of Tet; treatment with 0.55 mg/ml of SB resulted in 2-
fold reduction in CT production compared to untreated control; while combining SB
(0.55 mg/ml) with Tet (0.125 pg/ml) resulted in > 5-fold reduction in CT production
compared to the untreated control or single treatment. Next, we determined whether
the combination of SB and Tet can affect the adhering ability of V. cholerae IDH1986
to HT-29 cell line. In the presence of 0.125 pg/ml of Tet there was no significant
change in the adhesion of V. cholerae to HT-29; in the presence of 2.2 mg/ml of SB
the adhering ability was reduced by 2-fold; while combining SB (2.2 mg/ml) with Tet
(0.125 pg/ml) resulted in > 4-fold reduction in adhering ability of V. cholerae to HT-
29 compared to the untreated control or single treatment (Fig.6.9B). The adhering
ability of V. cholerae to HT-29 cells under different treatment conditions was also
confirmed by using GFP-labelled V. cholerae. The fluorescent microscopic images of
GFP-labelled V. cholerae bound to HT-29 cells also revealed a similar pattern of
change where the combination of SB and Tet affected the adhering ability of V. chol-
erae to HT-29 to a greater extent than untreated control or single treatment (Fig.6.9C).
Since the adhesion of V. cholerae to HT-29 cells is highly dependent on TcpA,
IDH1986 cultures grown under different treatment conditions were also analyzed for
TcpA expression by immunoblot. As shown in Fig.6.9D, it is evident that the expres-
sion levels of TcpA in cells treated with 0.125 pg/ml of Tet was almost similar to
untreated control; in the presence of 2.2 mg/ml of SB the TcpA levels was decreased
by 2-fold; while combining SB (2.2 mg/ml) with Tet (0.125 pg/ml) resulted in >4-fold

decrease in TcpA levels compared to untreated control or single treatment.
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To understand the underlying mechanism behind the reduced production of CT
and TcpA, qRT-PCR was used to measure the expression levels of cholera toxin-en-
coding ctxAB and pilus-encoding fcpA genes in V. cholerae IDH1986. The expression
of ctxAB and tcpA in cells treated with 0.125 pg/ml of Tet was similar to untreated
control; in the presence of 2.2 mg/ml of SB the expression of ctxAB and fcpA was
downregulated by 2.5-fold; while in cells treated with both SB (2.2 mg/ml) and Tet
(0.125 pg/ml), the expression of ctxAB and tcpA was significantly downregulated by

>5-fold compared to the untreated control or single treatment (Fig.6.9E).
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Fig.6.9. Inhibitory effects of SB-Tet combination on the virulence attributes of V. chol-
erae IDH1986. A) ELISA measured CT expression levels in V. cholerae IDH1986 from the
samples grown in AKI media with SB (0.55mg/ml), Tet (0.125ug/ml), or combination of SB
and Tet (0.55mg/ml+0.125ug/ml). One-way ANOVA was performed. B) V. cholerae
IDH1986 was grown to mid-log phase, and optical density was adjusted to 1. HT-29 cells were
grown in 12-well cell-culture plate to 70% confluency. The cells were then infected at 100
MOIL. After incubation at humidified 37 °C incubator for 1h, the cell-culture plate was washed
with PBS to remove unbound bacteria, and bound bacteria were collected and enumerated by
plating on streptomycin-supplemented LA plates. Graphical representation of V. cholerae
IDH1986 bound to HT-29 cells in the presence of SB (2.2mg/ml), Tet (0.125pg/ml) or com-
bination of SB and Tet (2.2mg/ml and 0.125pg/ml) C) Fluorescent microscopy images of
bound bacteria with HT-29 cells. D) Expression of major adhesion protein TcpA of V. cholerae
IDH1986 measured by western blot of cells grown in the presence of SB (2.2 mg/ml), Tet
(0.125pg/ml) or combination of SB and Tet (2.2 mg/ml+0.125pg/ml). DnaK was used as a
loading control. Densitometric analyses are graphically represented. Student’s #-fest was per-
formed. All data are expressed as mean + S.D from three biological replicates. Significance
levels were denoted as *for P < 0.05, xxx for P < 0.001, »+xxfor P < 0.0001. E) Relative
expression of major virulence genes ctx4, ctxB and tcp4 was analyzed by real-time PCR. Sig-
nificance was calculated by one-way ANOVA. Significance levels were denoted as #xp<0.01,
*xxp<0.001
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6.8. SB-Tet combination synergistically reduces virulence in animal

models of cholera

Given that the combination of SB and Tet displayed excellent synergistic bacte-
ricidal and anti-virulence activity against V. cholerae in vitro, we reasoned that SB
would be effective in reducing tetracycline resistance in vivo and thereby restore its
clinical efficacy. Firstly, we determined the combinatorial effect of SB and Tet on
intestinal colonization of V. cholerae IDH1986 in suckling mouse model. In suckling
mice colonization experiment in which mice were infected with 1x10°> CFU of tetra-
cycline resistant IDH1986, treatment with 8 pg/ml of Tet showed no change on the
intestinal colonization of V. cholerae; intestinal colonization in SB-treated mice (4.4
mg/ml) was reduced by two orders of magnitude; whereas in mice treated with both
SB and Tet (4.4mg/ml and 8pug/ml) the intestinal colonization was reduced by four
orders of magnitude compared to the untreated mice (Fig.6.10A4). Next, we checked if
the combination of SB and Tet could protect suckling mice infected with IDH1986
strain. For this purpose, the mice were challenged with 5x10” CFU of the tetracycline-
resistant IDH1986 and oral administration of the drugs. Mortality monitored for
48 hours showed that 90% of mice infected with IDH1986 strain succumbed within 22
h postinfection (Fig.6.10B). Treatment with 4.4 mg/ml of SB could effectively protect
40% of infected mice, while treatment with 8pg/ml of Tet could protect 15% of in-
fected mice (Fig6.10B). However, the combination of 4.4 mg/ml SB and 8ug/ml Tet
could effectively rescue 50% of infected mice within 48 h postinfection (Fig.6.10B).

The effects of SB-Tet combination on fluid accumulation (FA) and CT produc-
tion by V. cholerae IDH1986 were also assessed in the rabbit ileal loop model
(Fig.6.10C-E). FA (fluid accumulation) ratio of Tet treatment loop (8ug/ml) is almost
similar to untreated loop; FA (fluid accumulation) ratio of SB treatment showed 7-fold
reduction in fluid accumulation compared to the untreated loop; while combination of
SB (4.4 mg/ml) and Tet (8pug/ml) showed 15-fold reduction in fluid accumulation com-
pared to the untreated loop (Fig.6.10D). Similarly, the CT level was reduced by 4-fold
in SB treated loop (4.4 mg/ml) compared to the untreated loop, while the CT level was
markedly reduced by 12-fold in the loop that received combination of SB (4.4 mg/ml)
and Tet (8pug/ml) compared to the untreated loop (Fig.6.10E).
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Fig.6.10. The efficacy of SB-Tet in animal models of cholera. A) Effect of drugs on bacterial
colonization in 4 to 5-day-old suckling BALB/c mice (n=12 per group). The mice were oro-
gastrically challenged with 1 x 10> CFU of V. cholerae strain IDH1986 with or without drugs
[SB (4.4mg/ml), Tet (8ug/ml), and combination of SB and Tet (4.4mg/ml+8ug/ml)] and kept
at 30 °C for 18 h. Bacterial colonization was estimated as CFU/intestine and graphically rep-
resented. Each circle represents an individual mouse. Horizontal lines are medians. Signifi-
cance was determined by Mann—Whitney U test (n=12 per group). Significance levels (com-
pared to controls challenged without any drug) were denoted as ns=nonsignificant, **# for P
< 0.001. B) The mice were orogastrically challenged with 5x107 CFU of V. cholerae strain
IDH1986 with or without drugs [SB (4.4mg/ml), Tet (8ug/ml), and combination of SB and
Tet (4.4mg/ml+8ug/ml)] and the survival rate was measured after 48 h. C) Each loop was
injected with 1x10° CFU per ml V. cholerae IDH1986 with or without drug [SB (4.4mg/ml),
Tet (8ug/ml), and combination of SB and Tet (4.4mg/ml+8ug/ml)] and loop injected only
with PBS served as negative control loop. After 18 h, the animals were euthanized, and the
loops were removed. Representative image of recovered rabbit intestine segment with infected
loop at 18 h after infection. D) Fluid accumulation per unit area (F/A) ratio of each loop was
evaluated and graphically represented as mean + S.D. (n = 3). C) The accumulated fluid sam-
ples from the ileal loops were used to measure the CT production by ELISA.
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Olibeussion

holera has long been one of the harmful diseases, with outbreaks documented
since 1817 (Pollitzer et al., 1954). In 1849, Sir John Snow linked cholera to contami-
nated water, shaping our understanding of its transmission. The disease persists in en-
vironmental sources between outbreaks but has declined globally due to increased
awareness, hygiene, and access to safe water. According to WHO, cholera affects 1 to
4 million people annually, causing 21,000 to 143,000 deaths(Ganesan et al., 2019),
though cases dropped by 60% in 2018 (WHO, 2019). Treatment primarily involves

electrolyte replacement, and antibiotics are used in some cases.

The inappropriate and excessive use of antibiotics led to the emergence of mul-
tidrug-resistant (MDR) epidemic bacterial strains. Antibiotic-resistant V. cholerae is
increasingly prevalent worldwide (Verma et al., 2019) An extensive review by Kitaoka
et al. (2011) highlighted major drug-resistant V. cholerae strains reported in various
countries. This resistance primarily arises from the frequent acquisition of extrachro-
mosomal mobile genetic elements through horizontal gene transfer from other bacte-

rial species (Das et al., 2020; Narendrakumar et al., 2019; Verma et al., 2019).

Traditional antimicrobials, which are often bacteriostatic or bactericidal, can fur-
ther induce the development of MDR strains. Increasing antibiotic resistance poses a
significant global public health challenge, contributing to rising healthcare costs.
Therefore, there is an urgent need for novel treatment strategies that effectively target
pathogenic bacteria without disrupting the normal gut microbiota. There are also vac-
cines against V. cholerae but efficacy of vaccines is not 100% (Sen Gupta et al., 2016).
Promising alternative approaches include bioactive compounds, small molecules, and
plant or herbal extracts, specifically targeting bacterial virulence factors, offering a

potential solution to combat antibiotic resistance.

Anti-virulence drugs are gaining recognition as an innovative approach in com-
bating infectious diseases by employing strategies distinct from traditional antibiotics.
Instead of directly killing pathogens, these drugs neutralize them by targeting their
virulence factors, allowing the immune system to effectively eliminate infection (Roca

et al., 2015). This approach mitigates several drawbacks of antibiotics, as it reduces
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selective pressure for resistance and minimizes the elimination of beneficial gut mi-
crobiota. Previous studies have identified various small molecules, such as toxtazin B,
unsaturated fatty acids, and ribavirin that inhibit virulence gene regulatory cascades
(Anthouard et al., 2013; Mandal et al., 2016; Withey et al., 2015). Additionally, several
herbal products and bioactive compounds have demonstrated potent anti-virulence ac-
tivity. For example, 6-gingerol prevents cholera toxin (CT) from binding to GM1 re-
ceptors (Sahaetal., 2013), while zinc oxide nanoparticles disrupt the toxin’s secondary
structure (Sarwar et al., 2017). Other inhibitors, including carbohydrate-based com-
pounds (Kumar et al., 2018) and fucosylated molecules (Wands et al., 2018), interfere
with cholera toxin activity. Furthermore, probiotic treatments using Bdellovibrio bac-
teriovorus and Micavibrio aeruginosavorus have shown promise in reducing the
spread of antibiotic resistance in V. cholerae, offering a novel and sustainable thera-

peutic strategy against bacterial infections (Dashiff et al., 2011).

In this study, we screened various compounds, including sugar molecules, phy-
tochemicals, and small molecules (S. Wang et al., 2015), for their effects on the
growth, motility, adhesion, and cholera toxin (CT) production of V. cholerae. These
molecules were selected based on a comprehensive literature review. Among them,
the short-chain fatty acid sodium butyrate, a microbial metabolite produced through
the fermentation of dietary fibers in the colonic lumen, demonstrated significant inhi-
bition of V. cholerae virulence both in vitro and in vivo. We conducted a detailed in-
vestigation for sodium butyrate’s effect on various virulence factors involved in V.
cholerae pathogenesis. Other inhibitory compounds such as ribose, arabinose, euge-
nol, totarol, quercetin, basil oil decreased the mucin penetrating ability of V. cholerae.
Ursolic acid and betulinic acid reduced adhesion efficiency, while totarol, geraniol,
and eugenol notably suppressed cholera toxin (CT) production. Additionally, melibi-
ose, arabinose, and ursolic acid effectively inhibited biofilm formation. These findings
suggest that these inhibitory molecules may interfere with V. cholerae adhesion, mo-
tility, and toxin production, thereby reducing its overall pathogenicity. Based on their
therapeutic potential, these compounds could serve as dietary additives to mitigate the
risk of V. cholerae infection. Further studies are needed to optimize their use, either
individually or in combination, at minimal effective doses to combat V. cholerae path-

ogenesis.
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Sodium butyrate is a short-chain fatty acid produced through the fermentation of
dietary fibers in the colonic lumen. It exhibits potent anti-microbial and anti-virulence
activity against a range of pathogenic bacteria, including Salmonella typhimurium,
Clostridium perfringens, Escherichia coli, Staphylococcus pseudointermedius, Aci-
netobacter baumannii, Vibrio campbellii, and Vibrio parahaemolyticus (Defoirdt et
al., 2018; Kennedy et al., 2019; Namkung et al., 2011; W. Zhu et al., 2022). Studies
have demonstrated that sodium butyrate possesses antibacterial, anti-inflammatory,
and antioxidant properties (Zhang et al., 2021). Additionally, it plays important role in
modulating host immunity and impairs the colonization ability of various enteric path-
ogens in intestinal epithelial cells (Zhang et al., 2021) (Fig.7.1). Notably, in colorectal
cells, butyrate treatment has been shown to induce the production of antimicrobial

peptide cathelicidin (Du et al., 2021), further contributing to its protective effects.

Colonocyte Energy Source GPCR Activation - Colonocytes
1 Proliferation N Proliferation
J' Apoptosis 1 Anti-inflammatory signaling
1 Aerobic metabolism N Immune response to pathogens

1 Colon homeostasis

Butyrate
HDAC Inhibition GPCR Activation — Immune cells
J Inflammation Regulates production and secretion
Regulates gene expression involved of cytokines
in proliferation, differentiation, 1 Regulatory T cell differentiation
apoptosis, and wound healing < Inflammatory response

Fig.7.1. Summary of butyrate mechanisms of action. Butyrate plays an important role
in maintaining intestinal homeostasis through different mechanisms: as an energy source
for colonocytes, via HDAC inhibition, and GPR activation in colonocytes and immune
cells [Source: (Hodgkinson et al., 2023)].

Despite extensive research on sodium butyrate in recent years, its anti-virulence
effects against V. cholerae have not yet been reported. In this study, we investigated
the effect of sodium butyrate on the virulence factors of V. cholerae, with a particular
focus on cholera toxin (CT) and the adhesion factor TcpA. We assessed its anti-viru-

lence activity both in vitro and in vivo using suckling mice and rabbit ileal loop models.
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Our findings demonstrate that sodium butyrate significantly reduced the expression of
CT and TcpA under both conditions. Furthermore, we explored the potential molecular
mechanisms underlying sodium butyrate-mediated inhibition of virulence gene ex-

pression in V. cholerae.

In this present study, we examined the sub-inhibitory concentrations of SB on V.
cholerae to access its wide range of biological functions under pathogenic conditions.
According to our experimental findings, SB at sub-MICs strongly suppressed the vir-
ulence attributes without significantly attenuating the growth of V. cholerae. So, we
performed all the experiments at sub-MICs (1/2 MIC and lower) to study the inhibitory
role of SB against V. cholerae. Additionally, it was also ensured that at a specific op-
tical density (O.D) both SB-treated and SB-untreated V. cholerae cultures possess
equal number of viable bacteria thereby ruling out the possibility of growth-reducing
effects of SB on bacteria. V. cholerae is transmitted to humans through the ingestion
of contaminated food and water. Upon entering the host, it survives the acidic envi-
ronment of the stomach and colonizes the small intestine, where it penetrates the mu-
cous barrier and adheres to the microvilli of epithelial cells. Following adhesion, the
bacteria release cholera toxin (CT), the primary factor responsible for clinical mani-
festations of cholera. Based on this pathogenic mechanism, our study focused on in-

vestigating the anti-CT and anti-TcpA effects of sodium butyrate.

This study demonstrated that sodium butyrate impaired the adherence of V. chol-
erae to epithelial cells and inhibited the expression of cholera toxin (CT). We also
evaluated the effect of SB on two multidrug-resistant clinical isolates of V. cholerae.
Notably, SB effectively suppressed CT production in both isolates. Our findings are in
accordance with previous studies showing that various bioactive phytochemicals, such
as capsaicin and anethole (Erfanimanesh et al., 2018; Zahid et al., 2015) exert anti-
virulence effects against V. cholerae by inhibiting cholera toxin production. Addition-
ally, unsaturated fatty acids (UFAs) present in bile and several conjugated UFA deriv-
atives have been identified as potent repressors of CT expression in V. cholerae

(Plecha & Withey, 2015; Withey et al., 2015)

Based on our initial findings on CT production and adhesion, we further focussed
the effect of SB at the gene level and extended our study to uncover its precise mech-

anism of action. In the canonical V. cholerae virulence regulation model, gene
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expression follows a three-tiered cascade. First, AphA and AphB activate TcpPH,
which, in synergy with ToxRS, induces the transcription of the master regulator foxT.
ToxT then activates the expression of key virulence factors: fcp (toxin co-regulated
pilus, responsible for adhesion) and czx (cholera toxin gene, encoding major toxin pro-
teins like CtxA/B (Matson et al., 2007) (Fig.7.2). These genes serve as prime targets

for novel inhibitors because they play critical role in bacterial virulence.
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Fig.7.2. The Vibrio cholerae ToxR virulence regulon. In response to low cell density and
low oxygen tension, the AphA and AphB transcription factors bind to the promoter and acti-
vate transcription of the tcpPH operon. TcpP/H and ToxR/S then bind to the toxT promoter to
induce its transcription. ToxT then activates the transcription of multiple virulence genes in-
cluding the genes encoding for production of cholera toxin (CT) and the toxin co-regulated
pilus (TCP). ToxR/S, independently of TcpP/H, also modulates transcription of outer mem-
brane porins OmpU and OmpT [Source: (Bina et al., 2023)].

Quantitative RT-PCR analysis revealed significant downregulation of ctx4B and
tepA transcripts in the presence of SB, while the transcript levels of toxRS, tcpPH, and
the master regulator fox7 remain unaffected. To validate these findings, we further
examined ToxT and TcpA protein expression levels. The unchanged ToxT levels at
both RNA and protein levels suggest that SB-mediated inhibition occurs either post-
translationally or during promoter binding. Notably, previous studies on small mole-

cules such as virstatin and bile salts against V. cholerae have reported similar effects
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(Hung et al., 2005; Plecha & Withey, 2015). These findings indicate that the reduction
in CT and TcpA production may result from SB-induced dysregulation of ToxT bind-
ing to its target promoters. This hypothesis was strongly supported by two key protein-
DNA interaction assays, ChIP and EMSA, which demonstrated that SB binds to ToxT
and restricts its interaction with the 7cp4 promoter. To assess the specificity of SB, we
tested another butyrate derivative, tributyrate (TB), but observed no interaction be-
tween TB and ToxT, reinforcing the unique specificity of SB. To further elucidate the
molecular mechanism, we performed docking analysis to investigate the interaction
between ToxT (target) and SB (ligand). Our results identified two critical residues,
Lys31 and Lys230, forming conventional hydrogen bonds with the carboxyl group of
SB. Previous studies on the crystal structure of ToxT co-purified with UFA (cis-pal-
mitoleate) have shown that lysine-carboxylate interactions play a crucial role in stabi-
lizing the bound conformation of ToxT (Lowden et al., 2010). Consistently, our dock-
ing analysis revealed a low binding energy (-7.68 kcal/mol), indicating a highly fa-
vourable ligand-target interaction. Altogether, these data suggest that SB interacts with
ToxT in a way that locks it into a “closed” conformation, thereby preventing DNA
binding. These findings align with previous reports showing that unsaturated fatty ac-
ids inhibit ToxT binding to promoter elements (Cruite et al., 2019; Woodbrey et al.,
2017).

Our RNA-seq data further supports the observations that SB attenuates czx and
tep gene expression in a ToxT-dependent manner. Interestingly, we also observed an
increase in the expression of biofilm-related genes. While this may seem contradictory,
similar patterns have been reported in previous studies, where anti-virulence agents
downregulate fcp and ctx expression while simultaneously upregulating biofilm-asso-
ciated genes (Perez-Soto et al., 2017; B. X. Wang et al., 2023). Additionally, SB sig-
nificantly reduced the expression of accessory virulence genes critical for V. cholerae
pathogenesis, including AlyA (hemolysin), acf4 (accessory colonization factor), and
zot (zonula occludens toxin). This broad dysregulation of virulence factors, particu-
larly ctx and tcp, suggests a potential reduction in V. cholerae pathogenicity. These
findings suggest that targeting ToxT emerges as a highly promising strategy for anti-

virulence dependent intervention.

The demand for alternative therapeutics with minimal side effects for treating V.

cholerae infections remains high. A group of researchers identified sulfonamides, a
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widely used class of bacteriostatic agents, that inhibit cell growth by interfering with
folic acid biosynthesis (Ovung et al., 2021). These compounds exhibit broad-spectrum
activity against both Gram-negative and Gram-positive bacteria, as well as certain pro-
tozoa (Ovung et al., 2021). In V. cholerae, sulfonamides demonstrate both antibacterial
and anti-virulence properties by inhibiting the metalloenzyme carbonic anhydrase.
This inhibition reduces bicarbonate production, which in turn affects ToxT activity,
the master regulator of virulence factors (Gheibzadeh et al., 2024; Nocentini et al.,

2023; Supuran, 2011).

However, a major limitation of sulfonamides is their non-selective inhibition of
human carbonic anhydrase isoforms, which can lead to serious side effects. These in-
clude metabolic acidosis, kidney stones, and in rare cases, severe conditions such as
Stevens-Johnson syndrome (SJS) and toxic epidermal necrolysis (Ferraroni et al.,

2017).

In contrast, sodium butyrate has been extensively reported to exert beneficial
effects on the host by maintaining intestinal homeostasis through the modulation of
gene expression and signaling pathways (Hodgkinson et al., 2023; Recharla et al.,
2023). It supports normal intestinal function by serving as an energy source for colon-
ocytes, promoting their proliferation, and enhancing gut motility and blood flow, all
of which are essential for digestion (Hodgkinson et al., 2023). Additionally, butyrate
has been shown to alleviate obesity-related complications by strengthening the intes-
tinal barrier through tight junction regulation, thereby reducing inflammation and im-

proving metabolic health (Fang et al., 2019; Zhou et al., 2017).

Beyond its role in gut health, butyrate also exhibits antibacterial activity against
various Gram-positive and Gram-negative bacteria, including Acinetobacter bau-
mannii, Bacillus anthracis, Bacillus subtilis, and Staphylococcus epidermidis (Du et
al., 2021). Our study demonstrated that SB exerts anti-virulence activity against V.
cholerae by directly binding to ToxT and inhibiting its function, leading to the down-

regulation of genes in the zcp and ctxAB operons.

Despite its numerous benefits, SB is not without potential drawbacks. Some
studies have reported a paradoxical effect of butyrate on glucose and lipid metabolism.
While butyrate has been shown to alleviate diet-induced obesity in mice (Hong et al.,

2016), other reports suggest that short-chain fatty acids (SCFAs), including butyrate,
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may contribute to obesity in humans by promoting lipid biosynthesis from acetyl-CoA,
fatty acids, and ketone bodies (Birt et al., 2013; H. Liu et al., 2018). Additionally,
butyrate can influence appetite and eating behaviour by stimulating the vagus nerve
and the hypothalamus, as it can cross the blood-brain barrier (Gagliano et al., 2014;

van de Wouw et al., 2017).

Overall, these findings highlight the therapeutic potential of SB in treating V.
cholerae infections due to its antibacterial and anti-virulence properties. However, it’s
possible metabolic effects require further investigation to optimize its application in

targeted therapeutics.

The rationale for using sodium butyrate as a therapeutic arises from its endoge-
nous production through fermentation, where it plays a crucial role in modulating the
gut microbiota by supplying energy to intestinal cells, inhibiting harmful bacteria, and
regulating immune-related genes. As a U.S. Food and Drug Administration-approved
compound (Butyric acid —21CFR182.60), butyrate has been used to treat autoimmune
disorders, cancer, and neurological diseases (X. Chen et al., 2017; Kim et al., 2020; F.

Wang et al., 2020).

Butyrate is well-documented to promote intestinal epithelial barrier function and
modulate the host mucosal immune system (Jiminez et al., 2017). Notably, butyrate
enhances mucosal barrier integrity and stimulates the secretion of antimicrobial pep-

tides (AMPs), thereby limiting pathogen proliferation (Chen et al., 2020).

In our study, sodium butyrate treatment significantly reduced V. cholerae colo-
nization in suckling mice. Since colonization in mammalian hosts relies heavily on
TCP expression, specifically its major subunit, TcpA, mutants lacking 7cpA are signif-
icantly less competitive than wild-type strains (Chiang et al., 1998; Merrell et al.,
2002). Our findings revealed a substantial reduction in fcpA levels in the presence of
sodium butyrate, which likely accounts for the observed decrease in V. cholerae colo-
nization. This result corroborates with a previous report where butyrate administration

affected the colonizing ability of Salmonella (Chu et al., 2020; Onrust et al., 2020).

Moreover, SB also suppressed cholera toxin (CT) production and prevented fluid
accumulation in the rabbit ileal loop. In contrast, another butyrate derivative, tributyr-

ate (TB), was ineffective in reducing V. cholerae virulence in animal models. In
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accordance, our in vitro studies demonstrated SB-mediated inhibition of ToxT activity,
while TB showed no such effect. Therefore, we hypothesize that SB attenuates V. chol-

erae virulence in vivo by specifically targeting ToxT.

These findings strongly suggest that SB effectively reduces V. cholerae viru-
lence, potentially mitigating disease severity and duration. Altogether, these suggest
that sodium butyrate is able to abrogate V. cholerae colonization in the small intestinal
mucosa. Therefore, dietary supplementation of SB during V. cholerae infection, par-
ticularly in nutritionally deprived environments, could help reduce bacterial coloniza-
tion and toxin production without causing adverse effects on the host. There are several
reports regarding in vitro inhibition of ToxT activity by unsaturated fatty acids and

bile, but there is still a scarcity of validation in vivo models.

While our study demonstrates the protective effects of sodium butyrate against
V. cholerae, it is important to acknowledge certain limitations that needs further in-
vestigation. Firstly, our molecular docking analysis predicted the binding site of SB
on ToxT. However, a more detailed structural analysis is necessary to precisely deter-
mine the binding position and its impact on DNA-binding ability of ToxT. Secondly,
although our results indicate a downregulation of virulence genes, they do not fully
explain the observed increase in biofilm-associated genes. Further research is needed
to elucidate the molecular pathways linking these differential gene expression patterns.
Thirdly, while our in vivo studies in suckling mice and rabbit ileal loop models pro-
vided valuable insights, these models have inherent limitations. Suckling mice lack a
fully developed immune system and do not exhibit severe diarrhea, making it difficult
to assess host factors involved in the secretory response. On the other hand, the rabbit
ileal loop model involves a closed intestinal loop, which bypasses the natural infection
route and key physiological processes such as peristalsis. To confirm our findings,
future research should employ improved mammalian models that better mimic human

V. cholerae infections.

In conclusion, this study reports that SB inhibits ToxT activity, in V. cholerae.
This is the first report of direct binding of SCFA, butyrate, to a virulence regulator in
V. cholerae. Mitigation of V. cholerae virulence without reducing bacterial burden
may also reduce the development of antibiotic resistance. Furthermore, the homology

of ToxT with other virulence regulators in different pathogenic bacteria could facilitate
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the development of broad-spectrum anti-virulent agents (Midgett et al., 2021; Trirocco
et al., 2023). Such therapeutics would offer a new option to treat MDR bacterial in-

fections (Fig.7.3).
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Fig.7.3. Model showing the inhibition of virulence cascade in V. cholerae by SB. The vir-
ulence cascade in V. cholerae is tightly regulated. TcpPH forms an inner membrane complex
with ToxR and ToxS to activate the transcription of tox7. ToxT activates the transcription of
tcpA-F, which encodes the toxin coregulated pilus, and ctx4 B, which encodes the cholera toxin
subunits. Based on our experiments, we propose that SB inhibits the binding of ToxT protein
to the promoter region of 7cpA /ctxAB and eventually inhibits cholera toxin and fcpA produc-
tion.



Discussion | 136

As antibiotic resistance continues to rise, combating this problem demands both
the development of new antimicrobial agents and preserving the efficacy of existing
antibiotics (Melander et al., 2017) (Fig.7.4). One promising and increasingly recog-
nized strategy involves the identification of novel adjuvants that can restore antibiotic
activity and improve clinical outcomes for patients with infectious diseases. Moreover,
repurposing non-antibiotic drugs as adjuvants offers time and cost-effectiveness com-

pared to de novo development (Melander et al., 2017).
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Fig.7.4. Mechanisms by which different types of adjuvants can potentiate antibiotics
[Source: (Dhanda et al., 2023)].

In particular, the inhibitors of -lactamases such as clavulanic acid have been
widely used in clinics for decades, effectively enhancing the antibacterial activity of
penicillin and cephalosporin antibiotics (Cole et al., 1977). Recently, the combination
of statins and penicillin was reportedly more effective in controlling methicillin-re-
sistant S. aureus than penicillin monotherapy, as statins can help penicillin penetrate
cells to disable PBP2a oligomerization by disrupting the structure of the bacterial
membrane (Garcia-Fernandez et al., 2017). Additionally, the antiprotozoal drug pen-
tamidine, which functions as a membrane disruptor, can potentiate the activity of hy-

drophobic antibiotics and help overcome acquired resistance to colistin (Stokes et al.,
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2017). These existing examples encourage us to investigate the potential adjuvant ac-
tivity of sodium butyrate to enhance the antibacterial activity of antibiotics via differ-
ent mechanisms. Sodium butyrate exhibits antibacterial, anti-inflammatory, and anti-
oxidant properties, while also playing a crucial role in modulating host immunity and
inhibiting the colonization of enteric pathogens in intestinal epithelial cells (Zimmer-
man et al., 2012). Moreover, we have demonstrated that SB exhibits potent anti-viru-
lence activity against V. cholerae infections (Kundu et al., 2025). Although multiple
functions of SB in various aspects have been documented, at present, there is currently
limited information about the synergistic antibacterial activity between SB and other
compounds, except that cyclic AMP synergizes with butyrate in promoting -defensin
9 expression in chickens leading to enhanced immune response against bacterial in-
fections (Sunkara et al., 2014). In this study, we investigated the synergistic potential
of SB in combination with conventional antibiotics and found that SB selectively en-

hanced the antibacterial activity of tetracycline against V. cholerae.

Infections caused by this bacterium remain a challenging public health problem
due to the emergence of widespread drug-resistant strains (Boucher et al., 2009). As
one of the “big four” classes of antibiotics, tetracyclines have been used for the treat-
ment of infections caused by a variety of pathogens, including Gram-positive and
Gram-negative bacteria (Grossman, 2016; Nguyen et al., 2014; Thaker et al., 2010).
However, the increased resistance to these antibiotics together with their toxicity has
limited the use of these groups of antibiotics in the clinic (Grossman, 2016; Nguyen et
al., 2014; Thaker et al., 2010). Currently, tetracyclines are mainly used as anti-staph-
ylococcal agents, particularly for treating skin and skin structure infections (Gelmetti
et al., 2008; Ruhe et al., 2005). In this study, we demonstrated that SB effectively
potentiates the activity of tetracycline against V. cholerae. This was established
through multiple evaluation assays, including a checkerboard assay whose primary
screening identified that SB had a synergistic activity with tetracycline against V. chol-
erae, along with the utilization of time-kill kinetics assay that provided significant ev-
idence regarding the synergistic effect of SB combination with tetracycline. It was also
confirmed that SB in combination with Tetracycline resulted in collapsed and visibly

lysed/destroyed bacteria, indicative of disrupted bacterial cell membrane integrity.

In bacteria, the electron transport chains generate an electrochemical gradient of

protons across the cell membrane, known as the proton motive force (PMF), by
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actively translocating protons (Farha et al., 2013). It was found that the PMF is essen-
tial for the production of ATP via the FoFi-ATPase complex, and its dissipation effec-
tively halts ATP production (Farha et al., 2013). Consistent with this, the addition of
SB to tetracycline inhibits the function of PMF, resulting in a marked decrease in in-
tracellular ATP levels. Hence, we hypothesize that the mechanism underlying the ob-
served bacterial inhibition may involve the collapse of the PMF, which is critical for
maintaining vital cellular processes such as ATP generation (Paul et al., 2008). Con-
sidering that ATP acts as the primary energy source for almost all biological processes,
ATP could be regarded as the metabolic reporter (Lopatkin et al., 2019). Thus, the
reduction in intracellular levels of ATP induced by SB and Tet combination could
cause perturbations to bacterial metabolic homeostasis or even death. We further as-
certained the inhibitory effect of SB and tetracycline on bacterial efflux pumps by the
EtBr efflux pump accumulation assay. The results observed in this study suggested
that the activity of the efflux pump was significantly inhibited by the addition of SB
in both single or combination treatments. Prior studies have shown that drugs such as
metformin, and loperamide reduced the functions of PMF-driven efflux pumps in re-
sistant bacteria (Ejim et al., 2011; Y. Liu et al., 2020). Therefore, the observed efflux
pump inhibition is particularly noteworthy, as it may enhance intracellular drug accu-

mulation and restore the efficacy of antimicrobials against resistant strains.

An intriguing phenomenon was the potentiation of SB only on tetracyclines
against V. cholerae but not on other antibiotics (ciprofloxacin, streptomycin, ampicil-
lin, azithromycin, chloramphenicol, gentamicin). Antibiotic efflux pumps widely dis-
tributed in various bacterial species are membrane transport proteins that can be spe-
cific for a single substrate (for example, TetA in E. coli selectively excludes tetracy-
cline) or capable of pumping out a wide range of structurally diverse substrates (for
example, NorA can extrude several distinct classes of antibiotics) (Sharma et al.,
2019). The latest tally shows that a total of 36 distinct tetracycline-specific efflux
pumps has been characterized in Gram-negative and Gram-positive bacteria (Chopra
etal., 2001). The most common tetracycline-specific efflux pumps are members of the
major facilitator superfamily (MFS) of transporters (Schnappinger et al., 1996; Gross-
man et al., 2016). In V. cholerae, tetracycline-specific pumps called TetA and TetG
have been described (Das et al, 2019; Samal et al., 2025). In this study, the potentiation

of SB only on tetracyclines may be due to its inhibition of an efflux pump such as
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TetA, TetG, or other unknown transporters. However, whether the selectively en-
hanced antibacterial effects of SB on tetracyclines are related to its specific efflux

pump inhibition activity remains to be further clarified.

Survival stress experienced by pathogens plays a critical role in driving pheno-
typic switching from wild type to tolerant or resistant forms (Dawan et al., 2020).
Therefore, evaluating whether repeated exposure to a test compound can induce toler-
ance or resistance is essential. Although it is currently not feasible to assess this di-
rectly in human infections, we addressed this by serially passaging V. cholerae in the
presence of the test compounds over an extended period in tube cultures. The results
indicated that, unlike tetracycline alone, the SB-Tet combination did not induce re-
sistance in V. cholerae, suggesting that this combination may effectively reduce the
risk of de novo emergence of tetracycline resistance. However, these preliminary find-
ings should be confirmed with a broader range of clinical isolates, concentrations, and

exposure durations to draw more definitive conclusions.

In our previous study, we demonstrated the anti-virulence properties of SB
against V. cholerae, showing that it effectively reduced the expression of key virulence
factors such as cholera toxin (CT) and toxin-coregulated pilus A (TcpA) (Kundu et al.,
2025). Notably, in the present study, the combination treatment resulted in a more
substantial reduction in virulence gene expression compared to SB monotherapy. Con-
focal microscopy confirmed that the SB-Tet combination significantly decreased the
adhesion of GFP-expressing V. cholerae to HT-29 cells. This effect is likely attributa-
ble to the downregulation of TcpA, a major adhesion factor in V. cholerae. Addition-
ally, CT, a well-characterized toxin that initiates pathogenesis by binding to GM1 gan-
glioside receptors on the intestinal epithelium, ultimately leading to disruption of cel-
lular function and excessive fluid and electrolyte loss, was also markedly reduced un-
der the combination treatment compared to either agent alone. These findings suggest
that the combinatorial approach exerts a synergistic effect, resulting in more effective
suppression of virulence gene expression than monotherapies. Interestingly, previous
studies have shown that methyl gallate, when combined with tylosin, synergistically
inhibits the adhesion of Sa/monella Typhimurium to Caco-2 epithelial cells (Mechesso
et al., 2019), underscoring the potential of phytochemical-antibiotic combinations in
anti-virulence strategies. Similarly, another study found that the combination of chlor-

hexidine and azithromycin significantly reduced bacterial adherence to colonic
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epithelial cells and downregulated NF-kB expression (Samgane et al., 2024). How-
ever, further investigation is required to elucidate the precise molecular mechanisms
underlying the potent anti-virulence activity observed with the SB-Tet combination

against V. cholerae.

Curtailing the proliferation and virulence of V. cholerae reduces its ability to
colonize and infect the host. To evaluate the efficacy of our drug combination under
in vivo conditions, we employed two animal models, suckling mice and the rabbit ileal
loop. In suckling mice, the combination of drugs delayed the death of mice and in-
creased the survival rate by 40%. In addition, drug combination also led to decreased
bacterial colonization in suckling mice compared to those that received individual
drugs. Since our in vitro findings have already demonstrated that the combination ex-
hibits both anti-bacterial and anti-virulence effects, we hypothesize that the observed
delay in mortality may be attributed to the synergistic action of these effects. In the
rabbit ileal loop model, the combination therapy significantly reduced cholera toxin
(CT) production and fluid accumulation compared to monotherapies. Similarly, previ-
ous in vivo studies have shown that combining quorum-sensing inhibitors or extracel-
lular polymeric substance repressors with conventional antibiotics enhanced antipseu-
domonal efficacy(Mitra et al., 2024). Altogether, these findings suggest that SB-Tet

combination in animal models can reduce the duration and severity of the disease.

One of the major limitations of tetracycline in clinical use is its potential hepa-
totoxicity and the risk of exacerbating preexisting renal impairment(Andrade et al.,
2011). Therefore, strategies that enhance the efficacy of tetracycline could enable the
use of lower therapeutic doses, thereby minimizing its toxic side effects. In our study,
the SB-Tet combination demonstrated no significant cytotoxicity when tested in HT-
29 human intestinal epithelial cell line, suggesting that this approach may offer a safer

alternative for clinical application.

The primary limitation of the present study is the evaluation of the synergistic
antimicrobial activity of the SB and tetracycline combination on only a small number
of multidrug-resistant V. cholerae strains. To enhance the reliability of the results, fur-
ther investigations involving a larger and more diverse set of bacterial strains are
needed. Moreover, clinical trials are essential to confirm the efficacy and safety of this

drug combination in practical, real-world applications.
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In conclusion, this study demonstrated that the combination of SB and tetracy-
cline effectively eliminates multidrug-resistant V. cholerae strains. It is highly proba-
ble that this combination could also be effective against other Gram-negative bacterial
pathogens. Overall, this strategy highlights the potential of SB as a promising adjuvant
to the currently limited use of tetracycline in treating V. cholerae infections, eventually
aiding clinical translation. These findings hold significant clinical relevance and need

further investigation to enhance their clinical application potential (Fig.7.5).
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his thesis deals with anti-virulence activity of sodium butyrate against multidrug-
resistant V. cholerae strains, focusing on inhibition of virulence without affecting bac-

terial viability. The conclusion of the thesis is as follows:

» We screened several bioactive compounds for anti-virulence activity and found
that arabinose, eugenol, quercetin, allylanisole, and sodium butyrate signifi-
cantly inhibited cholera toxin production, adhesion, motility, and biofilm for-
mation. Sodium butyrate at 20 mM (2.2 mg/ml) was chosen for subsequent

analyses owing to its significant anti-virulence potential.

» We found that sodium butyrate significantly reduced the expression of cholera
toxin (CT) and TcpA in V. cholerae at both RNA and protein levels, without
affecting ToxT production. qRT-PCR confirmed decreased ctx4AB and tcpA
transcripts, while foxT and its upstream regulators (tcpP, tcpH, toxR, toxS) re-

mained unchanged.

» Molecular docking identified sodium butyrate as a potential inhibitor that binds
at the interface of N-terminal regulatory/dimerization domain and C-terminal
DNA binding domain of ToxT, interacting with key residues Lys31 and
Lys230. These interactions suggest SB may disrupt ToxT function by interfer-

ing with domain interaction or dimerization.

» Two major protein-DNA binding assays confirmed the interaction between SB
and ToxT, demonstrating that SB interferes with the binding of ToxT to its
target promoter DNAs.

» RNA-seq analysis further confirmed the inhibitory effect of SB on V. cholerae
virulence genes, including ctx, tcp, zot, and hlyA. The 2- to 4-fold downregu-
lation of these genes also contributes to the reduction of pathogenicity of the

bacteria.
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» Inhibition of V. cholerae virulence factors by SB were further confirmed by
reduced pathogenicity in two animal models: suckling mice and the rabbit ileal
loop assay. In suckling mice, decreased levels of the colonization factor TcpA
in the presence of SB likely contributed to reduced bacterial colonization. Sim-
ilarly, reduced cholera toxin production was correlated with a 10-fold decrease
in fluid accumulation in the rabbit ileal loop, indicating attenuated enterotoxic

effects by SB.

» In addition to exploring anti-virulence strategies, we also investigated combi-
nation therapy approaches, wherein the efficacy of existing antibiotics was re-

stored through the use of novel adjuvants.

» In our study, we found that sodium butyrate selectively enhanced the antibac-
terial activity of tetracycline against V. cholerae leading to bacterial lysis, in-

dicating a disruption of bacterial cell membrane integrity.

» Combination of sodium butyrate and tetracycline disrupted the proton motive
force (PMF), resulting in decreased intracellular ATP levels and subsequent
loss of bacterial viability. Additionally, the SB-tetracycline combination inhib-
ited efflux pump activity, leading to increased intracellular accumulation of

tetracycline.

» SB-tetracycline combination also suppressed the expression of virulence fac-
tors, cholera toxin (CT) and toxin-coregulated pilus A (TcpA), more effec-

tively than either treatment alone.

» SB-tetracycline combination also delayed mortality in suckling mice and in-
creased survival by 40 %. In the rabbit ileal loop model, the combination ther-
apy more effectively reduced cholera toxin (CT) production and fluid accumu-

lation compared to monotherapy.
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» In summary, the SB-tetracycline combination effectively reduces the growth
of multidrug-resistant V. cholerae strains and presents a promising strategy to
overcome the current limitations of tetracycline in treating V. cholerae infec-
tions. Future studies may explore its broader applicability against other Gram-

negative pathogens.
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Afpond

Table 10.1. Bacterial strains and plasmid strains used in this study.

Strain Relevant geno- Source/
type and/or phe- Reference
notype

V. cholerae N16961 O1 El Tor Lab stock

V. cholerae IDH1986 O1 El Tor Lab stock

V. cholerae IDH07976 O1 El Tor Lab stock

V. cholerae IDH14062 O1 El Tor Lab stock

V. cholerae IDH13966 O1 El Tor Lab stock

V. cholerae V32 O1 El Tor Lab stock

V. cholerae V24 O1 El Tor Lab stock

V. cholerae V100 O1 El Tor Lab stock

V. cholerae Micro78 O1 El Tor Lab stock

C6709 O1 El Tor Lab stock

E. coli B2 Not available Lab stock

E. coli IDH15978 Not available Lab stock




Table 10.2. Different media used in this study.

Media

Constituents
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Luria Broth (LB)

1 % Bactopeptone (Difco,
USA), 0.5 % Yeast Ex-
tract (Difco,

USA), and 0.5 -1.0 %
NaCl dissolved in dis-
tilled water

followed by sterilization
at 15 psi for 15 min.

7.2

Luria Agar or LA
(for plate)

LB containing 1.5 % Bac-
toagar (Difco, USA), ster-
ilization was

done at 15 psi for 15 min.

7.2

M9 minimal (M9M)
medium

5x M9M salts [(Difco,
USA), 56.4 g dissolved in
distilled water followed
by sterilization at 10 Ib
for 10 min] as a stock,
from 5x stock solution 1x
complete MOM medium
was prepared by using
sterile distilled water fol-
lowed by addition of filter
sterilized 2 mM MgSO4,
0.4 % glucose or 0.5%
Na-DL-Lactate, 0.1 mM
CaCl2. To prepare MOM
agar, 1.5% agar was
added in 1x M9M com-
plete medium followed by
sterilization at 10 psi for
10 min.

7.4
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Table 10.3. Different buffers and solutions used in this study.

For isolation of plasmid DNA from bacterial cells

Cell Resuspension Solution (CRS) 50 mM Tris-HCI (pH 7.5), 10 mM
EDTA, 100 pg/ml RNase A

Cell Lysis Solution (CLS) 0.2 M NaOH, 1% SDS

Neutralization Solution (NS) 1.32 M Potassium Acetate (pH 4.8)

Column Wash Solution (CWS) 80 mM Potassium acetate, 8.3 mM Tris
—HCI (pH 7.5), 40 uM EDTA, 55%
95% Ethanol

For agarose gel electrophoresis of DNA

50x TAE 242 g Tris base in double-distilled

H20, 57.1 ml Glacial acetic acid, 100
ml 0.5 M EDTA solution (pH 8.0). Ad-
just final volume to 1 L. [Molarity in
1x TAE — EDTA disodium salt, 1 mM;
Tris, 40 mM; Glacial acetic acid, 20
mM]

10x DNA gel loading dye 0.25 % (w/v) Bromophenol blue, 0.25
% (w/v) Xylene cyanol, 50 mM EDTA,
50 % (v/v) glycerol, 10% SDS in dis-
tilled water.

Gel staining solution Ethidium bromide stock solution (10
mg/ml) in distilled water. The final
working solution was of 0.5 pug/ml con-
centration, which was used for staining

DNA fragments.
For transformation of E. coli cells with plasmid DNA
Transformation buffer 10 mM Tris-HCI, 100 mM
CaCl».2H>0O (pH 7.6); sterilized at 15
1b for 15 min

For electroporation of V. cholerae cells with plasmid DNA

Electroporation buffer 272 mM sucrose, | mM HEPES (pH
8.0), 10% Glycerol in Milli-Q water;

sterilized at 15 Esi for 15 min
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Table 10.3. Different buffers and solutions used in this study (contd.).

For Selection of recombinants

Isopropyl-D-thiogalactopyranoside
(IPTG) stock solution

0.1 M IPTG prepared in sterile distilled
water and stored at -20°C.

5-Bromo-4-chloro-3-D-galactoside
(X-gal) stock solution

40 mg/ml X-gal dissolved) in N, N’- di-
methyl formamide (DMF) and stored at
-20°C in a dark container.

LA plate with antibiotics/IPTG/X-Gal

1.5% of LA plate was incubated at 37 °C for 30 min, and 100 pl of 100 mM IPTG
and 20 pl of 40 mg/ml X-Gal were spread on the LA plate. The plate was incubated

for 30 min at 37 °C.

L-arabinose solution

For SDS-PAGE

20 % (w/v) L-arabinose in water and fil-
ter sterilized, stored at -20°C.

Solution A 29.2% Acrylamide, 0.8% Bis-acrylamide dis-
solved in Elix water. The solution was stored in
light resistant container.

Solution B 1.5 M Tris HCI (pH 8.8), 0.4% SDS

Solution C 0.5 M Tris HCI (pH 6.8), 0.4% SDS

Gel Running buffer 0.025 M Tris base, 0.192 M Glycine, 0.1% SDS
dissolved in Elix Water. pH 8.3

5xGel loading Dye 100 mM Tris-HCI pH 6.8, 4% (w/v) SDS, 0.2%

(w/v) Bromophenol blue, 20% (v/v) Glycerol,
200 mM B-mercaptoethanol.

Staining Solution

0.25 % (w/v) Coomassie Blue (R-250) was dis-
solved in a solution of 50 % methanol (v/v), 40
% water and 10 % acetic acid (v/v) and the solu-
tion was filtered through Whatman filter paper

(No. 1).

Destaining Solution

40% methanol (v/v), 10% acetic acid (v/v) and
50 % (v/v) water
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Table 10.3. Different buffers and solutions used in this study (contd.).

For Western blotting

Transfer Buffer

25 mM Tris, 192 mM glycine, 0.05% Gly-
cine, 20 % (v/v) methanol.

Washing Buffer (TBS and TBST
buffer)

Solution TBS was prepared by adding 10
mM Tris and 150 mM NaCl and adjusting pH
to 7.4. To this solution 0.1 % (v/v) Tween 20
was added to get the TBS-T solution.

Blocking Bufter

5 % (w/v) BSA dissolved in TBST buffer.

Bicarbonate buffer

168 mg NaHCOs3, 4.06 mg MgCls for 20 ml,
pH adjusted to 9.8 with NaOH

Ponceau S

1 % (w/v) Ponceau S in 7 % (v/v) acetic acid.

For AKI medium preparation

3% NaHCOs3 3% (w/v) NaHCO:s in distilled water and fil-
ter sterilized.

For ELISA

1x PBS bufter 137 mM NaCl, 2.7 mM KCI, 10 mM

Na,HPO4, 2 mM KH>PO;4 (pH 7.4).

PBS Tween-20 (PBS-T)
solution

0.05 % (v/v) Tween-20 in 1X PBS.

For isolation of cytoplasmic fraction of recombinant proteins from

the inclusion bodies

Cell Resuspension Buffer (CRB)

50 mM Tris-HCI, 50 mM NacCl, 0.5 mM
EDTA (3.72 mg /20 ml), 1 mM TCEP (make
1 M TCEP stock and store at -80°C.), 5%
Glycerol, add protease inhibitor cocktail or 1
mM PMSF

(final concentration), pH 8.0

Inclusion Wash Buffer (IWB)

50 mM Tris-HCI, 50 mM NacCl, 0.5 mM
EDTA (3.72 mg /20 ml), 1 mM TCEP (make
1 M TCEP stock and store at -80°C.), 5%
Glycerol, 0.125 M NDSB-201 (make 1.5 M
NDSB stock

solution and store at -80°C), pH 8.0

Denaturation Buffer (DB)

50 mM Tris-HCI, 0.2 M NaCl, 20 mM
EDTA, 8 M Urea, pH 8.0
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Table 10.3. Different buffers and solutions used in this study (contd.).

For isolation of cytoplasmic fraction of recombinant proteins from

the inclusion bodies (contd.)

Cell lysis buffer 50 mM Potassium phosphate buffer pH
7.8 [prepare the potassium phosphate
buffer by mixing 0.3 ml KH2PO4 and
4.7 ml K2HPOy4 from their respective 1
M stock], 400 mM NaCl,

100 mM KCI, 10% Glycerol, 0.5% Tri-
ton X-100, 10 mM Imidazole

Sonication buffer 20 mM Tris-HCI pH 7.4, 5 mM PMSF, 1
mM DTT, 20% v/v Glycerol

Binding buffer (buffer A) 25 mM Tris, 100 mM NacCl, 0.1% Triton
X-100, and 7 M urea at pH 7.5

Washing buffer 25 mM Tris, 100 mM NacCl, 0.1% Triton
X-100, and 7 M urea at pH 7.5, 10 mM
Imidazole

Elution buffer 25 mM Tris, 100 mM NacCl, 0.1% Triton
X-100, and 7 M urea at pH 7.5, 250 mM
Imidazole

For maintenance of tissue culture cells

Dulbecco’s Modified Eagle’s Me-  13.5 g/l DMEM, 3.7 g/l Sodium Bicarbonate,

dium (DMEM) Complete media 100 ml FBS, 10 ml Antibiotics (Penicillin-
Streptomycin), 10 ml Non-Essential Amino
Acid, volume adjusted to 1 I with MilliQ water,
pH 7.4

Dulbecco’s Modified Eagle’s Me-  13.5 g/l DMEM, 3.7 g/l Sodium Bicarbonate, 5

dium (DMEM) Incomplete media ~ ml FBS, 10 ml Non-Essential Amino Acid, vol-
ume adjusted to 1 | with MilliQ water, pH 7.4

For Purification of DNA from Agarose gel

Membrane Wash Solution (MWS) 10 mM Potassium acetate (pH 5.0), 80% 95%
Ethanol, 16.7 uM EDTA (pH 8.0)

Membrane Binding Solution 4.5 M Guanidine Isothiocyanate, 0.5 M Potas-

(MBS) sium acetate SEH 5.0!
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Table 10.3. Different buffers and solutions used in this study (contd.).

Protein-DNA Binding Experiments (Chromatin Immunoprecipitation)

lysis buffer 10 mM Tris-HCI, pH 8.0; 50 mM NacCl, con-
taining 20 ng/pl RNase A and 103 kU of ready
lyse lysozyme

IP buffer 200 mM Tris HCI, pH 7.5; 600 mM NaCl; 4%
Triton X-100, protease inhibitor cocktail or
I mM PMSF (final concentration)

Wash buffer 500 mM NaCl lysis buffer

LiCl immune complex buffer 20 mM Tris—HCI (pH 8.0), 0.25 M LiCl, 1 mM
EDTA, 0.5% (wt/vol) NP-40, 0.5% (wt/vol)
DOC, and 1% (wt/vol) PMSF

TE buffer 10 mM Tris—HCI, pH 8.0, 1 mM EDTA

Protein-DNA Binding Experiments (Electrophoretic mobility shift assay)
Binding buffer 10 mM Tris-HCI (pH 7.5), 100 mM KCI, 1 mM
EDTA, 1 mM dithiothreitol, 200 ug of bovine se-

rum albumin per ml, and 10% glzcerol.
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Table 10.4.1 List of Primers used in quantitative real-time PCR ex-

periment.
Primers Sequence (5’ —3’) Gene Locus
CtxA RT FP CCTAACAAATCCCGTCTGAGTT VC1457
CtxA RT RP GTCTTATGCCAAGAGGACAGAG
ToxR RT FP GACGAATAAATCGGCTCCAAAC V0984
ToxR RT RP AGGGTGGTTATTCGGCATATT
ToxS RT FP GTTGTGCATCCATCTTGAACAG VC0983
ToxS RT RP GGTTACGCCAGTCGAGTTT
TcpH RT FP CATTGCCAGATCCTAGCTCTC V0827
TcpH RT RP CAACCTTTGCCGAGTTGATAAAT
TcpP RT FP CAGCTCTGAAAGTCTAACTCAGG V0826
TcpP RT RP GACTACAGTCAGCTTCATCAACA
ToxT RT FP TTACTGATGATCTTGATGCTATGGA V0838
ToxT RT RP ATTCTCTAAACTTTACTCCTCGAGAC
CtxB RT FP TGTGCAGAATACCACAACAC VC1456
CtxB RT RP TGTGAATCTATATGTTGACTACCT
TcpA RT FP CGAAACTCTGCAGCGAATAAAG VC0828
TcpA RT RP CGTTTCGAAATCACCAAGATCAG
RecA RT FP GTCGCAAGCAATGCGTAAAC VC0543
RecA RT RP CCAAACGAACAGAAGCGTAGA
VpsH RT FP GCTACGTTAGCCCGCTATTT VC0924
VpsH RT RP CGTGTCTCAATCACCTGTCTATC
RbmB RT FP ATCCTGTGTACCGTGCATTT VC0929
RbmB RT RP TCGATACCACCAGGCTCTAT
VpsR RT FP CGAAAGTGGTACTGGGAAAGA VC0665
VpsR RT RP TTCTGACATAGCTCGGCAATTA
VpsE RT FP CTCCATCCTTTCGCTCTCTTG V0921
VpsE RT RP TTTAGGCCGCTGAGGTAAAC
AldA RT FP CAGAGCCGAAACCATTAACAAC VC0819
AldA RT RP CTCAAACCTGCAGAACAAACC
HlyA RT FP CACATCACCCAGTAGCAAGT VC0271
HlyA RT RP GCTGATTTACAGCGAAGAGAAAG
TcpB RT FP CCTGATCGTGTCGGGTATTT V0829
TcpB RT RP CCAACGCCAGAGTTCTATCTT
TcpE RT FP CTCATCTATGATCACGCCTAGC VC0836
TcpE RT RP CTCACAGGAAGTACAGACTCAAA
AcfA RT FP TGTGTATGTGTCACACCAACTT V0844
AcfA RT RP CACGAATGGAGCTCTGAGATTG
RtxC RT FP TGATCTTCGTCGTCGTGTATTT VC1450
RtxC RT RP CACTGCACCTTTCGGATACA
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Table 10.4.2 List of Primers used in EMSA.

ChIP AldA RP

TCGATGGAAAAAACTACCTTTT

Primer Sequence (5’ - 3’) Amplicon
length (bp)

EMSA TcpA FP ATTCTCTATGTGAATGTTGCA 150 bp

EMSA TcpA RP GTCCTTTTTTAAAGAAAAAGAAA

Non-specific DNA FP ATTGCTGAGCTAAAGGGGCTGG 150 b

Non-specific DNA RP TGGTATTGCAGGTAGCTAGGGT P

Table 10.4.3 List of Primers used in ChIP.
Primer Sequence (5’ - 3’) Amplicon
length (bp)

ChIP Ctx FP TTTTACTATTTTTTCCTGATTT 150 bp

ChIP Ctx RP AATGGTATATTACGAGGGAAAC

ChIP TcpA FP ATTCTCTATGTGAATGTTGCA 150 bp

ChIP TcpA RP GTCCTTTTTTAAAGAAAAAGAAA

ChIP Tcpl FP ATAATTAGTTAAAAATGAAATT 150 bp

ChIP Tcpl RP TTGGTTACATTATCTTTCCTGT

ChIP AcfA FP ATTTTTACCTGTGTTTCACAT 150 bp

ChIP AcfA RP AAACAAGAATTAATTATCCTT

ChIP AcfD FP ATTTTTACCTGTGTTTCACAT 150 bp

ChIP AcfD RP AAACAAGAATTAATTATCCTT

ChIP TagA FP CAAAATCGTATTGAAATTTCAA 150 bp

ChIP TagA RP ATCTTACCACCACTAACTCCTC

ChIP AIdA FP AACTACAAAAAAATTACGTAAT 150 bp
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Cloning vectors used in this study
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Fig.10.4. Vector map of pHis-TEV (Addgene). This vector is used for recombinant
protein expression.
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Fig.10.5. Vector map of pGFPuv (Snapgene). This vector is used for expressing GFP
in bacteria
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resources and Sustainable Development (IBSD), Imphal, and ICMR-Na-

tional Institute of Cholera and Enteric Diseases, Kolkata, India.
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Hdendum

Comment 1:

Throughout the review of literature all tables and figures were borrowed from
publication though with the source and bibliographic references. However, in the
PhD thesis some relevant text, tables statement and historical references (Fig 1.4

in particular) should have been in own words.
Response:

The text in Section 1.5 has been revised to ensure original phrasing. Figure legend and

accompanying explanation have been rewritten.
Revised Text:

The emergence and diversification of many bacterial pathogens are closely tied to the
dynamic nature of their genomes. In Vibrio cholerae, evolutionary change is largely
shaped by the acquisition of mobile genetic elements (MGEs) that introduce advanta-
geous traits. The species contains several such elements that contribute to its ability to
cause disease and persist in the environment (Faruque et al., 2003; Vale et al., 2022).
Remarkably, among more than 200 known serogroups, only the O1 and O139 lineages
are typically associated with cholera outbreaks. Their major virulence determinants

are not intrinsic but are carried on horizontally transferred genetic modules.

The cholera toxin (CT) is encoded by the filamentous bacteriophage CTX® (Das et
al., 2011). This phage spreads among V. cholerae strains using the toxin-coregulated
pilus (TCP) as its receptor, and TCP itself is encoded on Vibrio pathogenicity island-
1 (VPI-1). Other MGEs, including the SXT integrative conjugative element, VPI-2,
and the Vibrio seventh pandemic islands (VSP-1 and VSP-2), are also strongly asso-
ciated with pathogenicity (Dalsgaard et al., 2000). The SXT element enables resistance
to streptomycin, sulfamethoxazole, and trimethoprim (Dalsgaard et al., 2000). VPI-2,
present exclusively in pathogenic isolates, contains genes required for sialic acid up-

take and degradation, giving toxigenic strains a growth advantage in the host intestine.
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VSP-1 encodes the regulator VspR, which is controlled by a ToxT-dependent small
RNA (Faruque et al., 2003). VspR influences several VSP-1-associated genes, includ-
ing dncV, which produces a unique cyclic AMP-GMP signalling molecule. This mes-
senger enhances intestinal colonization and suppresses chemotaxis, a trait linked with
hyperinfectivity (Dalsgaard et al., 2000). The biological role of VSP-2 remains uncer-
tain. Importantly, all four pathogenicity islands, VPI-1, VPI-2, VSP-1, and VSP-2, are
capable of excision and circularization, potentially enabling their transfer to non-path-

ogenic strains (Banerjee et al., 2014).

Additionally, some environmental, non-O1/non-O139 isolates contain virulence-asso-
ciated genes, suggesting they may act as reservoirs for pathogenic determinants. The
ability of V. cholerae to become naturally competent on chitin and the identification
of hybrid strains carrying combinations of virulence-associated MGEs indicate that
chitinous surfaces of copepods may serve as hotspots for DNA exchange, facilitating
the emergence of new pathogenic variants (Dalsgaard et al., 2000; Vale et al., 2022)
(Fig.1.4).
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Fig.1.4. Genomic distribution of mobile elements in clinical V. cholerae isolates.
The figure illustrates the arrangement of genomic islands (GIs), prophages, and the in-
tegrative conjugative element (ICE) within the V. cholerae genome. Except for pro-
phages, these elements are associated with mobility-related features such as integrases
and repeat sequences. VPI-1: Vibrio pathogenicity island-1; VPI-2: Vibrio pathogenic-
ity island-2; VSP-1: Vibrio seventh pandemic island-1; VSP-2: Vibrio seventh pan-
demic island-2; int: integrase
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Comment 2:
Pg 1: Please recheck the figure 1: Robert Koch photo?
Response:

The previously inserted photograph in Figure 1 was incorrect. The image has now
been replaced with the correct and verified photograph of Robert Koch. The updated
figure has been checked for authenticity and proper citation. The revised Figure 1 is

now included in the addendum.

Revised Figure:

Robert Koch

Comment 3:

Pg 53: Section 3.2: The vendor name repetitions could have been avoided. And

same purchased items could be clubbed together.
Response:

The repeated mention of vendor names has been corrected, and compounds purchased
from the same supplier have been grouped together for clarity. The revised text is pro-

vided in the addendum.
Revised Text:

For the inhibitor study, the following bioactive compounds were used: Sodium butyr-
ate, cyclic-di-GMP, quercetin, allylanisole, geraniol, ethyl gallate, camphor, basil oil,

catechin hydrate, rosmarinic acid, melibiose, ribose, 1,2-deoxywithastramonolide,
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eugenol, and xylose (all from Sigma-Aldrich, Saint Louis, Missouri, USA); NH125
(Calbiochem, San Diego, California, USA); and totarol (Cayman Chemicals, Ann Ar-
bor, Michigan, USA) (Table 3.1). Stock solutions and working dilutions were prepared
in DNase/RNase-free water or in dimethyl sulfoxide (DMSO), followed by 0.2 um
filtration. The additives were incorporated into LB or AKI medium at the required

concentrations, while medium lacking additives served as the control

Comment 4:
Pg 64: Fig 3.3: Please check whether PCR cycle is correct and standard?
Response:

The qPCR cycling conditions shown in Figure 3.3 have been rechecked and confirmed
to follow the standard SYBR Green-based qPCR protocol used on 7500 Real-Time
PCR detection system (Applied Biosystems, Foster City, California). The figure accu-
rately represents the denaturation, annealing/extension, and melt curve conditions rou-

tinely used for quantitative PCR, and thus the figure is correct.

Comment 5:
Pg 66: Fig 3.4 Why ladder is without MW marking?
Response:

The DNA ladder used in Figure 3.4 did not originally display molecular weight (MW)
markings in the image. The figure has now been corrected by adding the corresponding

MW labels for the DNA ladder bands. The revised figure is included in the addendum.
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Revised Figure:

Base Pairs

(bp)

Fig.3.4. Agarose Gel of Extracted
Plasmid DNA

Comment 6:
Pg 67: what percentage PA Gels were used? All percentages used?
Response:

The percentage of polyacrylamide gels used in this study has been specified. All SDS-
PAGE analyses were performed using a 12.5% separating gel with a 4% stacking gel.

The revised information is now included in addendum
Revised Text:

Protein samples were analysed using SDS-PAGE (Raymond et al., 1959). Prior to
loading, samples were heated with loading dye at 100 °C for 5 min. Electrophoresis
was performed at 80-120 V at room temperature using an Atto gel running system

(Atto, Japan). The composition of the running buffer is provided in the appendix.

For all protein analyses in this study, a 12.5% separating gel with a 4% stacking gel

was used.
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The full compositions of gels ranging from 5% to 20% are shown in Table 3.5 for

reference.

Comment 7:
Explain why protein was estimated using that particular equation?
Revised Text:

The concentration of the protein sample was measured using the modified Lowry

method (Lowry et al., 1951). Three reagents were used for this estimation:

Reagent A: 2% Na:COs in 0.1 M NaOH containing 0.16% Na-K tartrate and 0.1%
SDS

Reagent B: 4% CuSO4-5H-0

Reagent C: Prepared by mixing Reagent A and Reagent B in a 100:1 ratio (10 ml +
100 pl)

A total of 200 pl of protein sample was incubated with 600 pl of Reagent C at room
temperature for 15 min, followed by addition of 1 N Folin-Ciocalteu’s reagent and

incubation at 37 °C for 30 min. The absorbance (OD) was measured at 660 nm.

The equation used for estimating protein concentration,

concentration = ODesso / 0.0026, was derived from the slope of the BSA standard curve
prepared under identical assay conditions.

Because the relationship between absorbance and BSA concentration was linear, the
slope (0.0026) represents the change in OD per pug/ul of protein. Dividing the sample
OD by this slope provides an accurate estimation of protein concentration based on the

assay calibration.
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Comment 8:
Page 70: Ladder does not have MW marks

Response:

Thank you for pointing this out. The figure has now been updated to include the mo-
lecular weight (MW) markers in the ladder for clarity and accurate interpretation. The

revised version has been incorporated into the addendum.

Revised Figure:

245
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Fig.3.6. Coomassie blue staining of the purification of (His)s-ToxT/(His)s-
CytR fusion protein using nickel chelated affinity chromatography. Mw,
molecular weight marker; F, flow-through fraction; W, washed fraction

Comment 9:

Any time line of the Sodium Butyrate (SB) dose kinetics to prove the concept?
Pharmacokinetics is

important in these research designs.

Response:

In the present study we did not perform a detailed pharmacokinetic or time-course
analysis of sodium butyrate. Our experiments were designed as in vitro proof-of-con-

cept assays, in which V. cholerae cultures were exposed to fixed concentrations of SB
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for a defined incubation period. The SB doses used (20-80mM) were chosen based on
previously published in vitro studies and on concentrations reported to be achievable
in the intestinal lumen, and were first confirmed not to affect bacterial viability under
our experimental conditions.

We acknowledge that a full description of SB dose- and time-dependent kinetics in
vivo is beyond the scope of this thesis and represents an important limitation of the
current work. Future studies, including animal or clinical pharmacokinetic analyses,
will be required to correlate the effective in vitro concentrations with physiologically

relevant exposure profiles.

Comment 10:

Any flow diagram or graphics abstract would have better

Response:

A graphical abstract summarizing the overall study design and major objectives has
now been incorporated into the addendum. The graphical abstract provides a visual
overview of the screening of potential inhibitors, elucidation of their mode of action,
and evaluation in combination with known drugs in both in vitro and in vivo models.
The new figure is included in the revised version of the addendum.
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Comment 11:

Results: Where is Fig 4.1? I believe it is numbered according to the paragraph

sub section.
Response:

Thank you for the comment. The subsection 4.1 does not contain any figure; there-
fore, Fig. 4.1 is not applicable in this section. The figure numbering starts from the
next subsection where the first figure appears. All figure numbers have been assigned
according to the paragraph subsection structure, and the numbering has been verified

to be correct as per the thesis format.

Comment 12:

From Fig 4.3-4.6 the axis values are different for different graphs of inhibitors?

Is it done resolutely?
Response:

Thank you for the comment. Yes, the axis values from Fig. 4.3 to Fig. 4.6 differ inten-
tionally. Each inhibitor exhibited a distinct range of responses, and the axis limits were
adjusted accordingly to accurately represent the data distribution and highlight the var-
1ations observed for each compound. This approach ensures clarity and prevents mis-
interpretation that may arise from forcing all graphs into a uniform axis range. How-

ever, the comparative trends remain clearly visible across the figures.

Comment 13:

A little more discussion justifying the selection of SB as the potential inhibitor

would have been required.
Response:
Thank you for the comment.

Sodium butyrate (SB) was selected as the potential inhibitor based on multiple con-

verging lines of evidence. During the initial in vifro screening, SB consistently
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demonstrated comparatively higher inhibitory activity than several other tested com-
pounds, indicating a strong primary response. In addition to suppressing overall bac-
terial growth at relevant concentrations, SB markedly reduced key virulence-associ-
ated factors, including adhesion factors such as TCP and the production of cholera
toxin. These observations indicate that SB is not acting solely as a general growth

inhibitor but may specifically interfere with pathways involved in virulence regulation.

Furthermore, existing literature reports that short-chain fatty acids, including butyrate,
can influence bacterial gene expression, membrane integrity, and stress-response sys-
tems. Such previously documented modulatory effects align with the inhibitory pat-
terns observed in our assays, providing a biological rationale for its targeted impact on
Vibrio cholerae. Taken together, its reproducible screening performance, its multi-
level impact on virulence determinants, and its biologically plausible mechanism of
action collectively justified prioritizing SB for detailed mechanistic and functional in-

vestigation in this study.

Comment 14:
Page 117: Fig 6.4: DNA ladders are same for all three electrophoresis?

Response:

Thank you for the comment. The DNA ladders appear similar across the three electro-
phoresis images because the same standard molecular weight marker was used in each
run. However, each gel was run separately with its own ladder lane. The gels have
been rechecked, and the images have now been clearly presented to avoid any confu-

sion regarding the ladder lanes.

Comment 15:
The plan of thesis should have been mention at the beginning or in introduction.

Response:
Thank you for the comment. Although the thesis does not contain a separate Introduc-
tion chapter, a brief roadmap has now been added at the beginning of the thesis, before

the Review of Literature section. This roadmap outlines the overall structure, including
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the Review of Literature, Objectives, Materials and Methods, Results sections, discus-
sions, and conclusion to provide readers with a clear overview of the organization and

flow of the work.
Thesis Roadmap:

This thesis is organized to provide a logical flow of the research work. It begins with
the Review of Literature, which summarizes the current understanding and back-
ground relevant to the study. This is followed by the Objectives, outlining the specific
aims of the research. The Materials and Methods section then describes the experi-
mental approaches and techniques used to address these objectives. The Results sec-
tion presents the findings of the study in a structured and coherent manner. This is
followed by the Discussion, where the results are interpreted in the context of existing
literature. Finally, the Conclusion summarizes the major outcomes of the study and
highlights its overall significance. Together, these sections offer a comprehensive

overview of the research carried out in this thesis.

Comment 16:

None of the diagram is original and hand written. It does not confer a strong
message for a PhD thesis where author should show some copy-edited concepts

and figures from literature justifying own finding.

Response:
Thank you for the comment. The diagrams in the Review of Literature section are
original and were created by me. They have been refined to clearly represent the con-

cepts and to appropriately support the findings in the thesis.
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Fig.1.1. V. cholerae displaying a
single polar flagellum

Addendum | 199

A B
- J exbB 8
b ompW
tcpG hap

Replicon Il
1579 kb

209
Replicon |
2409 kb

ompV hiyA

Fig.1.3. Genomic layout of V. cholerae showing its
large and small chromosomes.
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Fig.1.12. Simplified model illustrating how quorum sensing and ec-di-GMP interact to
regulate gene expression in ¥ cholerae. At low AT levels (left), phosphorylated LuxO activates
production of Qrr sRNAs, which mhibit HapR translation. At high AT levels (right), LuxO is
dephosphorylated, qrr expression ceases, and HapR is produced. HapR suppresses both biofilm
formation and virulence gene expression. Similarly, ¢-di-GMP downregulates virulence genes,
but unlike HapR, it promotes biofilm formation. HapR inhibits biofilm development directly
(through regulation of vpsT) and indirectly by lowering e-di-GMP levels.
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Fig.1.11. Schematic representation of
the sheathed flagellar complex in Vibrio
cholerae
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Fig.1.14. Life cycle of pathogenic V. cholerae. Toxigenic straing persist in aquatic habitats
together with non-toxigenic strains, supported by biofilm formation on biotic surfaces and the
utilization of chitin as nutrient sources. After ingestion through contaminated food or water,
toxigenic bacteria colonize the small intestine, proliferate, produce cholera toxin, and are
excreted in diarrheal fluids. These shed cells enter a transient hyper-infectious state,
enhancing transmission and facilitating further spread during outbreaks.
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Fig.1.16. Life cycle and pathogenesis of ¥ cholerae. V. cholerae, a human-restricted, waterborne
pathogen, enters the host via contaminated water. After surviving the acidic stomach, the bacteria reach
the small intestine, where they penetrate the mucus layer using their single polar flagellum. In response
to host cues, they activate virulence factors including the toxin-coregulated pilus (TCP) and cholera
toxin (CT). TCP promotes epithelial colonization, while CT binds GM1 receptors, is internalized, and
elevates intracellular cAMP levels, driving electrolyte and water loss that results in profuse watery
diarrhea. As colonization progresses, microcolonies and biofilm matrix components form. At high cell
density, quorum sensing downregulates virulence genes, and the bacteria detach, move into the intestinal
lumen, and activate genes needed for survival in the external environment. ¥ cholerae is then shed in
diarrheal fluid, returning to aquatic settings where it can contaminate water sources and infect new hosts.
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Fig.1.20. Interaction between the gut microbiome and environmental signals during the V. cholerae
life cycle. An individual’s microbiome, shaped by diet, microbial exposures, and past gut disturbances
such as diarrhea, malnutrition, or inflammation, modulates the chemical cues that I/ cholerae relies on to
coordinate gene expression during early and late stages of infection
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Fig.1.21. Schematic of the ToxR regulon highlighting the components that control
production of the key virulence factors CT and TCP
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Fig.1.22. Regulatory model of ToxT-dependent virulence gene expression in I
cholerae. TepP/TepH and ToxR/ToxS act together to activate foxT transcription, with ToxS
and TepH serving as required accessory proteins. ToxT then induces transcription of the
tep operon. The regulators AphA and AphB activate the tepPH operon in response to
environmental cues. Coordinated regulation by ToxRS, TcpPH, and ToxT controls tcp
expression, with AphB linked to enhanced tepPH expression under anaerobic conditions.
ToxR independently activates ompU and represses ompT, indicated by (+) and (-).
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Fig.1.24. Simplified mechanism of cholera toxin (CT) action. ToxT-regulated genes in ¥/
cholerae direct the production of cholera toxin (CT) and the toxin-coregulated pilus (TCP).
Secreted CT binds to the GM1 receptor on the intestinal epithelial cell surface, leading to
internalization and activation of cAMP signalling. Elevated cAMP influences intracellular
trafficking. including the Golgi apparatus, and disrupts ion transport by inhibiting the Na™H*
exchanger (NHE), contributing to fluid loss characteristic of cholera.
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Fig.1.29. Mechanisms underlying antibiotic resistance in V. cholerae. V. cholerae
acquires antimicrobial resistance either through mutations in its own genome or by
obtaining resistance genes from other bacteria. These traits can reduce membrane
permeability, inactivate or modify antibiotics, alter drug targets, introduce bypass
metabolic pathways, or expel antimicrobial agents via efflux pumps
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Fig.1.30. Overview comparing antibacterial and anti-virulence strategies
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Fig.1.31. Overview of anti-virulence therapeutic strategies. Anti-virulence approaches
target pathogenic mechanisms rather than bacterial viability. Anti-biofilm agents can block
biofilm formation or disrupt established biofilms, while quorum-neutralizing strategies
interfere with QS signalling, preventing toxin production and reducing damage to host cells.
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Sodium butyrate inhibits the expression of virulence factors in

Vibrio cholerae by targeting ToxT protein

Sushmita Kundu,' Suman Das,' Priyanka Maitra,' Prolay Halder,> Hemanta Koley,> Asish K. Mukhopadhyay,? Shin-ichi Miyoshi,’

Shanta Dutta,> Nabendu Sekhar Chatterjee,’ Sushmita Bhattacharya'
AUTHOR AFFILIATIONS See affiliation liston p. 17.

ABSTRACT Cholera, a diarrheal disease caused by the gram-negative bacterium
Vibrio cholerae, remains a global health threat in developing countries due to its
high transmissibility and increased antibiotic resistance. There is a pressing need for
alternative strategies, with an emphasis on anti-virulent approaches to alter the outcome
of bacterial infections, given the increase in antimicrobial-resistant strains. V. cholerae
causes cholera by secreting virulence factors in the intestinal epithelial cells. These
virulence factors facilitate bacterial colonization and cholera toxin production during
infection. Here, we demonstrate that sodium butyrate (SB), a small molecule, had no
effect on bacterial viability but was effective in suppressing the virulence attributes of
V. cholerae. The production of cholera toxin (CT) was significantly reduced in a standard
V. cholerae El Tor strain and two clinical isolates when grown in the presence of SB.
Analysis of mRNA and protein levels further revealed that SB reduced the expression of
the ToxT-dependent virulence genes like tcpA and ctxAB. DNA-protein interaction assays,
conducted at cellular (ChIP) and in vitro conditions (EMSA), indicated that SB weakens
the binding between ToxT and its downstream promoter DNA, likely by blocking DNA
binding. Furthermore, the anti-virulence efficacy of SB was confirmed in animal models.
These findings suggest that SB could be developed as an anti-virulence agent against V.
cholerae, serving as a potential alternative to conventional antibiotics or as an adjunctive
therapy to combat cholera.

IMPORTANCE The world has been facing an upsurge in cholera cases since 2021, a
similar trend continuing into 2022, with over 29 countries reporting cholera outbreaks
(World Health Organization, 16 December 2022, Disease Outbreak News, Cholera—
global situation). Treatment of cholera involves oral rehydration therapy coupled with
antibiotics to reduce the duration of the illness. However, in recent years, indiscriminate
use of antibiotics has contributed to the emergence of antibiotic-resistant strains. In this
study, we have addressed the problem of antibiotic resistance by targeting virulence
factors. Screening various compounds using in silico methods led to the identification
of a small molecule, SB, that inhibits the virulence cascade in V. cholerae. We demonstra-
ted that (i) SB intervened in ToxT protein-DNA binding and subsequently affected the
expression of ToxT-regulated virulence genes (ctxAB and tcpA) and (ii) SB is a potential
therapeutic candidate for the development of a novel antimicrobial agent.

KEYWORDS sodium butyrate (SB), inhibitor, pathogenesis, Vibrio cholerae, ctxAB,
antimicrobial resistance, toxin-coregulated pilus (TcpA)

holera is an acute, severely dehydrating diarrheal disease caused by water-borne
bacterium Vibrio cholerae (1). Since mid-2021, the world has witnessed a drastic
upsurge of the ongoing seventh cholera pandemic, characterized by frequent outbreaks
along with the increased incidence mortality rate (1.9%) (2). This trend continued into
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2022, and as of February 2023, at least 18 countries continued reporting cholera cases.
The mortality linked to these outbreaks was particularly concerning, with many
countries reporting higher case fatality ratios (CFR) compared with previous years (2).
Although over 200 V. cholerae serogroups have been identified, only the O1 (classical and
El Tor biotypes) and 0139 serogroups of V. cholerae have been implicated in epidemic
and pandemic cholera (3, 4).

The clinical symptoms of cholera are primarily driven by two essential virulence
factors, cholera toxin (CT) and toxin-coregulated pilus (TCP) (5). CT is an A-Bg family
toxin directly responsible for inducing profuse watery cholera diarrhea (6, 7), whereas
TCP is required for intestinal colonization (8). Coordinated expression of these virulence
genes is directly under the control of the master regulator, ToxT, and given its pivotal
role, numerous studies have been focused on its regulation, leading to the characteriza-
tion of multiple mechanisms that contribute to its stringent regulation. ToxT belongs
to the AraC/XylS family of transcriptional activators and consists of two domains: an
N-terminal domain that has been linked to effector binding and potential ToxT monomer
association, and a C-terminal DNA-binding domain that contains AraC/XylS homology
(9). The transcription of toxT is regulated by two membrane-localized complexes ToxRS
and TcpPH (10). TcpPH is further activated by two activators, AphA and AphB, which
respond to cell density, anaerobiosis, and other environmental factors (11, 12).

The primary therapy of cholera is an oral rehydration solution (ORS), which contains
different types of salts and glucose, to avoid dehydration (13, 14). Without intervention,
the survival rate for cholera can be as low as 50%; however, ORS supplementation
reverses the survival rate to more than 99% (15). Antibiotics are a secondary treatment
in severe cases to shorten the duration of the illness (16). Although antibiotics can
effectively reduce cholera burden, WHO does not recommend this practice due to the
risk of developing and spreading drug-resistant bacteria (17-19). There are also vaccines
against V. cholerae, but their efficacy is not 100% (20). Consequently, there is an unmet
need for clinical intervention to control the spread of drug-resistant bacteria through
rapid preventive measures.

Anti-virulence drugs are gaining popularity as an alternative approach to combat
bacterial infections. Unlike antibiotics, these drugs disarm the pathogen by targeting
its virulence factors and further activate the immune system to eradicate the infec-
tion (21). This strategy exerts less selective pressure on the emergence of resistant
strains and reduces the impact on commensal microbiota. Previous studies identified
small molecules such as toxtazin B, unsaturated fatty acids, and ribavirin targeting the
virulence gene regulatory cascade (15, 22, 23). Along with small molecules, several herbal
products and bioactive compounds are also reported to be potent repressors of the
virulence factors, such as anethole (24), capsaicin (25) inhibiting the CT production,
zinc oxide nanoparticles disrupting the secondary structure of CT (26), carbohydrate
inhibitors (27), and fucosylated molecules (28), interfering with the activity of CT.

Short-chain fatty acids (SCFA), such as butyrate, are microbial metabolites synthesized
from the fermentation of dietary fibers in the colonic lumen. Multiple studies have
documented the substantial effects of butyrate on host immunity, energy metabolism,
and overall health (29). In colorectal cells, butyrate treatment is reported to induce the
production of antimicrobial peptide, cathelicidin (30). The anti-microbial and anti-viru-
lence activity of butyrate has been well characterized in a variety of pathogenic bacteria
such as Salmonella Typhimurium, Clostridium perfringens (31), Staphylococcus pseudoin-
termedius, Acinetobacter baumannii (32), Vibrio campbellii (33), and Vibrio parahaemoly-
ticus (34). Despite extensive research on butyrate, its antimicrobial activity against V.
cholerae has not been reported.

In this study, we aimed to screen potential bioactive compounds against V. cholerae
and understand the mechanism behind antivirulence activities against standard and
resistant strains.

May 2025 Volume 10 Issue 5

mSphere

10.1128/msphere.00824-24 2

Downloaded from https:/journals.asm.org/journal/msphere on 08 June 2025 by 2405:201:800d:40b5:3078:2519:af8d:669b.



Research Article

RESULTS

In silico screening of bioactive compounds identifies SB as a potential
inhibitor

Among different transcriptional activators present in V. cholerae, targeting ToxT has
frequently been reported to have additional advantages for developing new antimicro-
bial drugs, aimed at targeting the virulence factor rather than bacterial growth. Hence,
to identify potential inhibitors, we have used an in silico virtual screening technique,
important for the drug discovery process. To focus on potent ToxT inhibitors, several
bioactive compounds (Table S1) were docked individually with the binding pocket of
ToxT protein (PDB ID: 3GBG). The possible amino acid residues present in the binding
pocket of ToxT are 11e226, Tyr26, Asn28, Asp29, Ser223, Ser227, Asn60, Thr85, GIng, Lys31,
and Lys230. Based on the docking pose and possible interaction, the binding energy
of the compounds is listed in Table S1. Among the docked ligands, the compound SB
showed the highest binding affinity of —7.68 Kcal/mol and stable interaction with ToxT,
forming two salt bridges with Lys31 and Lys230 and a single hydrogen bond with Lys31
(Fig. 1A and B). Other residues involved in interactions with SB are summarized in Fig. 1C.
Altogether, these data suggest that SB may interact with ToxT and therefore are chosen
for subsequent in vitro and in vivo experiments to test their efficacy against the virulence
factors in V. cholerae.

The viability of bacterial strains and cytotoxicity in the HT-29 cell line in the
presence of SB

To evaluate the antibacterial activity of SB, the MIC and MBC values of SB against
bacterial strains were determined (Fig. S1A). The growth rate of the strains in the
presence of SB was evaluated in a time-dependent manner (Fig. 2). The results indica-
ted complete bactericidal activity of SB against N16961 at 160 mM (MBC), as no live
bacteria could be detected after 12 h (Fig. 2A). Notably, the bactericidal activity of SB
(160 mM) observed against the other two strains was more potent than N16961, as no
live bacteria could be detected after 6 h in BCH13298 and after 8 h in Micro78 (Fig. 2B
and C). At 80 mM (MIC) of SB, the growth pattern of all the bacterial strains was similar,

C)
RECEPTOR LIGAND BINDING AMINO ACIDS | PDBID
ENERGY INVOLVED IN
(Kcal/mol) INTERACTION
ToxT Sodium -7.68 GLNS, THRSS,

butyrate(SB) SER227, SER223,
LYS31, LYS230

FIG 1 Binding of SB with ToxT in silico. Residues interacting with ligand (SB) and receptor (ToxT) are represented in (A) 3D
conformation, (B) 2D conformation, and (C) table showing the probable interacting residues and the binding energy.
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FIG 2 Effect of SB on the bacterial growth at MIC and sub-MICs. El Tor V. cholerae strains were grown in LB broth along with
SB at MBC (160 mM), SB 160 (H); MIC (80 mM), SB 80 (CJ); 1/2"" MIC (40 mM), SB 40 (&), 1/4™ MIC (20 mM), SB 20 (O), 1/8"
MIC (10 mM), SB 10 (@), and SB 0 (A) for the indicated periods (2, 4, 6, 8, 12, 24, and 30 h). The viable bacterial counts in
CFU per mL detected by the plate count method were represented graphically for (A) multidrug-resistant V. cholerae N16961,
(B) multidrug-resistant V. cholerae BCH13298, (C) multidrug-resistant V. cholerae Micro78, (D) multidrug-resistant E. coli B2, and
(E) multidrug-resistant E. coli IDH15978.

with a significant reduction observed in viability count compared with the untreated V.
cholerae cells (Fig. 2A through C). At 10-40 mM (sub-MICs) of SB, there was no significant
difference in growth rate as compared with the untreated cells (Fig. 2A through C).
Additionally, we tested whether SB exhibits antibacterial activities against E. coli strains.
The results, as shown in Fig. 2D and E, indicate that the antibacterial effect of SB on
E. coli B2 and E. coli IDH15978 was not as pronounced as that observed for V. cholerae
strains. Even at the highest concentration of SB tested (=160 mM), viable colonies of E.
coli strains could still be detected after 30 h, emphasizing V. cholerae-specific bactericidal
activity of SB. The sub-MICs of SB were used in all subsequent in vitro experiments. In vivo
experiments were performed at both sub-MICs and MIC of SB to compare the effect with
the different groups.

Toxicity of SB in mammalian cell lines was also evaluated. No significant cytotoxicity
was observed when HT-29 cells were incubated with varying doses of SB (5-160mM) (Fig.
S1B).

SB inhibits CT and TcpA production

The above in silico results predict that SB forms stable interaction with ToxT. Given the
role of ToxT in regulating V. cholerae virulence genes, we sought to investigate whether
SB could affect the expression of ToxT-regulated virulence genes. First, we explored
the classical GM1-CT ELISA for detecting the secreted CT level in the supernatant of
bacterial cultures grown in the presence or absence of sub-MICs of SB (10-40 mM). It was
observed that SB significantly inhibited CT production in all three V. cholerae strains in a
dose-dependent manner (Fig. 3A). Since the expression of CT is coordinately regulated
with the expression of TcpA, N16961 cultures grown in the presence of SB were also
analyzed for TcpA expression by immunoblot. SB significantly decreased the TcpA levels
relative to the untreated cells (Fig. 3B).

To understand the underlying mechanism behind the reduced production of CT and
TcpA, qRT-PCR was used to measure the expression levels of cholera toxin-encoding
ctxAB and pilus-encoding tcpA genes in N16961. The expressions of ctxAB and tcpA were
significantly downregulated by SB (more than 3-fold) compared with the untreated cells
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FIG 3 Inhibitory effects of SB on the virulence attributes of V. cholerae. (A) CT expression levels in different O1 El Tor strains were measured by ELISA from the
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represented. Student’s t-test was performed. All data are expressed as mean + S.D. from three biological replicates. Significance levels were denoted as * for P <

0.05, **x for P < 0.001, ***x for P < 0.0001.

(Fig. S2A). In addition to this, we also determined whether SB affects the expression of
genes encoding virulence regulators (i.e., toxS, toxR, tcpH, tcpP, and toxT genes) in N16961
using gRT-PCR. Notably, SB did not affect the expression of any of these genes compared
with the untreated cells (Fig. S2A). To rule out the possibility that the reduced ctxAB and
tcpA transcription depends on the posttranscriptional or translational regulation of toxT,
the levels of ToxT protein were measured in the presence or absence of SB. As shown in,
SB did not affect the cellular levels of the ToxT protein, indicating that SB affects the
virulence cascade without affecting ToxT expression.

Adhering ability of V. cholerae to intestinal epithelial cells is highly dependent on
TcpA. Since SB decreased the TcpA levels, we also examined the effect of SB on the
adhering ability of V. cholerae to intestinal epithelial cells, HT-29 cells (Fig. S2B). The cell
adherence assays revealed that the adhering ability of V. cholerae to HT-29 cells was
significantly reduced in the presence of SB compared with the untreated condition (Fig.
S2B).

SB binds to the ToxT protein and affects its interaction with the target
promoter DNAs

ToxT is a direct activator of tcpA and ctxAB genes. The probable explanation for SB-
mediated decrease in tcpA and ctxAB levels may be that SB can interact with and
inactivate ToxT. We, therefore, examined the direct binding of SB to ToxT protein using
fluorescence quenching experiment (Fig. 4A). Our results show that SB does interact with
ToxT protein (Ks=[6.04 + 0.04] X 10> M"" and Kp = 2.6 + 0.03 mM), further supporting our
in silico predictions.
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FIG 4 SB interacts with and inactivates the ToxT protein. (A) Fluorescence quenching spectra of ToxT
in the presence of SB. A concentration of 0.1 uM ToxT protein was excited at 280 nm, and fluorescence
quenching was recorded in the presence of various concentrations of SB (0.2-5.6 mM). Stern-Volmer
plots of the decrease in fluorescence of ToxT in the presence of various concentrations of SB were
used to determine the quenching rate constant, Ky, (calculated from the slope of the line). Logarithmic
plots of relative fluorescence quenching of ToxT against logarithmic concentrations of SB were used to
determine Kp (calculated from the intersection of the line with the y-axis) and the number of binding
sites, n (calculated from the slope of the line). Error bars indicate standard deviations calculated from
three individual experiments. (B) For EMSA, a 150 bp Pt»s DNA fragment was biotin-labeled and then
used as a DNA probe. Purified ToxT protein (0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 pM) was pre-incubated
with SB (20 mM) for 20 min, followed by incubation with the probe (1 nM) for an additional 20 min. (C)
The relative affinities of ToxT protein in the presence or absence of SB were compared using the data
from panel B. The percentage of bound DNA was calculated and plotted against the concentration of
ToxT added. The Ky is shown in the inset. A significant difference between the best-fit values is indicated
by an asterisk (*P < 0.05). (D) EMSA was performed as described for panel B, except that ToxT (1.0 uM)
was mixed with increasing amounts of SB (10, 20, and 40 mM). The EMSAs presented are representative
of three independent experiments. (E) The interaction between ToxT and promoter DNAs at the cellular
level in the presence or absence of SB (20 mM) was analyzed by ChIP. Expression of promoter DNAs was
checked and compared to input in real-time PCR assay and agarose gel electrophoresis. Two-way ANOVA
was performed. The data are expressed as mean + S.D. (n = 3). IP, Immunoprecipitation; significance levels
were denoted as * for P < 0.05 and ** for P < 0.01.
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Next, we checked whether SB could prevent the binding of ToxT to its DNA binding
site, located upstream of the tcpA gene. Hence, we performed an electrophoretic
mobility shift assay (EMSA). The EMSA results revealed the binding of ToxT to the Pypa
region in a concentration-dependent manner (Fig. 4B). The interaction between ToxT and
Ptepa is specific, as CytR could not interact with the Pypa (Fig. S3B). Similarly, a 70-fold
molar excess of nonspecific competitor DNA did not affect the ToxT-Pypa binding. In
contrast, a 70-fold molar excess of specific competitor DNA completely inhibited the
binding, indicating the specificity of the ToxT-Py4 interaction (Fig. S3B). Next, the effect
of SB on ToxT-Pypa binding was examined. The addition of 20 mM of SB prevented ToxT
from binding to DNA (Fig. 4B and D), and the interaction was completely inhibited at
40 mM of SB (Fig. 4D). Based on the concentration of ToxT required to bind 50% of the
Ptcpa, the Ky for ToxT without SB was 0.6 uM, whereas that with 20 mM SB was 1.4 pM
(Fig. 4C). The increase in Ky value in the presence of SB further strengthens the fact that
SB significantly affected the equilibrium between DNA-bound ToxT and free DNA (Fig.
4Q). Another butyrate derivative, tributyrate (TB), was used, and it showed no inhibition
on ToxT-DNA binding (Fig. S3C). We also checked the alternative hypothesis that SB can
interact with DNA and inhibit the DNA-protein binding. As shown in Fig. S3D, no
inhibition on DNA binding activity was observed under this reaction condition (SB
incubated with DNA first instead of ToxT), indicating that SB specifically binds to ToxT but
not DNA.

The results obtained from the EMSAs indicated that SB affects the DNA binding ability
of ToxT in vitro. Similarly, we performed a chromatin immunoprecipitation (ChIP) assay to
determine whether SB could affect the ToxT-DNA binding under physiological conditions
where ToxT co-exist with other transcriptional factors. As predicted, ToxT occupancy at
the tcpA(Picpa) and ctxAB(Pciyag) promoter region was drastically reduced in SB-treated
V. cholerae cells compared with untreated cells, suggesting a strong interference of SB
on the ToxT-P¢cpa and ToxT-Pciag binding (Fig. 4E). In addition to this, we also assessed
whether ToxT interaction with the promoter DNAs of acfA (Pycfa), aldA (Pgiqp), acfD
(Pacfp), tagA (Paga), and tcpl (Pycp)) genes (ToxT-regulated genes that encode accessory
virulence factors) was affected by the addition of SB. Our results indicated that ToxT
occupancy at each of these promoters was also reduced in SB-treated V. cholerae cells
compared with the untreated cells (Fig. 4E). Altogether, these data indicate that SB
strongly inhibits the binding of ToxT to its various downstream promoter DNAs.

SB triggers global changes in the transcriptome of V. cholerae

Next, we determined the global effects of SB on the transcriptional profile of V. chol-
erae. By using an RNA-seq approach, we found out that SB triggered global changes
in gene expression, significantly upregulating 53 genes and downregulating 95 genes
compared with untreated conditions (Fig. 5A through C). Genes primarily involved in
pathogenesis, metabolism, and transcriptional/translational regulatory factors exhibited
downregulation while biofilm-related genes showed upregulation (Fig. 5A through C).
Twelve differentially expressed genes were randomly selected for qRT-PCR to validate the
RNA-seq data. Our results showed that the expression trends of the twelve genes were
consistent between RNA-seq and gRT-PCR data, suggesting that RNA-seq was reliable in
identifying transcriptional changes (Fig. 5D).

SB displays a substantial reduction in virulence attributes of V. cholerae in
animal models

The results described so far indicate that SB has a strong negative effect on ToxT activity
in vitro, as assessed by both gene expression (CT and TcpA production) and DNA binding
experiments (EMSA). The next step was to determine whether the administration of
SB in animal models for cholera would reduce virulence factor production. First, we
assessed the effect of SB on the colonizing ability of V. cholerae N16961 in suckling mice.
Intestinal colonization of N16961 in SB-treated mice (40 and 80 mM of SB administered
orogastrically) was significantly reduced by at least two orders of magnitude compared
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FIG 5 Global transcriptional responses to SB. (A) Genes whose expression is dysregulated in SB-treated
cells (20 mM) relative to the untreated cells, as identified by RNA-seq analysis. The genes in each
functional category are shown as percentages of the total genes dysregulated. (B) Volcano plot of
differentially expressed genes of N16961 cells in the presence or absence of SB treatment. The log,
fold change difference is represented on the X-axis and —logg (P-value) is on the Y-axis. Red and blue
dots show upregulated and downregulated genes. (C) Heatmap of differentially expressed genes of
N16961 cells in the presence or absence of 20 mM of SB. The z-score indicates whether the genes were
upregulated (red) or downregulated (green). Columns represent independent RNA samples. (D) RNA-seq
results validation by qRT-PCR. Data are presented as mean + SD (n = 3).

with the untreated mice group (Fig. S4A). In vivo adherence study performed in rabbit
ileal loop also revealed a significant reduction in bacterial adhesion (adherence index) in
SB-treated loops compared with the untreated loop (Fig. S4B).

The effects of SB on fluid accumulation (FA) and CT production by N16961 were
also assessed in the rabbit ileal loop model (Fig. 6). FA (fluid accumulation) ratio of SB
treatment loops (40 and 80 mM) showed more than 20-fold reduction in fluid accumula-
tion compared with the loop without SB (Fig. 6B). At the two highest SB concentrations
(40 and 80 mM), the CT level was markedly reduced by more than 10-fold compared with
the loop that received no SB (Fig. 6C). The expression of virulence genes (ctxAB and tcpA)
was downregulated in V. cholerae cells collected from SB-treated loop fluid compared to
the untreated loop (Fig. 6D).

We also checked the V. cholerae virulence in the presence of TB. As anticipated, the
administration of TB to suckling mice did not reduce intestinal colonization of N16961
compared with untreated mice (Fig. S4A). Similarly, no reduction in fluid accumulation
and CT level was observed in the TB-treated ileal loop compared with the untreated loop
(Fig. S4D through F). The expression profile of virulence genes of V. cholerae cells in the
TB-treated loop was almost similar to that of the untreated loop (Fig. S4G).

The histopathological analysis of the infected ileal loop, stained with H&E, showed
damage in the mucosa, submucosa, and lamina propria, along with disrupted villi and
hemorrhage at the site of the muscularis mucosa. In contrast, the analysis of the ileal
loops treated with SB displayed an almost normal microvilli structure. There were no
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FIG 6 The efficacy of SB in an in vivo rabbit ileal loop model infected with N16961. Each loop was
infected with 10° CFU per mL V. cholerae N16961 in the presence or absence of SB (20, 40, and 80 mM).
After 18 h, the animals were euthanized, and the loops were removed. (A) The image of the recovered
rabbit intestine segment presented here is representative of three independent experiments. (B) The
loop length and the amount of fluid accumulated in each loop were measured, and the amount of fluid
(mL) per unit length (cm) of the loop was determined. (C) CT ELISA of rabbit ileal loop fluid produced
in the presence and absence of SB. (D) Relative expression of major virulence genes ctxA, ctxB, tcpA, and
toxT was analyzed by real-time PCR. All the data are expressed as mean + SD from three independent
experiments. Significance was calculated by one-way ANOVA. (E) Representative H&E staining section
of rabbit intestinal tissues. In the infected loop, the damage was observed in the mucosa, submucosa,
and lamina propria, along with disrupted villi and hemorrhage at the site of the muscularis mucosa. The
ileal loops treated with SB showed normal microvilli structure with no alterations in the villi or mucosal
structure, and no substantial damage was observed either in the submucosa or muscularis mucosa.
GC, goblet cells; C, crypts; LP, lamina propria; Muc, mucosa; SubM, submucosa; *, indicating the site of
hemorrhage.

significant alterations in the villi and mucosal structure, and no substantial damage was
observed either in the submucosa or muscularis mucosa (Fig. 6E). Furthermore, loops
that were subjected to SB treatment displayed a significant reduction in concentration
of inflammatory cytokines (IL-6, IL-8, IL-13, and TNF-a) compared with the loop that
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FIG7 Model showing the inhibition of virulence cascade in V. cholerae by SB. The virulence cascade in V.
cholerae is tightly regulated. TcpPH forms an inner membrane complex with ToxR and ToxS to activate the
transcription of toxT. ToxT activates the transcription of tcpA-F, which encodes the toxin coregulated pilus,
and ctxAB, which encodes the cholera toxin subunits. Based on our experiments, we propose that SB
inhibits the binding of ToxT protein to the promoter region of tcpA/ctxAB and eventually inhibits cholera
toxin and tcpA production.

received no SB (Fig. S4C). In summary, SB downregulates the expression of ctxAB and
tcpA genes by inhibiting ToxT activity (Fig. 7).

DISCUSSION

Despite the use of antibiotics and oral rehydration therapy (ORT), V. cholerae remains
a significant public health concern. This situation has emerged due to the increase of
antibiotic-resistant V. cholerae strains, found in the majority of cholera cases, causing
substantial mortality and morbidity (35). Developing new treatment therapies that target
the key virulence factors without affecting the bacterial viability could be useful in
managing these antibiotic-resistant strains (36). This study demonstrates that a small
molecule, SB, effectively reduces the virulence potential of V. cholerae in vitro and in vivo
conditions, without significantly affecting their viability.

In V. cholerae, the ToxR regulon plays a central role in the pathogenesis of the
organism by regulating multiple virulence pathways (37). Of all the regulatory factors
constituting the ToxR regulon, the ToxT protein directly activates the expression of major
virulence factors tcp (toxin co-regulated pilus, expressing different adhesion proteins)
and ctx (cholera toxin gene, expressing major toxin proteins like CtxA/B); therefore, it is
considered a key target for the development of novel inhibitors (38). ToxT functions as
a dimer with two well-defined functional domains in each monomer, a C-terminal DNA
binding domain and an N-terminal regulatory/dimerization domain (39). Therefore, any
compound that disrupts DNA binding and/or dimerization of ToxT would be expected
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to inhibit its activity. Based on our molecular docking analyses, SB was identified as
a potential drug candidate that binds at the interface between the regulatory and
DNA-binding domains of ToxT. SB was then experimentally tested to assess its impact
on the ToxT-mediated transcription of tcpA and ctxAB genes. The results of our in vitro
assays (EMSA and ChIP-qPCR) further confirmed that SB strongly reduced the expression
of virulence genes by affecting the DNA binding ability of ToxT. Previous studies have
shown a similar mechanism of action where unsaturated fatty acids (UFAs) and their
conjugated forms exhibited anti-ToxT activity (22, 40).

Our RNA-seq data also provide evidence that SB attenuates the expression of ctx and
tcp genes in a ToxT-mediated manner; however, an increase in the expression of biofilm
genes was observed. This apparently conflicting result is not unprecedented. Previous
studies have reported the ability of anti-virulence agents to downregulate the expres-
sion of tcp and ctx genes while simultaneously upregulating the expression of biofilm
genes (41, 42). In addition, SB decreased the expression of accessory genes important
for pathogenesis such as hemolysin (hlyA), accessory colonization factors (acfA), and
enterotoxins (zot). Therefore, dysregulation of these virulence factors, particularly ctx and
tcp genes, may reduce the pathogenicity of V. cholerae. Hence, targeting ToxT becomes
even more significant in this context.

Prior studies have shown that when the anionic carboxylate of UFAs formed salt
bridges with the two specific lysines (i.e., Lys31 and Lys230) of ToxT, the protein was
locked in a closed conformation and failed to dimerize and/or bind DNA (39, 43).
Likewise, another study highlighted the importance of the carboxyl moiety of synthetic
compounds, as it was found to be necessary for binding and inhibition of ToxT (44).
In our present study, the docking analysis identified two key residues of ToxT, namely
Lys31 (located at the N-terminal end) and Lys230 (situated at the C-terminal end) to be
involved in SB-ToxT interaction. These two residues are predicted to form H-bonds and
salt bridges with the anionic carboxylate group of SB. The absence of a free carboxyl
group in TB may explain the molecule’s inability to interact with ToxT. Based on these
observations, we speculate that interaction between the carboxyl group of SB and
lysines of ToxT may play a crucial role in SB-ToxT stability, resulting in a direct blockage
of protein-DNA binding and/or dimerization. Loss of activity triggered by ligand binding
(SE-1, decanoic acid) is also well documented in other transcriptional factors such as VirF,
Rns (45, 46).

There is a constant demand for alternative medicines that can be an efficient
therapeutic to cure V. cholerae infections with minimal side effects on the host. A
group of researchers identified a class of compounds, sulfonamides, which are widely
used as bacteriostatic agents that inhibit cell growth by interfering with folic acid
biosynthesis (47). Their spectrum of activity encompasses a wide range of gram-negative,
gram-positive bacteria, and some protozoan species (47). In V. cholerae, sulfonamides
exhibited anti-bacterial and anti-virulence activity by inhibiting metalloenzyme carbonic
anhydrase, which reduced bicarbonate production, in turn affecting ToxT activity (major
regulator of virulence factors in V. cholerae) (48-50). However, the main problem is that
sulfonamides are promiscuous inhibitors of most human carbonic anhydrase isoforms,
causing serious side effects like metabolic acidosis, kidney stones, and rare but severe
conditions like Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis (51). In the
case of SB, several reports indicate that it exerts diverse beneficial effects on the host by
maintaining intestinal homeostasis through changes in gene expression and signaling
pathways (52, 53). It supports normal intestinal function by acting as an energy source
for aerobic metabolism and increasing the proliferation of normal colonocytes (54).
Butyrate also promotes blood flow and gut motility, which are important for diges-
tion (53). Reports suggest that butyrate can alleviate obesity-related complications by
significantly enhancing intestinal epithelial function, primarily by strengthening the gut
barrier through tight junction regulation, thereby reducing inflammation and improving
metabolic health (55, 56). Butyrate also possesses antibacterial activity against various
gram-positive and gram-negative bacteria such as Acinetobacter baumannii, Bacillus
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anthracis, Bacillus subtilis, and Staphylococcus epidermidis (30). In our experiment, SB
exhibited anti-virulence activity against V. cholerae by directly binding to ToxT and
inhibiting its activity, which led to the downregulation of genes belonging to tcp and
ctxAB operons. Although there are many benefits associated with SB for gut health,
including its anti-bacterial and anti-virulence properties, it is important to acknowledge
a few disadvantages associated with its use. First, studies have reported a paradoxical
effect of butyrate on glucose and lipid metabolism, particularly in relation to its role in
obesity. Although butyrate is reported to alleviate diet-induced obesity in mice (57), on
the contrary, in a few studies, butyrate and other SCFAs have been found to contribute
to the obese phenotype in humans by increasing lipid biosynthesis from acetyl CoA, FAs,
and ketone bodies (58, 59). Second, butyrate may indirectly affect the host’s appetite
and eating behavior by stimulating the vagus nerve and the hypothalamus, due to its
capability to penetrate the blood-brain barrier (60, 61). Altogether, these reports suggest
that SB is beneficial for gut health, but there are also a few side effects that may be
manageable while developing targeted therapeutics to treat V. cholerae infections.

Butyric acid is a SCFA and one of the main metabolites of intestinal microbial
fermentation of dietary fiber (62). Compared with other SCFAs, extensive research
has been done on butyrate, which highlighted its importance in various pathological
processes (63-65). As a US. Food and Drug Administration-approved drug (Butyric
acid- 21CFR182.60), butyrate has been used in patients suffering from autoimmun-
ity, cancer, and neurological diseases (66-68). Butyrate promotes intestinal epithelial
barrier function and regulates the host mucosal immune system (69). Notably, butyrate
is reported to limit pathogen proliferation through increasing mucosal barrier and
secretion of AMPs (70). In our experiments, SB treatment decreased bacterial coloniza-
tion in the suckling mice. Our findings are further supported by studies about the
inhibitory effect of SB on the colonization of Salmonella sp (71, 72). Remarkably, SB
treatment also reduced CT production and fluid accumulation in the rabbit ileal loop.
However, when another butyrate derivative (TB) was used in animal models, it was
ineffective against V. cholerae virulence. Since our in vitro findings demonstrated that
SB inhibits ToxT activity while TB showed no such inhibition, we hypothesize that SB
attenuates V. cholerae virulence in vivo possibly by targeting ToxT-mediated virulence.
Altogether, these findings suggest that SB is highly effective against V. cholerae virulence,
which may reduce the severity and duration of the disease. There are various reports
regarding the in vitro inhibition of ToxT activity by the inhibitors, but their efficacy in vivo
conditions remains far from being elucidated (40, 43). Here, we have shown for the first
time that SB exhibited strong anti-virulence activity against V. cholerae in vitro and in vivo
conditions.

Although we have demonstrated the protective effects of SB against V. cholerae, it is
essential to acknowledge that our research currently possesses certain limitations and
needs further investigation. First, in our study, a molecular docking experiment predicted
the binding site of SB with ToxT. In addition to docking studies, a structural, in-depth
analysis is requisite for gaining better insights into the exact binding position of SB and
how this interaction affects the DNA binding ability. Second, our results so far do not
offer a specific explanation for the increase in biofilm-forming genes. Future work will
therefore aim to unravel the pathway(s) that can link the differential changes in virulence
gene expression. Third, although we have explored the in vivo mechanisms of SB in
suckling mice and rabbit ileal loops, these two animal models hold certain limitations.
The lack of severe diarrhea and an underdeveloped host defense system in suckling mice
do not provide information about the host factors important for the secretory response.
In the case of the rabbit ileal loop, the closed intestinal loop system bypasses the natural
route of infection as well as several aspects of Gl tract physiology, such as peristalsis.
Therefore, a direct confirmation of our study awaits an improved mammalian model.

In conclusion, this study reports that SB inhibits ToxT activity in V. cholerae. This is
the first report of direct binding of SCFA, butyrate, to a virulence regulator in V. cholerae.
Mitigation of V. cholerae virulence without reducing bacterial burden may also reduce
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the potential to develop unwanted antibiotic resistance. Furthermore, the homology of
ToxT with other virulence regulators in different pathogenic bacteria could facilitate the
development of broad-spectrum anti-virulent agents (46, 73). Such therapeutics would
offer a new option to treat MDR bacterial infections.

MATERIALS AND METHODS
Computational methods

The 3D structure of the docking target ToxT was downloaded from the RCSB Protein
Databank Server and visualized using UCSF Chimera version 1.11. The said protein was
prepared for docking using the Yasara engine and then saved as a new PDB file using
Chimera. The ligands used for docking were collected from different literature sources.
Ligands were converted to the PDB file using UCSF Chimera (74, 75) and were energy
minimized using universal force fields (UFF). These ligands were then docked into the
binding pocket of ToxT using PyRx autodock vina, and the energy values were computed
for each ligand. Ligands that fit into the binding pocket were selected and considered for
further in vitro and in vivo studies.

Bacterial strains and culture conditions

Bacterial strains used in this study and their antibiotic resistance profiles are listed in
Table S2. Strains were maintained at —80°C in Luria-Bertani broth (LB) containing 20%
glycerol. Overnight cultures were grown for 24 h at 37°C in LB medium. Growth of the
V. cholerae strains under toxin-inducing conditions consists of diluting overnight culture
1:1,000 in fresh AKI medium, growing them under stationary conditions for an initial
4 h, and then shifting to shaking condition for another 16 h (15). Concentrations of
antibiotics used (Sigma, Saint Louis, MO) were as follows: streptomycin, 100 ug/mL, and
ampicillin, 100 pg/mL.

Susceptibility testing and growth curve assay in the presence of SB

SB used in this study was purchased from Sigma-Aldrich. SB stock solution was made to 5
M in water and was stored at 4°C.

The MIC was determined following the Clinical and Laboratory Standards Institute
microdilution assay using the cation-adjusted Mueller-Hinton broth (CAMHB) (76).
Bacterial strains were grown on Luria agar plates (LA) at 37°C overnight. The colonies
were resuspended in CAMHB to a 0.5 McFarland standard. The 100 uL of adjusted culture
was further diluted with serially diluted concentrations of SB (ranging between 600 mM
and 5 mM) in CAMHB in a round bottom 96-well plate to a final concentration of 5 x
10° CFU/mL. The plates were incubated at 37°C for 24 h without shaking. The concentra-
tions of SB that did not affect the bacterial growth were selected as the sub-MICs for this
study, whereas the lowest concentration that inhibited the visible bacterial growth was
identified as the MIC (77). To determine the MBC values, 100 yL of each well medium
with no visible growth was inoculated in Mueller-Hinton agar plates (MHA). The lowest
concentration at which no colonies were identified on the plate after 24 h incubation
was determined to be the MBC.

To evaluate the effect of SB on bacterial growth, the overnight bacterial cultures
were diluted 1:1,000 in a flask containing 200 mL of LB broth with or without SB and
incubated at 37°C with shaking at 180 rpm. A 100 pL aliquot was removed from the
flask, and suitable dilutions were plated on LA plates containing antibiotics. The growth
curve was determined by cell counts and is expressed in log1oCFU/mL. Experiments were
independently performed three times.

Detection of cholera toxin by ELISA

Cultures of V. cholerae were grown under toxin-inducing conditions in the presence
or absence of SB. GM1 ganglioside enzyme-linked immunosorbent CT assays were
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performed as previously described (78) on equal volumes of resulting supernatant.
CT expression values were normalized to ODgqg, and the average was calculated from
triplicate experiments.

RNA isolation and qRT PCR

Cells were cultured under toxin-inducing conditions in the presence or absence of SB.
RNA was harvested with Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions, and DNA was removed using a DNA-free kit (Ambion, Austin, TX). RNA
was converted to cDNA using the cDNA synthesis kit (Thermo Scientific, Waltham,
MA). Real-time PCR was performed in the StepOnePlus real-time PCR system (Applied
Biosystems, Foster City, CA) using SYBR green master mix (Applied Biosystems) according
to the manufacturer’s instructions. The mRNA quantity relative fold change data were
calculated using standard curves (79) and normalized by the expression levels of the recA
gene (internal reference gene) (80). The results are the averages from three biological
replicates with three technical replicates per experiment. Primer sequences used in this
study are listed in Table S3.

Western blot analysis

Cells were cultured under toxin-inducing conditions in the presence or absence of SB.
Next, the bacterial cells were pelleted from each condition at 5,000 x g for 10 min. After
the supernatant was decanted, the pellets were resuspended in phosphate-buffered
saline (PBS). Cells were lysed by sonication for 3 min and centrifuged at 12,000 x g for
10 min at 4°C to remove cell debris. Then, the clear lysate was collected in a new tube,
and protein concentrations were determined using a Bradford assay reagent (Thermo
Scientific). Next, 20 pg of the total protein from each cell lysate was loaded and separated
by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore,
Burlington, MA) and probed via immunoblotting. The following antibodies were used
for immunoblotting: rabbit polyclonal ToxT, TcpA, and DnaK (Biobharati Life Sciences,
West Bengal, IN) primary antibodies and horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibody (Sigma-Aldrich). Bands were observed in the ChemiDoc
MP Imaging System (Bio-Rad, Hercules, CA) using chemiluminescent HRP substrate
(Millipore). Relative fold changes in protein expression were measured after normalizing
against DnaK using Image Lab software (version 5.2.1).

Protein purification

Nickel binding protein-recombinant protein fusion (NBP-ToxT/CytR) purification was
performed as previously described using Escherichia coli strain BL21(DE3) with plasmid
pHIS-Tev plasmid harboring the 6x His-recombinant protein fusion construct (40). Briefly,
after NBP-recombinant protein fusion construct induction by Isopropyl-f3-p-thiogalacto-
pyranoside (IPTG), cells were lysed by sonication and loaded on top of Ni**-conjugated
agarose beads. The fractions containing NBP-recombinant protein were dialyzed with
25 mM Tris (pH 8.0) and 100 mM NaCl solution. Purified protein was quantified by
Bradford reagent, and the purity was confirmed by SDS-PAGE, stained with Coomassie
Brilliant Blue.

Fluorescence quenching

Interaction between ToxT protein and SB was analyzed by the concentration-dependent
effect of SB on the tryptophan fluorescence emission of ToxT. The emission spectra
of ToxT were acquired using 0.1 uM protein dissolved in 25 mM Tris (pH 7.5) and
100 mM NaCl in the presence or absence of SB. The solution was excited at 280 nm,
and the intrinsic fluorescence emissions were scanned from 300 nm to 500 nm (Hitachi
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Fluorescence Spectrophotometer F-7000, Tokyo, Japan). Fluorescence quenching was
analyzed by the classical Stern-Volmer equation as previously described (81).

EMSA and ChIP

The chromosomal DNA of V. cholerae N16961 was used as a template in the PCR
process to amplify DNA fragments of size 150 bp for the tcpA promoter region. Then
this amplified product was labeled with biotin at the 5" end followed by purification
using the Qiaquick nucleotide removal kit (QIAGEN, Hilden, Germany). EMSA of ToxT
protein binding to the tcpA promoter region was performed as described previously
(22). For the EMSA binding assay, different concentrations of purified ToxT protein (0.4,
0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 uM) were mixed with fixed amounts of biotin-labeled DNA
fragment Pypa (1 nM) in a binding buffer (10 mM Tris-HCI [pH 7.5], 100 mM KCI, T mM
EDTA, T mM dithiothreitol, 200 pg of bovine serum albumin/mL, and 10% glycerol) and
incubated for 20 min (82). To check the SB-ToxT interaction, the binding reactions were
set up where different concentrations of ToxT (0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 pM)
were pre-incubated with SB (20 mM) for 20 min in binding buffer, followed by the
addition of DNA fragment Pypa (1 nM) and incubation continued for another 20 min.
To determine the effect of increasing concentrations of SB, the binding reactions were
set up where ToxT (1.0 uM) was pre-incubated with varying doses of SB (10, 20, and
40 mM) for 20 min in binding buffer, followed by the addition of DNA fragment Pips
(1 nM). To determine the specificity of SB-ToxT interaction, the binding reactions were
set up where ToxT (1.0 pM) was pre-incubated with SB (40 mM) or another butyrate
derivative TB (40 mM) for 20 min in binding buffer, followed by the addition of DNA
fragment Pycpa (1 nM). Furthermore, to check possible SB-Py,4 DNA interaction, labeled
Ptcpa DNA (0.5 nM) was pre-incubated with SB (20 and 40 mM) for 20 min in binding
buffer, followed by the addition of purified ToxT protein (4 uM), and the incubation
continued for another 20 min (82). To show the specificity, non-specific protein (CytR,
1.0 pM), a 70-fold molar excess of unlabeled double-stranded tcpA fragment, and a
70-fold molar excess of unlabeled nonspecific DNA were used as controls (Table S3).
The samples were loaded on 4% native polyacrylamide gel and electrophoresed at 100
V, 4°C in 0.5x Tris-borate-EDTA buffer. DNA was then transferred from gel to charged
nylon membrane for nucleic acid blotting (Millipore) followed by cross-linking using a UV
Stratalinker from Stratagene and detected using LightShift Chemiluminescent EMSA Kit
(Thermo Scientific).

To determine the Ky (equilibrium dissociation constant) for samples with or without
SB, the percentage of labeled DNA bound to protein was determined for each lane.
This was then fit to the following equation: percent bound = By X [protein]"/(K/" +
[protein]”), where h is the Hill coefficient and Bynay is the amount of bound DNA at which
the curve plateaus, which was set to a constraint of 100% using GraphPad Prism 9.0
software. The K4 values for each condition were compared using the extra sum of squares
F test to determine if the two values were statistically different.

ChlIP analysis was performed as described previously (83), with some modifications.
Briefly, cells were grown in the presence or absence of SB for 4 h. After cross-linking
with formaldehyde, cells were lysed and sonicated to shear the genomic DNA. Clarified
lysates were incubated for 6 h at 4°C with 8 pg anti-ToxT antibody or control mouse IgG
(Cell Signaling Technology). The chromatin fraction, which lacks the primary antibody,
was taken as “input’ After washing, the immunoprecipitated complexes were eluted,
and DNA was reverse cross-linked. Real-time quantitative PCR (qPCR) and agarose PCR
gel electrophoresis were used to quantitate promoter occupancy by ToxT as formerly
described (84, 85) using the primers for ChIP (Table S3). The data were graphically
represented as % input.
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RNA sequencing and analysis

Triplicate N16961 samples were grown under toxin-inducing conditions in the presence
or absence of SB. Total RNA was isolated as described above, and mRNA was selectively
enriched by depleting rRNA using a Ribo-Zero rRNA removal kit (Epicentre, Madison,
WI). Then, the ¢cDNA library was constructed using a TruSeq-stranded mRNA sample kit
(Illumina, San Diego, CA). RNA sequencing was done on the lllumina HiSegX system
by MedGenome Labs Ltd., Bangalore, India. The raw data were processed using the
HISAT2-StringTie pipeline as described elsewhere (86). The raw sequencing reads were
mapped against the genomic sequence of V. cholerae O1 biovar El Tor str. N16961 using
the HISAT2 alignment tool. StringTie was used to assemble reads and generate FPKM
(fragments per kilobase per million) values, as a normalization metric (87). After filtering
undesirable contaminants (such as rRNAs), differentially expressed genes between
different groups were identified by the package DESeq2 [20 mM of SB over 0 mM of
SB treatment were determined as fold change (FC) by the formula log2(mean FPKMest/
mean FPKMcontro], with thresholds of adjusted P values at <0.05 and an absolute fold
change >2. The differentially expressed genes identified among the two groups were
generated in a heatmap by the CIMminer program as described previously (88). The
complete list of the FPKM values, fold change values, and P values are provided in Data
Set S1.

Cell culture experiments

Human adenocarcinoma cell line HT-29 (ATCC HTB-38) was maintained in Dulbecco
modified essential medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal
bovine serum (PAN Biotech, Aidenbach, BY). The cells were kept at 37°C in a humidified
5% CO; incubator.

Adhesion of V. cholerae to HT-29 cells was done according to the previously described
method (80). Briefly, HT-29 cells were grown up to 80%-90% confluency. The cells were
infected with bacterial suspensions in DMEM (without antibiotics) at an MOI of 100 for
2 h in the presence or absence of SB. Following incubation, the nonadherent bacteria
were completely removed by washing with PBS. Cells were lysed in 0.1% Triton X-100
solution. The lysate solution was gradient-diluted and plated on LA plates, and the plates
were incubated overnight at 37°C. The attachment efficiency was determined by the
number of bacteria recovered on plates. At least three independent biological replicates
were prepared and analyzed.

The MTT assay was performed as described previously (89). Briefly, HT-29 cells were
treated with different doses of SB (5-160 mM) at 37°C. The cell viability was determined
after 24 h using the Colorimetric Cell Viability Kit IV (MTT) (Promokine, Heidelberg,
Germany) according to the manufacturer’s guidelines. The absorbance was read at
570 nm, and % viability was calculated as described previously (26).

Suckling mice colonization assay

Four- to five-day-old suckling BALB/c mice were orogastrically inoculated with 50 pL
(containing 10° CFU of V. cholerae cells) of the bacterial suspension with or without
drugs. The mice were maintained at 30°C and sacrificed after 18 h. The entire intestine
was removed and homogenized in PBS. Serial dilutions of the homogenates were then
plated on LA plates containing antibiotics to enumerate viable V. cholerae cells and
expressed as CFU per mouse intestine (90). The colonization experiment was performed
three times independently in 3 days with at least four mice in each group, and the
combined data for the three experiments were used for statistical analysis.

Rabbit ileal loop assays

Assays of fluid accumulation in rabbit ileal loops were performed as previously described
(90). Each loop received 1 mL (containing 10° CFU of V. cholerae cells) of bacterial
suspension with or without drugs. After 18 h, the rabbits were sacrificed, and their
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intestine was dissected. The fluid accumulated within each loop was collected sepa-
rately, measured, and expressed as a ratio of the amount (mL) of fluid per unit length
(cm) of the loop. The amount of CT produced was assessed by CT-ELISA, and the
inflammatory cytokines (IL-6, IL-8, IL-13, and TNF-a) produced under each condition
were determined by ELISA kits (Krishgen, Mumbai, India) following the manufacturer’s
instructions. For qRT-PCR analysis of virulence genes, bacteria were harvested from loop
fluid by centrifugation and used for RNA preparation, which is further processed to
gRT-PCR as described above.

The ileal loops obtained from the above procedure were analyzed for the estimation
of adhered bacteria to the intestinal mucosa following the previously described protocol
(91). Briefly, the fluid in the loops was taken out as outlined above. Each intestine was
then excised and opened by longitudinal incision and was washed three times with
PBS to remove the nonadherent or loosely adhered bacteria. After washing, the opened
intestine was stretched on a wooden sheet with a luminal surface uppermost, and
several circular pieces of mucosa (7 mm in diameter) were punched out. Each of the
intestinal punches was then homogenized in 0.25 mL of Krebs/Ringer/Tris (KRT) buffer
(pH 7.5). To determine the viable cells of V. cholerae, 0.1 mL of the homogenate was
serially diluted in PBS and 0.1 mL of aliquots were plated onto LA plates containing
antibiotics to enumerate viable V. cholerae cells. The adhesive ability of V. cholerae
(adherence index) was expressed as the average number of adhered bacterial cells per
punched mucosal surface.

For the histopathological study, rabbit ileal tissue samples were fixed with
10% buffered formalin, embedded in paraffin, and sliced into 4-um-thick sections.
The tissue was then deparaffinized and stained using HE and visualized using a
bright field microscope for further analysis. The rabbit ileal loop experiments were
performed three times independently, and the results were expressed as mean + SD
(n =3).

Statistical analysis

Statistical analyses were carried out using the GraphPad Prism 9.0 software, and all data
are denoted as mean + standard deviation (SD) unless otherwise specified. The results
were analyzed using appropriate statistical tests as indicated in figure legends.
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Supplemental material (mSphere00824-24-50006.docx). Supplemental figure legends
and tables.
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Introduction

Abstract

Aims: In the age where bacterial resistance to conventional antibiotics is
increasing at an alarming rate, the use of the traditional plant, herb extracts or
other bioactive constituents is gradually becoming popular as an anti-virulence
agent to treat pathogenic diseases. Carvacrol, a major essential oil fraction of
Oregano, possesses a wide range of bioactivities. Therefore, we aimed to study
the effect of sub-inhibitory concentrations of carvacrol on major virulence
traits of Vibrio cholerae.

Methods and Results: We have used in vitro as well as ex vivo models to
access the anti-pathogenic role of carvacrol. We found that the sub-inhibitory
concentration of carvacrol significantly repressed bacterial mucin penetrating
ability. Carvacrol also reduced the adherence and fluid accumulation in the
rabbit ileal loop model. Reduction in virulence is associated with the
downregulated expression of tcpA, ctxB, hlyA and toxT. Furthermore, carvacrol
inhibits flagellar synthesis by downregulating the expression of fIrC and most
of the class III genes.

Conclusions: Carvacrol exhibited anti-virulence activity against V. cholerae,
which involved many events including the inhibition of mucin penetration,
adhesion, reduced expression of virulence-associated genes culminating in
reduced fluid accumulation.

Significance and Impact of the Study: These findings indicate that carvacrol
possesses inhibitory activity against V. cholerae pathogenesis and might be
considered as a potential bio-active therapeutic alternative to combat cholera.

barrier of the intestine, where it penetrates the thick
mucus barrier by the simultaneous action of flagellar

Vibrio cholerae is a comma-shaped, Gram-negative, facul-
tatively anaerobic bacterium that causes severe food and
waterborne diarrhoeal disease cholera. The disease cholera
causes gastrointestinal ailments with characteristic non-
bloody watery diarrhoea leading to the loss of body fluids
and the consequent electrolyte imbalance results in the
death of the individual if left untreated. Infection of V.
cholerae in humans is caused by the ingestion of contami-
nated water and food (Kaper et al. 1995). After reaching
the small intestine, V. cholerae confronts the thick mucus
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movement and release of different proteases and chiti-
nases. As a result, V. cholerae subverts the protective
mucus layer and then adheres to the epithelial cell. After
the adherence, colonization of V. cholerae occurs by
forming microcolonies. Vibrio cholerae then produces
cholera toxin (CT) and other virulence factors and cause
disease (Matson et al. 2007; Das et al. 2020). WHO esti-
mates that each year cholera infects nearly 1-4 million
people worldwide and claims up to 21 000-143 000 lives
(Ali et al. 2015).
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Throughout the last decade, awareness and campaign-
ing among the people of developing nations about the
practice of proper hygiene and sanitation and the avail-
ability of uncontaminated drinking water has reduced the
global burden of cholera. In 2018, total cases of cholera
were reduced by 60% than the previous year (World
Health Organization 2019). Typically, treatment of cho-
lera includes electrolyte replacement therapy and some-
times antibiotics. However, the inappropriate and overuse
of antibiotics through self-medication and indiscriminate
access to antibiotics without prescription has led to the
emergence of multidrug-resistant epidemic strains of bac-
teria. Among bacteria, antibiotic-resistant V. cholerae is
becoming worryingly common across the globe (Verma
et al. 2019). Countries reporting major drug-resistant V.
cholerae strains are reviewed extensively by Kitaoka et al.
(Kitaoka et al. 2011). Vibrio cholerae becomes drug resis-
tant by the frequent acquisition of extrachromosomal
mobile genetic elements by horizontal gene transfer from
other bacterial species. (Narendrakumar et al. 2019;
Verma et al. 2019; Das et al. 2020).

Traditional antimicrobials are usually bacteriostatic or
bactericidal which may facilitate the emergence of MDR
strains.  Therefore, alternative novel therapeutic
approaches like the use of plant or herb extracts, bioac-
tive phytochemicals or the use of small molecules are in
urgent need to fight against these pathogens by particu-
larly targeting bacterial virulence factors. Furthermore,
the use of Bdellovibrio bacteriovorus or Micavibrio aerugi-
nosavorus as probiotic treatment has also been reported
to decrease the spread of antibiotic resistance in V. cho-
lerae (Dwidar et al. 2012; Duncan et al. 2018). The use of
bioactive compounds from natural products such as
herbs, spices, fruits and seeds has many beneficial effects
on our health and possess lesser side effects.

In India, various plant parts and their derivative com-
ponents have been used as Ayurvedic medicine since
ancient times to treat various diseases including diar-
rhoea. Plant-derived essential oils possess important vola-
tile components with diverse Dbioactivities including
antimicrobial potential. Over the past few years, the use
of essential oils from cinnamon, cardamom, red chili,
white pepper, sweet fennel and ginger has been well doc-
umented (Aminzare et al. 2018). These bioactive com-
pounds act against V. cholerae in various ways mainly by
controlling virulence regulatory gene toxT (Virstatin)
(Hung 2005; Shakhnovich et al. 2007), inhibiting the
binding of CT to GM, (6-Gingerol) (Saha et al. 2013),
disrupting the secondary structure of CT (zinc oxide
nanoparticles) (Sarwar et al. 2017) or by showing direct
antimicrobial activity against the pathogen.

Carvacrol (CV) is a naturally occurring essential oil
fraction of Oregano (Origanum vulgare) and it exhibits
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antimicrobial activity against a variety of foodborne
pathogens such as Escherichia coli O157: H7 (Obaidat
and Frank 2009), Bacillus cereus (Ultee et al. 1999), Shi-
gellasp. (Bagamboula et al. 2004), Salmonellasp. (Miladi
et al. 2016), Clostridium difficile (Mooyottu et al. 2014)
and also V. cholerae (Rattanachaikunsopon and
Phumkhachorn 2010). Studies indicated that CV pos-
sesses a variety of characteristics (Ahmad et al. 2010;
Arunasree 2010) including anti-oxidant (Slamenova et al.
2007; Slamenova et al. 2008; Aristatile et al. 2009), anti-
bacterial (Nostro et al. 2009; Rattanachaikunsopon and
Phumkhachorn 2010; Pérez-Conesa et al. 2011) and anti-
inflammatory properties (Landa et al. 2009; Hotta et al.
2009).

Most of the studies on the effects of carvacrol on bac-
teria have focussed on determining the minimum inhibi-
tory concentration (MIC) at which growth arrest of the
bacterial culture occurs, or on the minimum bactericidal
concentration (MBC), that is, the concentration at which
>99-9% of the bacterial population are killed (van
Alphen et al. 2012). Despite extensive research on car-
vacrol in recent years, there is still no report regarding
the anti-virulence properties of carvacrol against V. cho-
lerae. In this study, we investigated the potential effects
of sub-inhibitory (sub-MIC) concentration of carvacrol
on the virulence potential of V. cholerae. In this context,
we have evaluated the activity of carvacrol on V. cholerae
motility, transcriptional regulation of flagella synthesis
genes, in vitro mucin penetration, adhesion to epithelial
cells followed by studying the in vivo anti-virulence activ-
ity of carvacrol using the rabbit ileal loop models. Here,
we report for the first time the anti-virulence activity of
carvacrol against pathogenic V. cholerae. Our results indi-
cate that at concentrations that do not affect the bacterial
growth CV can inhibit V. cholerae motility, mucin pene-
tration, adhesion, toxin production and virulence which
may limit bacterial infection and disease pathogenesis
within the human host.

Materials and methods

Ethics statement

Animal experiments were carried on following the guide-
line proposed by the Committee for the Purpose of Con-
trol and Supervision of Experiments on Animal
(CPCSEA), Government of India. All animal experiments
performed here were subjected to the approval (registra-
tion no: PRO/120/April 2016-March 2019) by the Insti-
tutional Animal Ethics Committee of the National
Institute of Cholera and Enteric Diseases. For in vivo
fluid accumulation study, New Zealand white rabbits of
about 2-5 kg were used. At the time of harvesting the
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intestine, animals were euthanized in the CO chamber
assuring minimum pain to the animals.

Bacterial strains and culture conditions

Streptomycin-resistant O1 El Tor Inaba V. cholerae strain
N16961 was used in all the experiments performed here.
This strain was cultured in Luria—Bertani (LB) medium
at 37°C with 180 rev min~' constant shaking or at static
conditions on Petri plates containing LB agar supple-
mented with appropriate antibiotics streptomycin
(100 pg ml™). Bacteria were also cultured in AKI media
containing 0-4% yeast extract (BD Difco, San Diego,
CA), 1-5% Bacto peptone (BD Difco, San Diego, CA),
0-5% NaCl and 0-3% freshly prepared NaHCO; (Merck,
Burlington, MA) pH 7-2 at 37°C under static condition
for CT analysis.

Determination of MIC and MBC of Carvacrol

The study compound carvacrol, a major constituent of
essential oil fraction of oregano (O. vulgare), was pur-
chased from Sigma-Aldrich, St. Louis, MO. A stock solu-
tion of carvacrol with a concentration of 50 mg ml™" was
prepared by diluting it in DMSO before use. These stocks
were stored at 4°C in the dark until required and diluted
stocks are used for not more than 1 week.

The MIC of carvacrol was determined by the broth
microdilution method according to CLSI guidelines
(Clinical Laboratory Standards Institute 2012) in 96-well
flat-bottomed polystyrene microtiter plates (Costar Corn-
ing, Corning, NY). Bacterial strain suspension was
adjusted to optical density values 0-08-0-12 at 600 nm
(equivalent to 0-5 McFarland standard turbidity) with a
spectrophotometer. In total, 200 ul of cell suspensions
was inoculated into the wells of 96-well microplates and
carvacrol was dissolved in DMSO and then in Muller
Hinton Broth (MHB) as required and transferred to the
microplate well to obtain a twofold serial dilution rang-
ing from 1200 to 1 ug mI~'. MHB only and MHB with
bacteria containing wells were used as negative and posi-
tive controls, respectively. Plates were incubated for 24 h
at 37°C and bacterial growth was evaluated by the pres-
ence of turbidity and a pellet on the bottom. The MIC
value was recorded as the lowest concentration of the
tested compound that had no macroscopically visible
growth of bacteria (Burt 2004). To determine the MBC
values, 100 pl of each well medium with no visible
growth was inoculated in Muller Hinton Agar plates.
After 24 h of incubation at 37°C, the number of surviv-
ing organisms was determined. MBC was defined as the
lowest concentration of compounds at which 99% of the
bacteria were killed. Each experiment was repeated twice
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separately (Magina et al. 2009). To verify that the anti-
microbial effect was from the carvacrol and not from
DMSO (that was used as the solvent for carvacrol), we
used DMSO as negative control and it did not inhibit
bacterial growth.

Vibrio cholerae growth assay

For growth curve analysis, overnight grown log-phase
cultures of V. cholerae N16961 were collected, cen-
trifuged, washed in PBS, and cell number was adjusted to
1 x 10° cells per ml using LB medium. The growth curve
was done in a nutrient-rich LB medium. Carvacrol was
supplemented to the culture media at different concentra-
tions (150, 75 and 37-5 ug ml™). A starting inoculum of
1 X 10® cells per ml was given to the fresh LB broth med-
ium. Cultures were grown at 37°C under constant shak-
ing at 180 rev min~! for up to 24 h (Chourashi et al.
2016). The viable cell counts were enumerated by dilu-
tion plating of the bacterial cultures at different time
points onto LB agar plates supplemented with strepto-
mycin followed by colony count.

RNA isolation and quantitative RT-PCR

To determine the effect of carvacrol on V. cholerae
toxin gene associated virulence gene and flagellar gene
expression, total RNA was isolated from the mid-loga-
rithmic-phase (O. Dgoo values 0-5-0-6) bacterial culture.
Carvacrol-treated and -untreated bacterial cultures were
harvested either from in vitro samples grown in AKI
and LB broth or from in vivo rabbit ileal loop. After
extracting the total RNA wusing Trizol (Invitrogen,
Carlsbad, CA) method, it was dissolved in RNase-free
water at —80°C until use. Contaminating genomic
DNA was eliminated by DNase treatment using a
DNA-free kit (Ambion, Austin, TX). 1 ug of RNA from
each sample was subjected to cDNA synthesis using a
Reverse Transcription kit (Promega, Madison, WI) fol-
lowing the manufacturer’s protocol. The mRNA tran-
script levels were quantified by quantitative PCR
(gPCR) using 2 X SYBR green PCR master mix (AB
Applied Biosystems, Foster City, CA) and 0-2 gmol I™!
of specific forward and reverse primers designed using
PrimerQuest from Integrated DNA Technologies (IDT)
for each transcript (Table S1). Data analysis was done
using a 7500 Real-Time PCR detection system (Applied
Biosystems, Foster City, CA) with 40 cycles of a two-
step cycle followed by a melting curve. The relative
expression of the target transcripts was calculated
according to Livak’s 272 method (Livak and Sch-
mittgen 2001) using recA (VC_0543) as an internal
control.
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Mucin penetration assay

Mucin penetration study was performed according to the
previously described method (Liu et al. 2008). In brief,
mucin columns were prepared by adding 1-5% porcine
mucin (Sigma-Aldrich) in 1-ml syringes. Different con-
centrations of carvacrol (75 and 37-5 ug ml™") were
added to each of the mucin columns. The untreated
mucin column was used as control. Vibrio cholerae was
grown up to mid-log phase and the concentration was
adjusted to 5 X 10® cells per ml using PBS. On top of the
mucin columns, 0-1 ml of the culture was loaded and
allowed to settle for 1 h at 37°C under static conditions
(Chourashi et al. 2016). In all, 100 ul of culture fractions
was collected from the bottom of the columns. Bacterial
numbers were measured by serially diluting the samples
and plating them onto LB agar and counting the colony
forming units (CFU).

Motility assay

The surface motility of V. cholerae was done by the previ-
ously described method (Yeung et al. 2012). Bacteria were
grown up to the mid-log phase in LB broth. The culture
was resuspended in PBS and ODggyy adjusted to 0-5. In
total, 1 ul of this culture was spotted on soft agar plates
containing different concentrations of carvacrol (75 and
375 ug ml™") in LB media and 0-3% bacto agar. The
plates were incubated for 24 h at 37°C. Bacterial motility
was analysed by measuring the diameter of the motility
zone on the plate surface.

Cell culture

Human adenocarcinoma cell line HT-29 (ATCC HTB-38)
was used to study the effect of carvacrol in ex vivo condi-
tions. HT-29 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis,
MO), supplemented with 10% foetal bovine serum (PAN
Biotech, Aidenbach, BY), 1% non-essential amino acid
(Sigma-Aldrich, St. Louis, MO) and 1% penicillin/strep-
tomycin (Sigma-Aldrich, St. Louis, MO) mixture at 37°C
under 5% CO, in a humidified incubator (Mondal et al.
2014).

Adhesion assay

Vibrio cholerae adhesion to HT-29 was done according to
the method described previously (Chourashi et al. 2016).
HT-29 cells were split into 12-well cell culture plates and
grown up to 80% confluency. Vibrio cholerae grown till
mid-log phase was taken and 1.2 X 10® bacteria were
(1:100 MOI) inoculated to HT-29 cells. Carvacrol at
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different concentrations (75 and 37-5 ug ml™") was added
to the DMEM in each well. Adhesion assay was done by
incubating the bacteria/cell at 37°C for 1h. The cells
were then washed three times with pre-warmed PBS pH
7-4 to remove unbound bacteria. Adhered bacteria were
detached using 0-1% Triton X-100 in each treatment
group and were counted after serial dilution by plating
on LB agar plates supplemented with 100 ug ml™" strep-
tomycin. In vivo adhesion of bacterial strains with the
rabbit intestinal lumen was also evaluated. Intestinal loop
sections recovered 18 h after the rabbit ileal loop experi-
ment were washed in PBS three times, homogenized and
serially diluted in PBS. The adherent bacterial count was
determined by plating these bacterial cultures on LB agar
supplemented with 100 ug ml™" streptomycin.

Ligated rabbit ileal loop assay for fluid accumulation
and bacterial recovery

New Zealand white rabbit was used to study intestinal
fluid accumulation assay. In total, 1 ml of 1 x 10° CFU
per ml V. cholerae culture with or without carvacrol (at
150, 75, 37-5 ug ml™') was introduced into each ileal
loop. The negative control loop was inoculated with PBS.
After 18 h, the animal was sacrificed and the loops were
taken out and the volume of the accumulated fluid and
the length of the loops were measured. The amount of
the accumulated fluid (FA) was expressed as a loop fluid
volume (ml)/length (cm) ratio (Chourashi et al. 2016).
The accumulated fluid was also used for bacterial adhe-
sion, CT production and virulence gene expression stud-
ies.

GM1 enzyme-linked immunosorbent assay

The amount of CT in the culture supernatant was quanti-
fied by GMI1 enzyme-linked immunosorbent assay
(ELISA) as described by Holmgren (1973) with minor
alterations (De et al. 2004; Patra et al. 2012). Vibrio cho-
lerae grown in AKI media for 18 h was harvested and
cell-free culture supernatant was pulled out by centrifuga-
tion. Culture supernatants were added to the wells of
MaxiSorp ELISA plates (Nunc, Rochester, NY) and pre-
coated with GM1 ganglioside (Sigma-Aldrich, St. Louis,
MO). Subsequently, each well was treated with a poly-
clonal anti-CT antibody (Sigma-Aldrich, St. Louis, MO).
In each set of assays, known amounts of purified CT were
used in different concentrations to generate a standard
curve. The amount of CT secreted by V. cholerae strains
was done by extrapolating the optical density value of the
samples at 450nm in the standard curve. The average of
ODy5( values obtained from triplicate wells of each exper-
imental set was considered to estimate the amount of CT
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present and expressed as ng of CT per ml. The amount
of CT produced in vivo rabbit ileal loop culture was also
measured by this method.

Transmission electron microscopy

Whole-cell mounts of V. cholerae were negatively stained
and bacterial morphology was visualized. In brief, wild-
type V. cholerae was grown in LB broth with or without
carvacrol at different concentrations (150, 75 and
37.5 ug ml™"). In total, 5 ul of bacterial suspension was
gently placed on a carbon-coated 300 mesh copper grid.
After about 1 min, the remaining solution on the grids
was wicked away with the help of a filter paper followed
by washing with two drops of distilled water. The grid
was then stained with 2% (w/v) uranyl acetate and air-
dried. The negatively stained cells were visualized with an
FEI Tecnai 12 BioTWIN transmission electron micro-
scope (FEIL, Hillsboro, OR) at an operating voltage of
100 kV.

LDH cytotoxicity assay

The effect of carvacrol on the cytotoxicity of the HT-29
cell line was estimated by lactate dehydrogenase (LDH)
release assay following the manufacturer’s protocol (LDH
cytotoxicity detection kit, TaKaRa Biosciences). In brief,
HT-29 cells were grown in six-well cell culture plates up
to 80% confluency and then co-incubation with carvacrol
at different concentrations was done for 12 h at 37°C
humid cell culture incubator. Cell culture supernatants
were analysed for the release of LDH. The percent cyto-
toxicity value was calculated using the following formula:
- EX—-LC
CytOtOXlCItY(%) = (m—BC) x 100,

where EX is the experimental value, LC the low control
or spontaneous LDH release from the untreated normal
HT-29 cells, HC the high control or maximum releasable
LDH in the HT-29 cells by the addition of 1% Triton X-
100 and BC the background control or LDH activity in
the assay medium. Treatment with 1% (v/v) Triton X-
100 represented maximum LDH release, hence repre-
sented 100% cytotoxicity.

Cell staining and fluorescence microscopy

The effect of carvacrol on human adenocarcinoma cell
line HT-29 was visualized by fluorescence microscopy.
HT-29 cells were seeded on sterile borosilicate cover glass
(Blue star, Mumbai, MH) in six-well cell culture plates.
Upon reaching 80% confluency, HT-29 cells were incu-
bated in serum-free DMEM and carvacrol treatment at
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different concentrations (0-250 ug ml™") was done for
4 h. After removing the media, HT-29 cells were washed
in PBS and stained with Hoechst 33342 (5 ug ml™)
(Sigma-Aldrich) for 10 min. Cells were then washed in
PBS twice and subsequently counterstained and mounted
with PI containing mounting medium (VectaShield, Vec-
tor Laboratories, Burlingame, CA). Both carvacrol-treated
and -untreated cells were visualized under a confocal laser
scanning microscope. Propidium iodide (PI) is a mem-
brane impermeant dye, whereas Hoechst H33342 is a
membrane-permeable  stain; therefore, HT-29 cells
exhibiting membrane permeability upon carvacrol treat-
ment display red (PI) intensity.

Statistical analysis

All the experiments were performed independently in
triplicates, and the data obtained were analysed by Stu-
dent’s t test. Data were represented as mean =+ standard
error of mean (SEM). A P < 0-05 was considered as sta-
tistically significant.

Results

Determination of MIC and growth of V. cholerae at sub-
MIC concentrations of carvacrol

The antibacterial activities in terms of MIC of carvacrol
against V. cholerae were found to be 150 ug ml™". In this
concentration of carvacrol, no visible growth of V. cho-
lerae was seen in the broth dilution assay. Also, in line
with the definition of MBC (Helander et al. 1998), its
value was found to be the same as MIC, as no viable bac-
teria were found in this concentration of carvacrol. Fur-
thermore, all the experiments of this study were
performed at sub-MIC concentrations of carvacrol (at ¥2
MIC (75 pg ml™") and ¥ MIC (37-5 ug ml™")). MIC of
carvacrol was also used in some experiments to compare
the effect with other treatment groups. The effect of car-
vacrol on V. cholerae growth in a time-dependent manner
was examined by counting the viable cells on the plates.
The growth rate of V. cholerae was measured in LB med-
ium along with exogenously added MIC and sub-MIC
concentrations of carvacrol. The result indicated that V.
cholerae growth was completely inhibited at MIC
(150 ug ml™"). No bacteria were recovered after 2 h of
initial inoculum at MIC. At Y2 MIC (75 ug ml™), the
viable count of the bacteria was reduced to 60% 1 h
post-initial inoculum. Within the initial 8 h, the viable
count of the bacteria reduced gradually to 20%. At 24 h,
the growth of the V. cholerae starts resuming to a lesser
extent and reaches up to 37% viability of the initial bac-
terial population. On the contrary, carvacrol treatment at

5



Carvacrol inhibits growth and virulence of V. cholerae

Y4 MIC (37-5 ug ml™) resulted in a reduction in the bac-
terial population to 60% within 2 h of the initial inocu-
lum. After that V. cholerae resumes growth and at 24 h,
the viable count of the bacteria exceeds more than five
times the initial inoculum (Fig. 1). At the initial phase of
the sub-MIC treatment, carvacrol showed the bactericidal
effect on V. cholerae; subsequently, it remained bacterio-
static for the remaining viable bacteria. This suggests that
V. cholerae remained viable and continued to grow even
upon carvacrol treatment at sub-MIC concentrations.

Swarming motility and mucin penetrating ability of V.
cholerae is reduced by carvacrol

The ability of V. cholerae to penetrate the mucin layer
in vitro in the presence of carvacrol was investigated. It
was found that V. cholerae mucin penetration decreased
significantly upon carvacrol treatment. Out of a total of
5 x 10® CFU per ml bacteria loaded on top of the 1-5%
mucin column, 100 ul of 43 x 10° CFU per ml bacteria
was recovered after 1 h from the bottom of the column
(Fig. 2a). In case of CV treatment at % MIC
(375 ug ml™) and % MIC (75 ug ml™), a total of
8 x 10* and 3-5 x 10* bacteria were recovered from the
bottom of the column, respectively, which seems to have
caused a 5-2-fold and 12-3-fold reduction in mucin
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Figure 1 Effect of carvacrol on Vibrio cholerae growth at MIC and
sub-MICs. Wild-type V. cholerae N16961 were grown in LB broth
along with carvacrol at MIC (150 ug mI™"), CV 150 @) 2 MIC
(75 ug mI="), CV 75 (A); % MIC (37-5 ug ml™"), CV 375 (Q) along
with the untreated control, CV 0 (). The viable bacterial counts in
CFU per ml detected by the plate count method were represented
graphically. Each experiment was repeated three times (n = 3) and
the data were expressed as mean + SEM.
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penetration, respectively. Because CV at both sub-MIC
concentrations reduced the viable count of the bacteria
by 40% in the initial 1 h of growth, we can say that the
viable count of the bacteria must be 25-8 X 10% in the
bottom 100 ul fraction of the CV-treated columns. Com-
pared to that, ¥4 MIC of CV treatment showed 3-2-fold
and Y2 MIC of CV treatment showed a 7-4-fold reduc-
tion. We have also investigated the surface motility of V.
cholerae on soft agar LB plates (Fig. 2b). We found that
in the CV-untreated plate V. cholerae showed a motility
zone of 7 £ 0-3 cm and the addition of CV resulted in
complete inhibition of swarming motility after 24 h of
incubation.

Adhesion to epithelial cells is affected by carvacrol

The effect of carvacrol on V. cholerae adherence to rabbit
ileum epithelial cells was tested. The result suggested that
3-37 x 10’ CFU per ml adherent V. cholerae was present
in the untreated condition (Fig. 3a). In contrast, there
was only 8-7 x 10° CFU per ml and 21 x 10° CFU per
ml of adherent bacteria at 2 MIC (75 ug ml™) and %
MIC (37-5 ug ml™") of carvacrol treatment, respectively.
We have also checked the bacterial load in each of the
ileal loop samples. 1-98 x 10° CFU per ml, 2:08 x 10’
CFU per ml and 1-59 x 10° CFU per ml bacteria were
recovered from the CV-untreated, ¥4 MIC of CV-treated
and %2 MIC of CV-treated ileal loop samples (Fig. 3b).
This study exhibits that only 1-7% of the total V. cholerae
adhered to the epithelium in the absence of CV. Whereas
0-5% out of total V. cholerae was adhered to the epithe-
lium in the presence of ¥2 MIC of CV treatment, showing
three times less adherence capability of V. cholerae. Fur-
thermore, the adherence capability of V. cholerae to the
HT-29 intestinal epithelial cell line was also studied com-
paring with the recovered viable bacteria from treated
and untreated culture samples. In the absence of CV,
1-47% out of total bacteria adhered to the HT-29.
Whereas only 0-12 and 0-04% bacteria out of total viable
bacteria adhered at % and % MIC of carvacrol treatment
(Fig. 3¢,d). Therefore, the effect of carvacrol on V. cho-
lerae is more pronounced in cell culture conditions
although we found significant results in vivo treatment.

Vibrio cholerae show less fluid accumulation upon
carvacrol treatment

Next, the effect of carvacrol in fluid accumulation in
ligated rabbit ileal loop model was studied. The amount
of fluid accumulated per unit length (FA ratio) in each
loop was measured 18 h post-infection with or without
carvacrol-treated V. cholerae culture (Fig. 4a). When
quantified, the FA ratio of CV treatment showed

Journal of Applied Microbiology © 2021 The Society for Applied Microbiology
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Figure 2 Effect of carvacrol on motility of Vibrio cholerae. (a) Mucin penetration was performed in a 1-5% mucin column in the presence of dif-
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under different treatment conditions. Each of the experiments was repeated three times (n = 3) and the data were expressed as mean + SEM.

*P < 0-05.

complete obliteration of fluid accumulation upon treat-
ment with MIC of carvacrol (i.e. 150 ug ml™). At %
MIC (75 ug ml™), a 3-7-fold decrease in fluid accumula-
tion was observed compared to the control (Fig. 4b). At
4 MIC (375 ug ml™!) of carvacrol, the FA ratio was
found to be similar to the untreated one.

CT production and virulence gene expression is
decreased by carvacrol

CT production in the rabbit ileal loop sample, which is
primarily responsible for fluid accumulation, was mea-
sured by GM;-CT ELISA. Experimental results sug-
gested that V. cholerae produced 666 ng mlI™' of CT in
the untreated ileal loop. At % MIC (75 ug ml™") of
carvacrol treatment, CT production was measured to
be 106-6 ng ml™" resulting in 6-3-fold reduced produc-
tion of CT compared to the untreated control loop
(Fig. 5a). Fluid from % MIC (375 ug ml™") carvacrol-
infected loop showed almost similar CT production
(612 ng mlI™") compared to the control loop. The
expression of different virulence genes (toxT, hlyA, tcpA
and c¢txB) was also measured by qPCR. It was found
that the expression of these genes was significantly
reduced by twofold, 2:3-fold, 4-4-fold and 4-2-fold,
respectively, in % MIC carvacrol (37-5 ug ml™Y)-infected
ileal loop samples relating to the infection with only V.
cholerae (Fig. 5b). At Y2 MIC (75 ug ml™) of carvacrol
treatment, expression of these genes was greatly
reduced compared to the control gene at the control
condition. Carvacrol also reduced CT production as
well as the expression of virulence genes in vitro AKI
media (Fig. S1).

Journal of Applied Microbiology © 2021 The Society for Applied Microbiology

Negligible cytotoxic effect was seen at sub-MIC
concentrations of carvacrol

Cytotoxicity of the HT-29 cell line upon carvacrol treat-
ment was measured by LDH release assay. Different doses
of carvacrol were used to treat HT-29 cells and after 12 h
the supernatants were collected and assessed for the
release of LDH. HT-29 cell treatment with triton X-100
showed maximum membrane damage, hence considered
to possess 100% cytotoxicity. The experimental result
obtained here showed that carvacrol exerts 9% and <1%
cytotoxicity at MIC and % MIC (75 ug ml™'), respec-
tively, compared to the triton X-100 treated cell (Fig. 6a).
So, no substantial membrane damage upon treatment at
MIC (150 ug ml™) and sub-MIC concentrations car-
vacrol is observed. Although at higher concentration
(250 ug ml™"), carvacrol exhibited noteworthy spillage of
LDH resulted in 58% cytotoxicity. Confocal microscopy
images also revealed that at MIC and sub-MIC treatment
of carvacrol, the permeability of PI to HT-29 cell line was
very less compared to the Triton-X 100 treatment (Fig. 6
b). The above results led to the conclusion that carvacrol
at sub-MIC is safe and does not cause human epithelial
cell damage.

Morphology and flagellar synthesis in V. cholerae is
affected by carvacrol

Changes in bacterial morphology were observed by trans-
mission electron microscopy upon carvacrol treatment.
As shown in Fig. 7, carvacrol treatment at MIC
(150 ug ml™") showed altered morphology with distorted
shape and damaged cell membranes, whereas lower
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Figure 3 Effect of carvacrol on the adhesion of Vibrio cholerae to the epithelial cells. Carvacrol at %2 MIC (75 ug mI~™") and % MIC (37-5 ug ml~")
were used in treating both rabbit intestine and cell culture conditions. (a) Adhered V. cholerae in the rabbit ileal loop tissue samples. (b) Total
number of V. cholerae count in each of the rabbit ileal loops. (c) Adhered V. cholerae with the HT-29 cell line. (d) Total number of V. cholerae
count in each HT-29 culture samples. The result is shown as the mean £ SEM of three biological replicates (n = 3).

concentrations of carvacrol showed the normal shape of
the bacteria. Although flagella in each of the treatments
was not observed in V. cholerae. Compared to that
untreated V. cholerae showed a normal shape and single
polar flagellum (Fig. 7). Flagella-driven bacterial motility
is an important virulence trait of V. cholerae. Reduced
mucin penetration and absence of flagella by microscopic
analysis upon carvacrol treatment raised interest in
whether carvacrol has any effect on flagella synthesis.
Therefore, the effect of the sub-inhibitory concentration
of carvacrol on V. cholerae flagella synthesis was assessed
by measuring the transcription of flagella synthesis genes
by gRT-PCR. The analysis revealed that at % MIC
(37-5 ug ml™") of carvacrol treatment, there was a

fourfold decreased expression of fIrC, a response regulator
(P < 0-05) (Fig. 8). Transcriptional expression of master
regulator fIrA, histidine kinase flrB and fliF (MS ring
structure forming unit) was not significantly changed
upon carvacrol treatment (P > 0-05). On the other hand,
alternate sigma factor fliA (c°®), flgM and RpoN (c™*)
expressions were downregulated by 2-5-fold, 2-9-fold, and
3-5-fold, respectively. Furthermore, downregulation of
motY (T-ring motor protein), flaA (main flagellin sub-
unit), flgP (H-ring-associated protein), flgT (H-ring com-
ponent), flgK (hook filament junction protein), flgG
(distal rod) and fIgB (proximal rod) all of which belong
to Class III flagellar synthesis genes were downregulated
by 10-5-fold, 7-1-fold, 3-8-fold, 6-6-fold, 33-3-fold, 5-fold

Journal of Applied Microbiology © 2021 The Society for Applied Microbiology
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Figure 5 Effect of carvacrol on cholera toxin (CT) production and virulence gene expression. (a) In vivo CT production was measured by ELISA
from the accumulated fluid samples of carvacrol treated (with %2 MIC (75 ug ml™"), ¥4 MIC (37-5 ug mI™")) and untreated ligated rabbit ileal
loops. (b) Relative expression of Vibrio cholerae virulence genes by real-time PCR. RNA was isolated from the untreated (=) or carvacrol treated
(+) (4 MIC (37:5 ug mI™") CV, @) and %2 MIC (75 ug mI~™"), ([CD) ileal loop bacterial samples. recA was used as an internal control gene. Data
showed here as the log,-transformed values of relative fold change. Each of the experiments was repeated three times (n = 3) and the data were

expressed as mean + SEM.

and 3-2-fold, respectively, upon % MIC (37-5 ug ml™') of
carvacrol treatment. However, inconspicuous change in
the expression pattern of these flagellar synthesis genes
was noticed when V. cholerae culture was treated with
even higher sub-inhibitory concentration, that is, ¥2 MIC
(75 g ml™") of carvacrol.

Discussion

Preceding the age of antibiotic discovery, traditional
knowledge of herbal extracts was widely practiced as
remedies to treat certain diseases around the world. How-
ever, in this antibiotic era, bacteria with resistance to var-
ious antibiotics are emerging increasingly, along with the
declined rate of development of new antibiotics during

Journal of Applied Microbiology © 2021 The Society for Applied Microbiology

the last decade compelled researchers to look for alterna-
tive approaches to treat pathogenic infections (Bassetti
et al. 2013; Sharifi-Rad et al. 2018). After an extensive lit-
erature survey, Carvacrol (CV), an essential oil fraction
of oregano, was selected for the study possessing several
bioactive properties on various organisms.

In this study, we have investigated the effect of the
sub-inhibitory concentration of CV on V. cholerae to
access the spectrum of biological activities under patho-
genic conditions. Our experimental result from the pre-
sent study suggests that CV possesses bacteriostatic as
well as the bactericidal effect on V. cholerae at MIC.
These findings are in accordance with the previous study,
although a minor difference in MIC was also observed
(Rattanachaikunsopon and Phumkhachorn 2010; Magi

9
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Figure 7 Effect of carvacrol on Vibrio cholerae morphology. Trans-
mission electron micrographs of negatively stained V. cholerae in the
absence and presence of different concentrations of carvacrol.

et al. 2015). To find out the anti-pathogenic role of CV
against V. cholerae, we determined that %2 MIC is the
highest concentration of CV that does not inhibit the
growth of V. cholerae and it remained viable. Therefore,
the concentration of %2 MIC and lower was used to assess
the inhibitory effect of carvacrol on the different viru-
lence and pathogenic attributes of V. cholerae. We have

10

also ensured that at a particular optical density of CV-
treated or -untreated V. cholerae cultures possess equal
viable bacteria, thereby eliminating the possibility of
unfair analysis of the experimental results (Preliminary
observation).

Transmission of V. cholerae in humans involves the
faecal-oral route. After reaching the small intestine, V.
cholerae need to penetrate through the thick mucus
layer to successfully colonize the underlying enterocytes
(Jordan et al. 1998). We found that CV at sub-MIC
inhibited V. cholerae mucin penetrating ability in a
dose-dependent manner. Vibrio cholerae motility and
mucin penetration are mediated by the rotation of its
monotrichous polar flagellum and is considered as a
significant virulence factor for the bacteria (Silva 2003;
Mewborn et al. 2017). Our findings are also in line
with previous studies where various bioactive phyto-
chemicals or their derivatives produce anti-virulence
effect against different pathogenic micro-organisms by
diminishing bacterial motility and flagellar protein
expression (Liu et al. 2017). It was also previously
reported that the polyphenolic fraction of Kombucha
was able to inhibit the motility of V. cholerae as a
result of the disruption in flagellar gene biosynthesis
(Bhattacharya et al. 2020). Furthermore, two separate
studies showed swarming motility of Pseudomonas
aeruginosa was inhibited by tea polyphenols and cran-
berry proantocyanidins (O’May and Tufenkji 2011; Yin
et al. 2015).

Journal of Applied Microbiology © 2021 The Society for Applied Microbiology
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Figure 8 Effect of carvacrol in Vibrio cholerae flagellar gene synthesis. Mid-log-phase bacterial cultures in the presence (+) (4 MIC
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transcript levels were analysed by gRT PCR and graphically represented, using recA as an internal control gene. Data showed here as the log,-
transformed values of relative fold change. Each of the experiments was repeated three times (n = 3) and the data were expressed as mean +

SEM.

Transmission electron microscopy reveals that sub-
MIC treatment of CV causes V. cholerae to become aflag-
ellate, which further explains the rationale behind the
reduced motility. RT-PCR results showed that the sub-in-
hibitory concentrations of CV had a significant
(P < 0-05) downregulatory effect on flrC, which is a
cytosolic response regulator and belongs to the Class II
flagellar synthesis genes. fIrC along with the histidine
kinase fIrB regulates the synthesis of Class III flagellar
gene which are mostly associated with the synthesis of
flagellin proteins as well as the structural units of the
flagellar basal body (Klose and Mekalanos 1998; Echaz-
arreta and Klose 2019). We have also found that sub-
MIC of CV downregulates the expression of class III
genes. These genes primarily include motY, flaA, flgP,
figT, flgK, flgG and flgB. Therefore, we speculate CV at
sub-MIC inhibits the synthesis of class III genes directly
by regulating their expression or by specifically modulat-
ing the expression of class II component fIrC. Although
further research is a prerequisite to gain a better insight
into this mechanism. The swarming motility and mucin
penetrating ability of V. cholerae also get inhibited by
CV. Therefore, the inability to swim and penetrate the
mucin layer can be explained by the absence of flagella.

After penetrating the thick mucus layer, V. cholerae
adheres to the brush borders of epithelial cells for colo-
nization. We found that CV reduced adherence of V. cho-
lerae to the epithelial cells. Although to attain a
significant effect under in vivo conditions, a higher dose
of CV was needed, probably due to the lesser bioavail-
ability. Furthermore, reduced expression of toxin co-reg-
ulated pilus A (tcpA), one of the major adhesin of V.

Journal of Applied Microbiology © 2021 The Society for Applied Microbiology

cholerae, might explain the possible reason behind
decreased adhesion of V. cholerae to the epithelium. After
adhering to the intestinal brush border epithelium, V.
cholerae starts secreting CT. Fluid accumulation as a
result of CT production is the primary determinant of
cholera pathogenesis. In the rabbit ileal loop model, we
have found a significant reduction in fluid accumulation
upon CV treatment. This observation also corroborates
with earlier works where CV treatment at 60 ug ml~' has
been reported to reduce 80% diarrhoeal toxin production
by B. cereus (Ultee and Smid 2001).

To analyse the inhibitory mechanisms of CV on CT
production in V. cholerae, quantitative RT-PCR of major
virulence genes including toxT, ctxB, tcpA and hlyA were
performed. In this context, we found a significant decline
in all of the virulence genes by more than twofold at sub-
MIC. In V. cholerae, expression of CT and TCP is acti-
vated by the expression of ToxT, the master virulence
regulator, which, in turn, is controlled by upstream regu-
lators such as TcpP/TcpH and ToxR/ToxS (Matson et al.
2007). Therefore, we assume that the reduction in tran-
scription of ctxB, tcpA genes upon sub-MIC treatment of
CV may be due to the inhibitory effect of CV on toxT.
Notably, CV might also be involved in the regulation of
the transcription of toxT, tcpA, ctxB and hlyA by either a
direct or an indirect mechanism, although further study
regarding the mechanism is needed for a complete under-
standing of this process.

The phenolic group of CV causes bacterial membrane
damage and results in increased membrane fluidity
(Weber and De Bont 1996) and loss of protons and big-
ger ions (Langeveld et al. 2013). TEM micrographs

1"
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demonstrated that CV at MIC caused severe damage to
the surface of V. cholerae and altered the bacterial mor-
phology. At sub-MIC, membrane impairment was not
noticed but as stated earlier it lacks the presence of flag-
ella. It is evident that CV at MIC causes membrane dis-
ruption and affects V. cholerae survival and growth, but
at sub-MIC V. cholerae can retain its membrane integrity
and shape. This also supports the previous report where
B. cereus was found to adapt to the non-lethal concentra-
tions of CV (Ultee et al. 2000). Altogether, these data
indicated that CV exhibited a dose-dependent virulence
inhibitory effect on V. cholerae.

Bioactive phytochemicals possess many beneficial
effects. Besides these properties, they might also have
potential cytotoxic effects on the host cells (Llana-Ruiz-
Cabello et al. 2015), which is needed to be evaluated. We
have tested the cytotoxic activity of CV on the human
cell line HT-29 and CV showed minimum membrane
damage. Even after 48 h, 2 MIC of CV showed 5-12%
cytotoxicity. Therefore, it is expected that the use of CV
at sub-MIC may not pose any harm to the human
intestinal cells. Fluorescence microscopy also supports
this observation. Earlier studies have also suggested that
CV is usually nongenotoxic to the living cells (Bakkali
et al. 2008) and shown to be safe for 24 h on HepG2
cell-line (Palabiyik et al. 2016).

In conclusion, the present study shows for the first
time that the sub-inhibitory concentrations of CV inhibit
growth and virulence in V. cholerae. CV treatment sup-
pressed V. cholerae flagellar synthesis, thereby inhibiting
the bacterial motility through the thick mucus layer fol-
lowed by reduced adhesion to the intestinal epithelium
and finally reduced expression of CT and other virulence-
associated genes. These events finally lead to reduced
fluid accumulation in the rabbit intestine. To understand
the pleiotropic effect of CV on such a wide range of viru-
lence genes, it is possible that CV could act on a global
regulator. Repression of the CT production and virulence
gene transcription is affected by natural compounds
(Hyldgaard et al. 2012). One such example includes cap-
saicin, a red chili extract that reduced the virulence of V.
cholerae by regulating the expression of hns (Yamasaki
et al. 2011). Future study is needed to identify the global
regulator and understand the cascade of the inhibitory
mechanism. A previous study demonstrated that the use
of CV to be safe for human use and we have also showed
that it has a negligible cytotoxic effect at sub-MIC up to
12 h. We have also checked the long exposure of CV to
HT-29 cell line and it showed around 5% cytotoxicity at
15 MIC after 48 h (Preliminary observation). The findings
of the present study highlight the promising role of CV
as a novel anti-virulent compound and can be promoted
as a therapeutic agent to treat V. cholerae infection.
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The findings of the present study highlight the promis-
ing role of CV as a novel anti-virulent compound and
can be promoted as a therapeutic agent to treat V. cho-
lerae infection. Further experiments on the detailed phar-
macokinetics relating to human evidence may be worthy
of evaluation before CV administration. Although CV has
been categorized as a Generally Recognized As Safe
(GRAS) compound and approved for safe use (U.S. Food
and Drug Administration 1998; Hyldgaard et al. 2012),
its poor solubility and bioavailability remain a problem
(Suntres et al. 2015). So, the advancement of the delivery
systems needs to be developed in parallel which will
improve the solubility, stability and bioavailability of this
compound.
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