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Review of Literature 
 

1.1. Vibrio cholerae 

Vibrios are Gram-negative, facultative anaerobes, single or united in spirals, 

non-spore-forming curved rods, about 1.04 – 2.06 µm long and they are motile by 

means of a single polar flagellum 

(Thompson et al., 2005) (Fig.1.1). The 

name ‘vibrio’ is derived from the 

characteristic vibratory motility (from 

vibrare meaning to vibrate). They are 

heterotrophic, varying greatly in nutritious 

requirement; non-capsulated and are 

widely distributed as saprophytic forms in 

saltwater, freshwater, and soil, they also 

occur as parasites and pathogens. Vibrio 

cholerae was first isolated as the cause of 

cholera by Italian anatomist Filippo Pacini 

in 1854 (Lippi & Gotuzzo, 2014) and later in 1983, it was established as the causative 

 

Fig.1.1. Vibrio cholerae with its 

single polar flagellum. Electron 
micrograph of V. cholerae by Moumita 

Dutta, Division of Electron 

microscope, ICMR-NICED, Kolkata. 

 
 

Fig.1.2. Early scholars whose contribution played a pivotal role in the 

discovery 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Pacini (C) Unpublished memoirs of Pacini’s observation where the discovery 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, Biomedical section). 
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agent of cholera by Robert Koch (Fig.1.2). Koch isolated the bacteria in pure culture 

from the rice-water stools of cholera patients and named them “comma bacilli”, because 

of the shape of the bacteria. The subsequent name Vibrio comma was used for several 

decades before being changed to Vibrio cholerae (Lippi & Gotuzzo, 2014). 

1.2. Microbiology 

Vibrio cholerae (Type Strain: ATCC 14035) is a member of the Vibrionaceae 

family along with Aeromonas, Photobacterium, and Plesiomonas Spp (Farmer, 2006; P I 

Watnick et al., 1999). It is capable of respiratory and fermentative metabolism. The 

bacterium is oxidase-positive, reduces nitrate, and is motile by a single, sheathed, polar 

flagellum. The Vibrio stains readily with aniline dyes and are Gram-negative, non-acid-

fast. Vibrio cholerae is strongly aerobic and it grows within a temperature range of 

160C to 400C. Organism tolerates high alkalinity with optimum pH of 7.6 to 8.2 which 

is useful for selective culturing of V. cholerae in alkaline peptone water. It grows well 

in general laboratory medium. On nutrient agar, after overnight growth colonies are 

moist, translucent, round discs and 1-2mm in diameter. The colonies and liquid culture 

of Vibrio cholerae had a distinctive odour. The growth of V. cholerae is stimulated by 

the addition of 1% sodium chloride (NaCl). However, an important distinction from 

other Vibrio spp. is the ability of V. cholerae to grow in nutrient broth without added 

NaCl, and growth is inhibited by 7% NaCl.   

1.3. V. cholerae genome 

The complete genomic sequence of the Gram-negative, γ-Proteobacterium 

Vibrio cholerae El-Tor N16961 to be 4,033,460 base pairs (bp). V. cholerae possesses 

two circular chromosomes; chromosome I is 2.96 x 106 bp and chromosome II is having 

1.07 x 106 bp (Fig.1.3). The genome of V. cholerae comprised a total of 3885 predicted 

open reading frames distributed in its two chromosomes. Most of the genes required for 

growth and viability are present on chromosome I, although some genes that are found 

only on chromosome II are also thought to be essential for normal cell function. This 

genomic sequence analysis of V. cholerae established the presence of a large integron 

island (a gene capture system) located on chromosome II (Baker-Austin et al., 2018; 

Hall et al., 1991) DNA replication, repair, transcription, translation, cell-wall 

biosynthesis, and various central catabolic and biosynthetic pathways are encoded by 

chromosome 1. Again, most genes that are known to be required for bacterial 
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pathogenicity (those encoding the toxin co-regulated pilus, cholera toxin, 

lipopolysaccharide, and the extracellular protein secretion machinery) are also located 

on chromosome I. 

 

 
 

Fig.1.3. V. cholerae genome showing two (large and small) 

chromosomes. [Source: Trucksis et al., 1998] 

 

1.4. Comparative Genomics 

The majority of the V. cholerae genes are very close to E. coli genes (1,454 

ORFs). 499 of the V. cholerae ORFs exhibit the highest similarity to other V. cholerae 

genes, suggesting duplications. Most of the duplicated ORFs encode products engaged 

in regulatory functions, chemotaxis, transport, adherence, transposition, pathogenicity, 

or unknown functions encoded by conserved hypothetical proteins. There are a 

significant number of duplications with at least one of each ORF on each chromosome 

suggesting there has been a crossover between chromosomes. The extensive 

duplication of genes involved in scavenging property (chemotaxis and solute transport) 

indicates the importance of these gene products in V. cholerae biology, especially its 

ability to inhabit diverse environments. Additionally, El Tor strain N16961 carries a 

single copy of the cholera toxin prophage, other V. cholerae strains carry multiple 

copies of this element (Davis et al., 1999; Mekalanos et al., 1983). Strains of the 

classical biotype have a second copy of the prophage that is localized on chromosome 

II (Trucksis et al., 1998). Thus, virulence genes are presumed to be under selective 

pressure, affecting copy number 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 related to 

genome fluidity. Horizontally acquired genetic elements containing fitness traits are a 

major source of bacterial evolution. The genome of Vibrio cholerae contains several 

mobile genetic elements (MGEs), which are critical for disease progression and 

survival (Pant et al., 2020). Only O1 and O139 isolates of V. cholerae have been 

reported to be choleragenic out of 206 distinct serovers. Surprisingly, their two key 

virulence determinants are encoded within mobile genetic components acquired by 

horizontal gene transfer. CT is encoded within the filamentous phage CTXϕ.  

 

Fig.1.4. Distribution of genomic islands (GIs), prophages, and integrative 

conjugative element (ICE) in the genome of V. cholerae clinical isolates. 

Each of the genetic elements except prophages is linked with different 

mobility functions like integrase 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 seventh pandemic island-2; int, 

integrase [Source: Pant et al., 2020]. 

 

The CTXϕ phage has been demonstrated to be transferable between V. cholerae 

strains, with TCP acting as the phage receptor. TCP is encoded within the Vibrio 

pathogenicity island-1 (VPI-1). Other mobile genetic elements have been associated 
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with virulence in choleragenic isolates of V. cholerae: the SXT integrative conjugative 

element, VPI-2, and Vibrio seventh pandemic island-1 (VSP-1) and -2 (VSP-2). The 

SXT element is self-transmissible and confers to V. cholerae isolates resistance to 

streptomycin, sulfamethoxazole, and trimethoprim (Fig.1.4).  

VPI-2 is found only in pathogenic V. cholerae isolates and encodes a group of 

genes involved in sialic acid transport and catabolism. The capacity to utilize sialic acid 

as a carbon source gives choleragenic vibrios a competitive advantage in the mouse 

intestine. VSP-1 encodes the transcription factor VspR, which is controlled by a ToxT-

regulated small RNA. VspR regulates the expression of several VSP-1-encoded genes, 

one of which, DncV, encodes a new class of dinucleotide cyclase. DncV produces a 

hybrid cyclic AMP-GMP molecule that is essential for successful intestinal 

colonization and downregulates V. cholerae chemotaxis, a trait linked with 

hyperinfectivity. VSP-2 has yet to be connected with a potential function. VPI-1, VPI-

2, VSP-1, and VSP-2, the four pathogenicity islands encoded by choleragenic V. 

cholerae, can excise from their host's genome and form circular intermediates, which 

could possibly allow the transfer of virulence genes to other non-pathogenic V. cholerae 

strains (Banerjee et al., 2014). 

Interestingly, it has been repeatedly found that some non-O1, non- O139 

environmental strains carry virulence genes. These strains have the potential of acting 

as reservoirs of virulence genes for non-choleragenic strains of V. cholerae. It was 

recently found that the major component of the shell of crustaceans, chitin, induces the 

natural competence of V. cholerae. V. cholerae has been found associated with 

copepods in its natural environment, where it forms biofilms while attached to their 

chitinous surface.  

The remarkable discovery that V. cholerae becomes naturally competent when 

thriving on chitin, combined with the existence of numerous hybrid strains of V. 

cholerae that encode some of the mobile genetic elements associated with virulence, 

strongly suggests that the shell of copepods is a critical location where genetic material 

exchange occurs among V. cholerae strains and novel pathogenic isolates may emerge. 

1.6. Taxonomy 

The genus Vibrio includes many different species of which few are pathogenic. 

The classic example of a pathogenic species of this genus is V. cholerae, others being 
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V. parahaemolyticus, V. alginolyticus, V. mimicus, V. vulnificus and certain non-

agglutinable vibrios (Sakazaki , Gomez, 1967) (previously termed as NAG vibrios). 

The present systematic position of V. cholerae is as follows, 

Systematic position of Vibrio cholerae 

Domain Bacteria 

Phylum   Proteobacteria 

Class     Gamma proteobacteria 

Order       Vibrionales 

Family         Vibrionaceae 

Genus           Vibrio 

Species             V. cholerae 

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 

classification, biotyping, phage typing, and anti-microbial susceptibility testing 

(Fig.1.5). 

 
 

Fig.1.5. Scheme of classification of V. cholerae 
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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 

1.1 (below) (S. N. Chatterjee & Chaudhuri, 2003; Kaper et al., 1995). 

Table 1.1. Differentiation of V. cholerae from related species. 

   Tests V. cholerae 
Other Vibrio 

species 
Enterobacteriaceae 

Oxidase1 + + a ̶ 

String test2 + +/  ̶ ̶ 

Acid from mannitol3 + +/  ̶ +/ ̶ 
Acid from sucrose3 + +/  ̶ +/ ̶ 

Lysine decarboxylase4 + +/  ̶ +/ ̶ 
Ornithine 

decarboxylase4 
+ +/  ̶ +/ ̶ 

Growth in 0% NaCl5 + ̶  b ̶ 

Mol % G+C6 47-49 38-51 38-60 

 
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 organisms 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 absence of NaCl in the medium; 6, DNA 

base composition given in terms of mol% G+ C. [Source: Chatterjee & 

Chaudhuri, 2003] 

 

1.7.2. Serological classification (Serotyping) 

The classification system of V. cholerae depends on the type of O-antigen 

present. O-antigen is a homopolymer made of amino acid sugar D-perosamine (4-

amino-4, 6-dideoxy-D-mannose), in which the amino groups are acetylated by 3-deoxy-
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L- glycero-tetronic acid (Redmond, 1979; Kenne et al, 1982; Manning et al, 1994). The 

most widely used classification system for the O-antigen of V. cholerae is developed 

by Sakazaki and Shimada (Sakazaki & Shimada, 1977). This method of typing is made 

up of 138 different O-groups to which the newly discovered O139 group was added 

recently (Shimada et al., 1994). The different O groups are referred to as serogroups or 

serovars (Fig.1.6). 

The O1 serogroup is classified into three antigenic forms called Inaba, Ogawa, 

and Hikojima. These antigenic types are known as serotypes or subtypes. The O antigen 

of V. cholerae O1 consists of three factors designated A, B, C. The A factor probably 

is the D-perosamine homopolymer but the nature of B and C factor is not known 

(Martinez et al., 2001). The differences among the subtypes are mainly quantitative; 

Ogawa strains can generate the A and B and a small amount of C antigen, while Inaba 

strains produce only the A and C antigens (Shimada et al., 1994). The Hikojima subtype 

has all three factors. The O139 strain is a hybrid of O1 and non-O1 strains. It does not 

produce the O1 LPS and are lacking some of the genes essential for O1 antigen, but is 

similar to O1 El Tor strains in relation to cholera enterotoxin and toxin co-regulated 

pilus (TCP).  

 

Fig.1.6. LPS structure of V. cholerae serogroup O1 and O139. The 

deduced structure of V. cholerae serogroupO1 (left) and O139 (right); 

shown are the different O antigen and capsule structures, and the similar 
core-OS and lipid A structures. 
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1.7.3. Biotyping  

There are two biotypes of V. cholerae O1 strains namely Classical and El Tor. 

These two biotypes are classified on the basis of hemolysis, hemagglutination, phage, 

and polymixin B sensitivity and the Voges-Proskauer reaction, as well as with genetic 

methods such as multiplex PCR and restriction fragment length polymorphism (RFLP) 

(Alm & Manning, 1990). Isolates from the sixth pandemic were found of classical 

biotype. However, the majority of isolates of the seventh pandemic have been of the El 

Tor biotype (S. N. Chatterjee & Chaudhuri, 2003). 

Tests used Responses of the Two biotypes 

Classical  El Tor 

Hemolysis of sheep erythrocytes   ̶ +/   ̶
Agglutination of chicken erythrocytes   ̶ + 

Voges-Proskauer reaction   ̶ + 

Inhibition of Polymixin B (50-µg disk) +    ̶
Lysis by Gr IV cholera phage +    ̶
Lysis by FK cholera phage +    ̶

 

1.8. Isolation and identification of V. cholerae 

The transport medium used 

for V. cholerae in a stool sample is 

the Cary-Blair medium. Alkaline 

peptone water (APW) is generally 

used as enrichment broth (Pal et al, 

1992) and thiosulfate-citrate-bile 

salt-sucrose (TCBS) agar is the most 

commonly used plating medium for 

V. cholerae (Kaper et al., 1995) 

(Fig.1.7). TCBS agar is green when 

prepared. Overnight growth (18 to 24 

hours) of V. cholerae produces large 

(2 to 4 mm in diameter), slightly 

flattened, yellow colonies with opaque centers and translucent peripheries. The yellow 

color is caused by the fermentation of sucrose in the medium. Sucrose nonfermenting 

 

 

 

 

 

 

 

 

 

 

 

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 
characteristically round, smooth, glistening, 

and slightly flattened 
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organisms, such as V. parahaemolyticus, produce green to blue-green colonies. Another 

media for isolation of V. cholerae is Taurocholate Tellurite Gelatin Agar (TTGA or 

Monsur’s agar). Overnight growth of V. cholerae on TTGA agar appears as small 

opaque colonies with slightly dark centers. After 24 hours, the centers of the colonies 

become darker, and eventually, the entire colony becomes “gunmetal” grey in color. In 

addition to the dark coloration, which is due to the reduction of tellurite, there is also 

an opaque zone around colonies that resembles a halo. The halo effect, which is due to 

the production of the enzyme gelatinase, can be intensified by brief (15- to 30-minute) 

refrigeration of the plate. On MacConkey’s agar, the Vibrio colonies are colorless at 

first but become reddish on prolonged incubation due to the late fermentation of lactose. 

On blood agar colonies are initially surrounded by a zone of greening and which later 

become clear due to hemolysis. V. cholerae is routinely identified by biochemical tests, 

direct specimen examination, agglutination in antisera against O1 antigen, and by using 

DNA probes and PCR.  

 

1.9. Ecology and environmental reservoirs of V. cholerae 

V. cholerae ecology is extremely important in the emergence of more toxigenic 

and virulent V. cholerae strains. The requirement of salt for V. cholerae to develop 

shows that it originated at sea. The striking resemblance of Vibrio spp. isolated from 

deep-sea hydrothermal vents in the East Pacific region shows that this species is 

indigenous to the deep sea (Colwell, 2004). Later V. cholerae genome sequencing 

investigations proved that V. cholerae is a versatile bacterium capable of living in a 

variety of habitats and infecting the human gastro-intestinal tract (Luigi Vezzulli et al., 

2010). 

In an aquatic habitat, lateral transfer of genetic material results in the dispersion 

of virulence genes in environmental strains of V. cholerae from multiple serogroups, 

providing an environmental reservoir for such genes (K. De et al., 2004). The novel 

toxigenic variations of V. cholerae result from phage infection, which allows V. 

cholerae to gain antibiotic resistance genes, giving rise to multi-drug resistance V. 

cholerae (Colwell, 2002; Lipp et al., 2002). 

V. cholerae is an aquatic autochthonous pathogen that can be found in brackish 

water, marine water, and fresh water. It can survive for months to years in some aquatic 

habitats by interacting with zooplankton and other aquatic species (A. Huq et al., 1983)  
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(Fig.1.8). Colwell and colleagues were the first to report V. cholerae's commensal or 

symbiotic connection with aquatic planktons (A. Huq et al., 1983; Luigi Vezzulli et al., 

2010). V. cholerae O1 and non-O1 serogroups were identified adhered to the surface of 

live copepods, with the mouth region and egg sac being the most intensively colonized. 

Low temperature and nutrient conditions can induce the Viable But Non-Culturable 

(VBNC) state, from which it can be resuscitated under more favourable conditions. V. 

cholerae can also adhere to autotrophic organisms such as phytoplankton or 

macroalgae, which can serve as a carbon source. Attachment to chitinous zooplankton 

and gelatinous egg masses (e.g., chironomids) supplies nutrition while also facilitating 

HGT. Fish and birds consume plankton or mussels that may host V. cholerae and can 

potentially spread the bacterium over great distances. 

Fig.1.8.  Vibrio cholerae interactions with other organisms and the 

environment [Source: Lutz et al., 2013]. 

 

V. cholerae outcompetes other bacterial taxa associated with zooplankton, such 

as γ-proteobacteria and Vibrio photobacterium, in aquatic environments and is 

commensal with copepods (Luigi Vezzulli et al., 2010). V. cholerae linked with 

zooplankton survives longer in sea water than free-living cells (Alam et al., 2017). The 

association of V. cholerae with copepods offers the bacterium a number of benefits, 

including food availability, adaption to environmental nutrient gradients, stress 

tolerance, and predator protection. Cladocerans, Monia spp., and Diphanosoma spp., as 

well as the rotifer Brachionus angularies, are significantly correlated with the 

prevalence of V. cholerae and cholera outbreaks. Furthermore, V. cholerae has been 

found to be connected with the copepod Acatina tonsa, which appears to contain a 
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greater amount of V. cholerae than other co-occurring copepods (Binsztein et al., 2004; 

A. Huq et al., 1983; Pruzzo et al., 2008; Rawlings et al., 2007). 

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 

zooplankton (Lutz et al., 2013; Turner et al., 2014). 

1.10.1. Temperature 

V. cholerae is most commonly found in warmer water (over 15 °C) (C. N. 

Johnson et al., 2012; Sullivan & Neigel, 2018). Many investigations have shown that 

the abundance of V. cholerae follows a seasonal pattern that is mostly determined by 

temperature. Increased temperature influences V. cholerae attachment to chitinous 

zooplankton via increased expression of colonization factors such as MSHA, pillus, and 

GbpA (Castro-Rosas & Escartín, 2000; Turner et al., 2009). 

1.10.2. pH 

pH is a key parameter for the isolation of V. cholerae from environmental 

materials (using alkaline peptone water of pH 8- 8.6). V. cholerae thrives in high pH 

environments in aquatic environments. Elevated pH can affect the attachment of V. 

cholerae to the chitinous surface of copepods (Lipp et al., 2002).  

1.10.3. Salinity 

Seasonal changes in temperature (El-Niño effect) as well as fresh water intake, 

can have a significant impact on the salinity of marine water bodies. The average 

salinity of open ocean water is 35 ppm. However, salinity can diminish near coastal and 

estuarine areas due to fresh water influx from rivers or precipitation. V. cholerae grows 

best at salinities around 25 ppt (Baker-Austin et al., 2010; Thomas et al., 2006). V. 

cholerae enhances the formation of the protective pigment melanin in high saline 

settings (Coyne & Al-Harthi, 1992), which gives UV tolerance (Valeru et al., 2012). 

1.10.4. Biotic factors 

Higher phytoplankton and zooplankton abundance in spring and autumn 

provide chitinous surfaces that harbour bacteria such as V. cholerae (Anwar Huq et al., 

2005; Lobitz et al., 2000). This may allow the organism's overall population to increase 

in the environment despite the presence of more bacterivorous predators. 
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1.10.5. Conductivity 

Water conductivity has been reported as a critical element influencing V. 

cholerae persistence in aquatic environments. An increase in a lake or estuarine water 

conductivity leads to an increase in cholera cases (Anwar Huq et al., 2005). 

1.10.6. Rainfall 

Rainfall has been linked to epidemics of waterborne diseases (Curriero et al., 

2001). Rainfall events were found to be the cause of 51 percent of water-borne disease 

outbreaks.  Heavy rains can also cause a decrease in salinity, an increase in sea level, 

and changes in ocean circulation, all of which can affect V. cholerae proliferation in 

aquatic environments. Some sources also suggest a decrease in the number of cholera 

cases as a result of increasing rainfall (Louis et al., 2003). 

1.10.7. Sunlight 

The seasonal and inter-annual variability of sunlight affects the persistence and 

spread of V. cholerae as it is associated with phytoplankton. Excessive evaporation due 

to sunlight can cause an increase in water salinity affecting V. cholerae growth in the 

marine environment. UV ray that comes with sunlight may cause damage to the nucleic 

acid (Sedas, 2007). 

1.10.8. Fe3+
 ion 

V. cholerae exhibits adaptive features that allow it to persist in the environment 

for extended periods of time when soluble iron is scarce. V. cholerae has the ability to 

create iron-chelating siderophores in order to absorb insoluble iron from the 

environment. When insoluble iron (Fe2O3) is accessible, the survival of V. cholerae 

improves much more. The Fe3+ ion also promotes V. cholerae proliferation and 

influences CT expression (Lipp et al., 2002). 

1.10.9. Water depth 

Huq et al, in the year 2005 mentioned increased cases of cholera with a decrease in 

pond or estuarine water depth. 

1.10.10. El Niño 

El Niño Southern Oscillation (ENSO) has a positive effect on cholera and the 

occurrence of V. cholerae (Pascual et al., 2000). The inter-annual climate variability 

due to EL Niño is an important cause of cholera incidence. 
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1.11. The role played by V. cholerae in the environment  

In order to survive and adapt to the environment, V. cholerae has multiple 

functional roles to play. Most of these features are initialized or activated in the 

presence of chitin present in the exoskeleton of zooplanktons in the 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 

Chemotaxis of V. cholerae toward chitin oligosaccharides has been reported by 

Li and Roseman (Li & Roseman, 2004). the secreted chitinase of starving cells comes 

into contact with chitin in the microenvironment and generates a disaccharide and/or a 

(GlcNAc)n gradient, causing the cells to swim up the gradient to the cuticle or chitin. 

Once attached V. cholerae cells are able to utilize chitin as a source of carbon and 

nitrogen (Cottingham et al., 2003). 

1.11.2. Surface colonization 

V. cholerae strains possess multiple strategies for surface attachment to persist 

in the nutrient-limited aquatic environment and to get nutrients from the biotic surfaces 

attached with it. V. cholerae in the aquatic environment has been detected as attached 

to many abiotic and biotic surfaces including ship hulls (Shikuma & Hadfield, 2010), 

zooplankton (Anwar Huq et al., 2005; Tamplin et al., 1990), macroalgae (Hood & 

Winter, 2006) and as floating aggregates (Alam et al., 2006). On coming in close 

proximity to chitin it binds to chitin oligomers. Binding to chitin is a complex process 

involving hydrophobic and ionic bonds (L. Vezzulli et al., 2007). There are few surface 

proteins of V. cholerae that are known to bind the Chitinous exoskeleton of 

zooplanktons. These are as follows:- 

 Mannose-sensitive haemagglutinin (MSHA)- is a type 4 pilus produced by V. 

cholerae O1 El Tor and O139 has been reported to be involved in colonization 

and subsequent biofilm formation on nutritive (cellulose) and non-nutritive 

(borosilicate glass) surfaces (Paula I. Watnick & Kolter, 1999). It is a thin 

flexible pilus composed of subunits with a molecular mass of 17 kDa. MSHA 

is a type IV pilus encoded by a gene named mshA. MSHA also helps V. 

cholerae to adhere to the intestinal lumen in animal models (Osek et al., 1992).  
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N-acetylglucosamine binding protein A (GbpA)- is a 53 kDa secreted protein that 

mediated adherence of V. cholerae to chitin surfaces and Daphnia magna, has 

been described by Kirn and co-workers (2005), who has termed this protein as 

GlcNAc-binding protein A (GbpA). GbpA was first discovered as a 

colonization factor to promote bacterial attachment to natural substrates, chitin 

as well as host intestinal epithelium (R. Bhowmick et al., 2007; Kirn et al., 

2005). Thus, this novel colonization factor of V. cholerae can be used by the 

bacteria for adherence to both types of surfaces, chitin and intestinal surface 

(Tarsi & Pruzzo, 1999).  

 

ChiRP- The chitin-regulated pilus contributes to colonization of chitin in V. cholerae 

O1 El Tor (Meibom et al., 2004). ChiRP plays a vital role in adhesion on 

previously colonized chitin surfaces. In these cases, the established gradients 

of GlcNAc and (GlcNAc)2 direct bacteria to the chitin surface and induce 

synthesis of ChiRP, promoting further colonization (Meibom et al., 2004). 

1.12. Motility  

Swimming motility of Vibrio spp. is achieved through the rotation of “whip” -

like appendages flagella. Flagellar-mediated motility is closely related to processes 

such as chemotaxis, colonization, biofilm formation, and virulence of Vibrio spp. 

(Butler & Camilli, 2005; McCarter, 2004; Yildiz & Visick, 2009). Thus, motility plays 

a significant role in the lifestyle of Vibrios, both in the aquatic environment as well as 

during host colonization. Many Vibrio spp. are monotrichous with a single, sheathed 

polar flagellum (e.g., V. cholerae and V. alginolyticus); however, some Vibrios can also 

be peritrichous or lophotrichous.  

There are three major structural components of a flagellum: the basal body, the 

hook, and the filament. Each component is assembled in a hierarchical manner starting 

at the inner cytoplasmic membrane, proceeding to the outer membrane, and ultimately 

outside the cell (Fig.1.9). 
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Fig.1.9. Structure of V. cholerae flagellar complex. (A) Electron 
microscopy rendering of the sheathed Vibrio flagellar complex. Vibrio 

specific attributes are depicted by arrows: the sheath (green arrow) and the O 

ring (purple arrow). (B) Schematic of the sheathed Vibrio flagellar complex. 

[Source: Echazarreta & Klose, 2019] 

 

More than 50 genes are involved in the synthesis and regulation of flagella in 

V. cholerae. The expression of flagella-synthesis genes in V. cholerae is categorized 

into a four-tier transcriptional hierarchy (Echazarreta & Klose, 2019) (Fig.1.10). The 

σ54-dependent transcriptional activator FlrA is the only class I gene in this hierarchy. 

FlrA is the master regulator of the V. cholerae flagellar transcription hierarchy because 

it is important for the expression of the rest of the flagellar genes. FlrA, along with the 

RpoN (sigma factor σ54), activates class II flagellar genes. Class II flagellar protein 

histidine kinase FlrB and its response regulator FlrC regulates the synthesis of class III 

flagellar genes, which encodes the different structural components of flagella including 

the major flagellin subunit (FlaA), proximal and distal transmembrane helical rod 

(FlgB/G), H-ring protein (FlgT), H-ring-associated protein (FlgP), flagellar-hook-

associated protein (FlgK) and T-ring motor protein (MotY) (Klose & Mekalanos, 1998; 

Syed et al., 2009). 
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Fig.1.10. A schematic of the flagellar transcription hierarchy of Vibrio 
cholerae. The sole Class I gene of the Vibrio hierarchy is the σ54-dependent 

transcriptional activator, flrA, which is the master regulator of the flagellar 

hierarchy. The FlrA- and σ54-dependent Class II genes encode components 
of the MS ring, C ring, ATPase, and export apparatus. The FlrC- and σ54-

dependent Class III genes encode additional components of the C- ring, inner 

membrane export apparatus, the rod, rod cap, PLH and T rings, torque 
generator, hook components, filament cap, the FlaA flagellin, the flagellin 

chaperone, a chemotaxis protein, and proteins of unknown function. The 

σ28-dependent Class IV genes encode additional flagellins, motor 

components, chemotaxis proteins, and methyl-accepting chemoreceptors 
(MCPs). 

 

1.13. Quorum sensing 

Quorum sensing, or the control of gene expression in response to cell density, 

involves the production and detection of extracellular signalling molecules known as 

autoinducers (AI). Quorum sensing controls processes that include virulence, biofilm 

formation, and natural competence in V. cholerae (Liu et al., 2007). V. cholerae 

produces and responds to two AIs using two parallel QS circuits. One AI is (S)-3-

hyroxytridecan-4-one (CAI-1). The second AI, AI-2, is synthesized by LuxS (Higgins 

et al., 2007; Ng et al., 2011; Wei et al., 2012). V. cholerae detects CAI-1 and AI-2 using 

two parallel membrane-bound two-component receptors as shown in (Fig.1.11). At 

high cell density (HCD), AIs results in increased hapR expression, which is a quorum-
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sensing response regulator that positively regulates the transcription of hapA (J. Zhu et 

al., 2002), cytR, a repressor of biofilm development, flagellum biosynthesis genes 

(Yildiz et al., 2004)and represses VPS production and the virulence regulator ToxR 

production (J. Zhu et al., 2002; Jun Zhu & Mekalanos, 2003). At low cell density (LCD) 

just the opposite regulation takes place due to repression of hapR.  

At HCD, QS inhibition 

of biofilms and virulence factor 

production facilitates V. 

cholerae dispersal back into the 

environment, in contrast to 

LCD, where activation of the 

biofilm lifestyle permits V. 

cholerae to remain attached to 

host tissue when virulence 

factors are expressed. This 

strategy allows V. cholerae to 

compete for nutrients in the 

host at LCD while also 

maximizing its potential to 

escape and propagate to new 

hosts once it reaches HCD. 

Furthermore, when free-

swimming V. cholerae cells 

converted to an attached 

lifestyle (Fong et al., 2010; 

Yildiz & Visick, 2009), natural 

competence and horizontal 

gene transfer (HGT) (Lo 

Scrudato & Blokesch, 2012) 

were allowed, as well as 

enhanced predation resistance. 

 

 

 

Fig.1.11. Simplified model of the interaction 

between Quorum sensing and c-di-GMP in 

the regulation of gene expression in V. 
cholerae. When concentrations of AIs 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 AIs 

are high (right side), LuxO is dephosphorylated 
which leads to termination of qrr expression. In 

the absence of the Qrr sRNAs, HapR is 

produced. HapR represses both biofilm 

formation and virulence factor expression. 
Like HapR, c-di-GMP also represses virulence 

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] 
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1.14. Biofilm formation 

Biofilm formation is crucial for Vibrio cholerae environmental survival as well 

as host colonization. The production of biofilm allows V. cholerae to survive and stay 

in aquatic conditions, as well as to get through the gastric acid barrier and gain access 

to the small intestine. In aquatic environments, biofilms are formed on the chitinous 

surface to promote nutrient acquisition, as shown in (Fig.1.12). The transcriptional 

activators vpsR and vpsT, which are transcriptionally regulated by a variety of 

environmental cues, regulate the genes involved in biofilm formation. Furthermore, 

VPS helps in cell immobilization, microcolony formation, and biofilm maturation (P I 

Watnick et al., 1999; Paula I. Watnick & Kolter, 1999). High and low VPS producing 

V. cholerae colony types are known as "rugose" and "smooth," respectively, with the 

rugose having a highly protective effect against a variety of stresses, including chlorine  

(Morris et al., 1996), low pH (Jun Zhu & Mekalanos, 2003), osmotic and oxidative 

stress (Wai, 1999), anti-bacterial serum (Morris et al., 1996), phage (Nesper et al., 

2001) and heterotrophic protists (Sun et al., 2013). 

 

Fig.1.12. 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 allows the visualization of detailed structures such 
as the polar flagellum, unidentified pili/fibers, and biofilm matrix 

components. 
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1.15. Natural competence 

“Why” bacteria, such as V. cholerae, become naturally competent to take up 

extracellular DNA is a question that has remained unanswered since the pioneering 

studies of the “transforming principle” by Griffith and later Avery, McLeod, and 

McCarthy, who established S. pneumoniae as a model organism for studying natural 

competence for DNA uptake.  

 

Fig.1.13. A complex, threefold regulatory network is involved in the 

natural transformation of V. cholerae. The induction of natural competence 
and transformation in V. cholerae is linked with three of the common 

environmental cues: (1) the chitinous surface as the sole carbon source for this 

bacterium and other Vibrio spp. (brown pathway); (2) Carbon Catabolite 
Repression (CCR) and the induction of competence after starvation for 

preferred PTS(Phosphotransferase System)-transported sugars (blue pathways); 

and (3) cell-to-cell communication, such as that exerted by the quorum-sensing 
systems (green pathway). Left – Extracellular chitinase (e.g. ChiA-1 and ChiA-

2 directly secreted by V. cholerae degrades the insoluble (GlcNAc) polymer 

chitin and releases diacetylchitobiose units as the major product (together with 

some triacetylchitotriose). These chitin oligomers are recognized by a sensory 
histidine kinase, ChiS, and a signal transduction pathway subsequently leads to 

the induction of tfoX and tfoR expression. tfoR encodes for a small regulatory 

RNA, which enhances the translation of the tfoX mRNA. TfoX, as the major 
regulator of transformation, is involved in the induction of competence genes. 

Middle – In the absence of preferred PTS-transported sugars (such as glucose 

or the chitin monomer GlcNAc), the PTS systems are not saturated, and the 

phosphoryl group is kept by enzyme II (EII). EII–P is a direct activator of the 

cAMP-producing enzyme CyaA. Accumulating cAMP, together with its 

binding protein (CRP), leads to the induction of the competence genes. This 

complex might interact with TfoX to allow for the binding of cAMP-CRP to 
competence-specific CRP-S sites. Right – high cell density, as measured by 
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QS, is required for competence induction and transformation. At high cell 
density (HCD), the binding of the autoinducer to the respective receptors 

initiates a signalling cascade (simplified), which conclusively results in the 

production of the major regulator of QS, HapR. HapR acts as repressor of the 

extracellular nuclease gene dns and as a positive regulator of the competence 
genes comEA and comEC. The encoded proteins of all three genes are expected 

to be in direct contact with transforming DNA; these proteins either induce the 

degradation of external DNA at low cell density (Dns) or are part of the DNA-
uptake machinery (ComEA and ComEC).  

 

As DNA uptake was later uncovered in diverse bacterial species, hypotheses 

developed that natural competence evolved to aid in three major processes: HGT, 

nutrition, and DNA repair. It is recognized that DNA taken up by bacteria may not be 

used solely for one function or another, as extracellular DNA scavenged as food may 

also be available for chromosome recombination and DNA repair (Fig.1.13). Current 

natural competence research indicates that DNA taken up by the competence apparatus 

may perform several functions in the marine pathogen V. cholerae. 

Upon growth on chitinous surfaces, V. cholerae initiates a developmental 

program termed “natural competence for genetic transformation”. Natural competence 

is a mode of horizontal gene transfer in bacteria and contributes to the maintenance and 

evolution of bacterial genomes. The genes required for natural competence are reported 

to get activated by chitin (Meibom et al., 2004). The authors of an earlier study proposed 

a model that involved at least three inter-connected regulatory pathways: 1) induction 

by chitin, 2) catabolite repression, and 3) quorum sensing (qs) based on bacterial 

metabolism and group behavior. Recently, it has been reported that in V. cholerae, TfoX 

is dependent on cAMP-CRP (Antonova et al., 2012; Blokesch, 2012) and it positively 

regulates competence genes upon exposure to chitin as already mentioned earlier 

(Shouji Yamamoto et al., 2010, 2011) 

1.16. Chitin  

Chitin is a linear stable polymer of 𝛽-1,4-N-acetylglucosamine (GlcNAc), 

which is 2-acetamido-2-deoxy-D-glucose, and is the second-highest occurring 

biopolymer on the planet after cellulose. It is present in the exoskeleton of an insect, 

crabs, shrimp, lobsters, fungi, yeast, diatoms, nematodes, crustaceans, and other 

invertebrates (Fig.1.14). 
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Fig.1.14. The biochemical structure of chitin and specificity of different 

chitinases towards chitin polymer. 

The percentage of chitin present varies depending on the organism. Crabs and 

shrimps contain the highest percentage of chitin, accounting for 90 percent of chitinous 

waste. It is a crystalline polysaccharide found in nature in three forms: α-chitin, β-chitin, 

and γ-chitin. α-Chitin, produced by the crustaceans, is the most common, isomorphic, 

and compact form because of the antiparallel orientation of chitin chains, which 

encourages strong hydrogen bonding. β-Chitin, produced by diatoms, is loosely packed 

and chains are organized in parallel with weaker intermolecular interactions, resulting 

in a less stable form. The third polymorphic form is γ-chitin, which is a combination of 

α- and β-chitins. Chitinases catalyze the hydrolysis of chitin's glycosidic linkages, 

which degrades chitin into disaccharides and longer oligosaccharides. When compared 

to α-chitin, β-chitin is more easily hydrolyzed and soluble. It may be dissolved in formic 

acid. Chitinolytic bacteria, particularly members of the Vibrionaceae family, recycle 

the vast majority of chitin in the aquatic biosphere (Hunt et al., 2008a; Keyhani & 

Roseman, 1999; Meibom et al., 2004). Chitinolytic bacteria use chitin as a source of 

both carbon and nitrogen through a complex process that includes detection of chitin, 

attachment to a chitinaceous surface, and degradation of chitin. 

1.17. Chitinases 

Chitinase genes are found in a wide range of bacteria, fungi, plants, and also in 

some viruses, and also in humans. These enzymes have different functions depending 

on the organism of origin. The chitinolytic enzymes are glycosyl hydrolases and are 

generally divided into two main categories; Endochitinases (EC 3.2.1.14) and 

Exochitinases. Endochitinases cleave chitin randomly at internal sites, generating 
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soluble low molecular weight oligomers of GlcNAc (Sahai & Manocha, 1993). 

Exochitinases are subdivided into two categories: chitobiosidases (EC 3.2.1.29) that 

catalyze the release of di acetyl chitobiose and 1,4- β N acetyl glucosaminidases (EC 

3.2.1.30) which cleave oligomeric products of GlcNAc (Sahai & Manocha, 1993). The 

types of chitinases most extensively studied in plants are endochitinases (Roberts & 

Selitrennikoff, 1988) of which many show some degree of lysozyme (EC 3.2.1.17) 

activity, i.e. they can hydrolyze β-1,4 linkages between N-acetyl-muramic acid and 

GlcNAc residues in peptidoglycan (Schultz et al., 1998). Bacteria produce a different 

kind of chitinase mainly to meet their nutritional requirement, probably to hydrolyze 

the diverse type of chitin found in nature. Fungal chitinases like bacterial chitinases 

also play an important role in nutrition but are also active in the fungal developmental 

process and morphogenesis (Gooday, 1994). In higher animals and plants, chitinases 

mainly play a role in defence against pathogen attacks (Patil et al., 2000). 

 

1.18. Utilization of Chitin by V. cholerae 

Annual chitin production in aquatic biospheres is estimated to be more than 1011 

tonnes, primarily from copepods and other organisms, resulting in a constant "marine 

snow" of organic matter down through the water column. Chitinolytic bacteria, which 

include members of the Vibrionaceae family, rapidly recycle chitin by breaking it down 

into its soluble constituents GlcNAc and chitobiose (GlcNAc)2. This chitin utilization 

process enables chitinolytic bacteria to maintain the nitrogen and carbon 

biogeochemical cycles in marine environments. 

The V. cholerae chitin degradation genes appear to be universally conserved 

(Hunt et al., 2008b). After attaching to chitin, the organism degrades it to 

oligosaccharides that can reach the periplasmic space, and then further degrades the 

oligosaccharides to GlcNAc. The combined action of chitinase (EC 3.2.1.14) and -N-

acetylglucosaminidase (EC 3.2.1.30) is thought to be required for full hydrolysis of 

chitin to GlcNAc (Beier & Bertilsson, 2013; Gooday, 1994). 
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Fig.1.15. Utilization of chitin by Vibrio spp. (A) Chemotaxis towards 
chitin occurs when chitin oligosaccharides are detected by two 

independent receptors. (B) Attachment to chitin occurs via GbpA, MshA 

pilus, or chitin-regulated pilus encoded by pilA. (C1) Attachment to 
chitin leads to the extracellular secretion of chitinases such as ChiA, 

which degrade chitin polymer to chito oligosaccharides. (C2) These enter 

the periplasm through specific porins such as ChiP and nonspecific 
porins. The chitooligosaccharides are hydrolyzed by various enzymes 

into GlcNAc and (GlcNAc)2 (C3) and are transported into the cytoplasm 

(C4 and C5). The oligosaccharides are further phosphorylated into the 

final products acetate, NH3, and fructose-6-P (C5) [Source: Erken et al., 
2015]. 

 

Chitinases are enzymes that cleave GlcNAc glycosidic linkages at random to 

create soluble oligosaccharides, primarily chitobiose, which is then hydrolyzed to 

GlcNAc by -N-acetyl glucosaminidases (Fig.1.15). Among these enzymes, chitinases 

play a critical role in the bacterial breakdown (Keyhani & Roseman, 1999). GlcNAc is 

then taken up via the phospho-enol pyruvate: GlcNAc phosphotransferase system 

(PTS). A second, independent system known as ABC-type transporter is used for the 

uptake and catabolism of (GlcNAc)2. The GlcNAc-6-P generated in the cytoplasm by 

either the PTS or the N, N -deacetylchitobiose phosphorylase route for (GlcNAc)2 is 

transformed in two steps to fructose-6-P and ammonia, which enters the Pentose 

Phosphate Pathway. Suzuki et al. described the hydrolyzing activities of chitinases like 

ChiA, ChiB, and ChiC1 against diverse chitinous substrates in the case of other marine 

bacteria like Serratia marcescens (Suzuki et al., 2002). In another marine bacterium, 

Alteromonas sp. strain O-7, numerous chitinases (ChiA, ChiB, ChiC, and ChiD) are 

produced for efficient chitin breakdown in the natural environment (Orikoshi et al., 

2005). Therefore, in the aquatic environment, marine bacteria have evolved efficient 

chitin utilization strategies to survive under nutrient-poor conditions. 



R e v i e w  o f  L i t e r a t u r e  | 25 

 

 
1.19. Vibrio cholerae chitinases  

Marine bacteria including the members of the family vibrionaceae, are excellent 

sources of chitinase (Meibom et al., 2004). Many Vibrio species including pathogenic 

V. cholerae have chitinase activity (R. Bhowmick et al., 2007). They are common 

inhabitants of marine and estuarine waters and live in association with a chitinous 

exoskeleton of copepods utilizing chitin as the sole carbon and nitrogen source in the 

environment (Meibom et al., 2005). V. cholerae possess five chitinase genes with locus 

names VC 0769, VC 1073, VC 1952, VCA 0027, and VCA 0811 (Rudra Bhowmick et 

al., 2008; Heidelberg et al., 2000) which hydrolyses chitin (Jorgensen & Pfallerc, 2015). 

1.20. Role of chitin-binding protein and sensor histidine kinase ChiS in 

chitin utilization 

The V. cholerae interaction with chitin has a profound influence on the life cycle 

of this bacterium, inside and outside its human host, as well as its ecological function 

in the natural environment (Colwell, 2002). Association of chitin with V. cholerae has 

provided the microorganism with multiple properties at different levels in the 

environment that include cell metabolic and physiological responses e.g- chemotaxis, 

cell multiplication, induction of competence, quorum sensing, biofilm formation, 

commensal and symbiotic relationship with higher organisms, cycling of nutrients and 

pathogenicity for humans and aquatic animals thus making it advantage, in case of food 

availability, adaptation to environmental nutrient gradients, tolerance to stress and 

protection from predators. Chitin utilization by V. cholerae is a complex process 

including steps such as chitin sensing, attachment, and degradation. The two 

extracellular chitinases, ChiA1 (VC1952) and ChiA2(VCA0027) play an important role 

in the initialization of V. cholerae chitin catabolic cascade (Hunt et al., 2008a) as shown 

in (Fig.1.16). When V. cholerae comes in contact with chitin, these enzymes play a 

collective but differential activity to degrade chitin into (GlcNAc)n>2 oligosaccharides 

that are transported into periplasmic space via chitoporin (Svitil et al., 1997). 
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Fig. 1.16. Schematic diagram of the chitin catabolic cascade in V. 

cholerae. The GlcNAc residues are transported and utilized by 

transporters and enzymes and finally get metabolized to Fructose-6-P 

which enters into the Pentose phosphate pathway to be utilized as a 

carbon source. [Source: Hunt et al., 2008a] 

 

 

1.21. The role played by V. cholerae CytR in chitin utilization 

CytR, Cytidine Regulator, is a transcription factor required for the transport and 

utilization of ribonucleosides and deoxyribonucleosides. CytR was first mentioned in 

1975 (Hammer-Jespersen & Munch-Petersen, 1975) and identified in 1985 (Singer et 

al., 1985). The repressor CytR and the activator CRP, two dimeric proteins, interact to 

form a complex repressor nucleoprotein in the intergenic region. When only CRP is 

bound to this promoter, it functions as an activator, and then, when CytR binds to DNA 

and CRP, the activation is repressed because CytR masks an activating region of CRP 
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that otherwise would contact the RNA polymerase to activate transcription (Meibom et 

al., 2000; Valentin-Hansen et al., 1996). The CytR protein cannot act alone; the 

synergistic DNA binding is increased by direct interaction with CRP (Sogaard-

Andersen et al., 1990). Footprinting analyses showed that the dimers of CytR are 

flanked or sandwiched by two dimers of CRP. Perini and co-workers showed that CytR 

binds in tandem in the regulated intergenic region (Perini et al., 1996). On the other 

hand, in 1997, Pedersen and Valentin-Hanses showed that CytR binds to octamer 

repeats, GTTGCATT in either the direct or inverted orientation and preferably 

separated by 2 or 3 bp (Kallipolitis & Valentin-Hansen, 2004). Nine Escherichia coli 

genes were experimentally shown to be regulated by CytR and form the CytR regulon: 

deoC, cytR itself, tsx, cdd, ppiA, nupC, nupG, udp, rpoH. Since among the gamma-

proteobacteria CytR is present only in E. coli and its close relatives (up to Vibrionales), 

it has been suggested that CytR appeared in the Enterobacteriales due to horizontal 

transfer from the delta Proteobacteria (Geobacillus sp. or Caulobacter sp.) (Price et al., 

2007). 

1.22. Structure of CytR 

CytR is a 335 amino acid long, 37 kDa protein located in the cytoplasm of V. 

cholerae and is produced from the locus VC_2677 of Chromosome I. CytR is an 

atypical representative of the LacI-family (Weickert & Adhya, 1992). Like the other 

members of LacI family, CytR has an N-terminal domain that contains a helix-turn-

helix (HTH) motif for DNA binding and a C-terminal domain for dimerization, inducer 

binding, and protein interaction with CRP (cAMP receptor protein) (Fig.1.17). Its 

affinity to its operators is rather weak and because of that, in contrast to most 

prokaryotic repressors, CytR alone is not capable to repress transcription. CytR 

functions in a complex with a multifunctional transcription factor (TF), CRP. The 

mechanism of the CytR action is anti-activation rather than direct repression (Sernova 

& Gelfand, 2012). 

1.22. Functions of CytR in nutrient uptake and extracellular nucleoside 

acquisition in V. cholerae 

The complex response to nutrient starvation controlled by (cAMP receptor 

protein) CRP incorporates other regulatory proteins that allow bacteria to use not only 

different sugars but also nucleic acids. Many genes in E. coli that scavenge and 
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metabolize extracellular pyrimidine nucleosides are negatively controlled by the 

cytidine repressor CytR (Valentin-Hansen et al., 1996). CytR binds to CRP and 

functions as an 'anti-activator' of the promoters of specific CRP-activated genes 

involved in nucleoside transport and degradation when free nucleosides are scarce. 

 
Fig.1.17. Structure prediction of V. cholerae CytR by homology 

modelling (A) CytR has an N-terminal domain that contains a helix-turn-

helix (HTH) motif for DNA binding and a C-terminal domain for 

dimerization, inducer binding, and protein interaction (B) HTH-LacI domain 
– 1-71 amino acid; Periplasmic binding protein superfamily domain- 168-

329 amino acid. 

Cytidine, on the other hand, enters the cell and binds allosterically to CytR. 

When CytR is complexed with cytidine, conformational alterations in CytR impede 

interaction with CRP and, as a result, CytR-dependent anti-activation of CRP-regulated 

genes is eliminated. CRP can then trigger promoter expression by engaging RNA 

polymerase (Barbier et al., 1997). As a result, genes essential for nucleoside uptake and 

metabolism are only expressed in the presence of nucleosides. 

The availability of nucleotides such as purine has also been found to have a role 

in controlling natural competence in H. influenzae (Macfadyen et al., 2001; Sinha et al., 

2013). However, the H. influenzae genome lacks a CytR homologue, and a functionally 

comparable protein, PurR, was found to be independent to purine-mediated competence 

repression (Sinha et al., 2013). Interestingly, cytR was originally identified as a TfoX-

regulated V. cholerae gene (Meibom et al., 2005). 
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However, its specific role in natural competence was just recently discovered, 

when a cytR mutant was demonstrated to be non-transformable and displayed 

reduced expression of comEA, chiA-1, and pilA. (Antonova et al., 2012). The presence 

of nucleosides, specifically cytidine, directly suppressed both transformation and 

comEA expression, implying a regulatory mechanism similar to that proposed for H. 

influenzae (Antonova & Hammer, 2011) (Fig.1.18). 

Mutants having CytR variants that were unable to bind to CRP were impaired 

for transformation, implying that the CytR–CRP protein-protein interactions required 

for nucleoside scavenging in E. coli are likewise required for activating natural 

competence genes in V. cholerae (Antonova et al., 2012). Although the precise role of 

nucleotide scavenging in natural competence has yet to be identified, these findings 

suggest that natural competence in the Vibrionaceae may be deployed not only for HGT 

but also for nutrient acquisition. 

TfoX has recently been found to positively influence the expression of two 

transcription factors, CytR and QstR. (Lo Scrudato & Blokesch, 2013; Meibom et al., 

 

Fig.1.18. V. cholerae CytR is a CRP-dependent anti-activator. (A) Top: 

Model of promoter region of V. cholerae genes transcriptionally activated 
when a CRP dimer binds to both a proximal (CRP-1) and distal (CRP-2) 

binding site, and recruits RNA polymerase by association with each αCTD 
of RNAP (black ovals). Bottom: CytR makes protein-protein interactions 

via L161 and F165 with each CRP dimer blocking CRP-dependent 
activation of transcription at the promoter via an “anti-activation” 
mechanism. Arrows at each CRP binding site highlight that the sequence 

is an inverted repeat. (B) The E. coli consensus binding site for one CRP 
dimer, and the predicted distal (CRP-2) and proximal (CRP-1) binding 

sites in the udp promoter region of V. cholerae. Arrows highlight the 

inverted repeat sequence, and underlined nucleotides indicate the critical 

nucleotides of the 5'-TGTGA(N6)TCACA-3’ consensus.  
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2005). CytR, as previously characterized, is a nucleoside scavenging cytidine repressor 

that inhibits the expression of comEA, pilA, and chiA-1 in V. cholerae (Antonova et al., 

2012). TfoX also promotes the transcription of qstR, which encodes a transcription 

factor required for the production of comEA and comEC (Lo Scrudato & Blokesch, 

2013). The key quorum-sensing regulator, HapR, is also required for QstR activation 

(Lo Scrudato & Blokesch, 2013), which accounts for the subset of TfoX-regulated 

genes that are also controlled by quorum sensing (Lo Scrudato & Blokesch, 2012). 

These findings highlight the intricate roles of TfoX in coordinating the expression of 

the genes essential for V. cholerae competence. 

1.24. The function of CytR in other aspects 

CytR negatively regulates a small group of nucleoside scavenging and 

metabolism genes in E. coli, including udp, cdd, ompK, and cytR itself, through a cAMP 

receptor protein (CRP)-dependent anti-activation mechanism (Valentin-Hansen et al., 

1996). V. cholerae CytR is a functionally diverse protein and a global regulator. It 

represses several nucleoside catabolism and scavenging genes, positively regulate 

competence and the majority of natural transformation genes, induces bacterial killing 

by activating T6SS gene clusters, and co-regulates chitinase genes alongside TfoX. 

Recently it has been discovered that among many other roles CytR is involved in the 

regulation of V. cholerae extracellular chitinase chiA1 (Antonova et al., 2012) and 

chiA2 (Watve et al., 2015).  

In the intestine, V. cholerae secretes chitinases in order to degrade mucin to gain 

access to the epithelial cells as well as to get nutrients. There are reports that indicate 

the involvement of bacterial chitinases in virulence (Frederiksen et al., 2013; Mondal 

et al., 2014; Tran et al., 2011). The pathogenesis of V. cholerae within the human host 

is controlled by a complex signalling cascade of virulence genes and regulatory factors 

that has been studied for several decades. Although the role of V. cholerae CytR in 

chitin metabolism and degradation has been studied well its role in pathogenesis is still 

lacking. 

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

Toxigenic strains of V. cholerae persist 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 (Fig.1.19). On ingestion of these aquatic-environment-
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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 transmission to subsequent hosts. 

(Antonova et al., 2012; Lo Scrudato & Blokesch, 2012, 2013; Meibom et al., 2004, 

2005). 

 

Fig.1.19. The life cycle of pathogenic Vibrio cholerae. Toxigenic strains of 
Vibrio cholerae persist 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 transmission to subsequent hosts. 

 

1.26. V. cholerae pathogenesis 

Cholera is characterized by severe, watery diarrhea, which can rapidly lead to 

dehydration and death in untreated patients. V. cholerae of the O1 and O139 serotypes 

are responsible for epidemic cholera in humans. All other serotypes are grouped as 

"non-O1" strains; they are associated with sporadic cases of gastroenteritis (Fig.1.20).  

Infection due to V. cholerae begins with the ingestion of contaminated water or 

food. After passage through the acid barrier of the stomach, the organism colonizes the 

epithelium of the small intestine by means of the toxin-coregulated pili (Taylor et al., 

1987) and possibly other colonization factors such as the different haemagglutinins, 

accessory colonization factor, and core-encoded pilus, all of which are thought to play 

a role in pathogenesis (Fig.1.21).  
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Fig.1.20.  Phylogenetic relationship of Vibrio cholerae strains. On the 

basis of the antigenicity of the O antigen component of the outer membrane 
lipopolysaccharide, more than 200 serogroups (O1–O200) of Vibrio 

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 for in the host. Other strains 

are non-toxigenic (Tox–) and are selected against. Different O antigen types 

are indicated by the colour of the outer membrane and sheathed flagellum. 

Capsules are present in a subset of strains.  

 

 

Fig.1.21. 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 environment. (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 virulence 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 
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of cholera. (7) Microcolonies form and V. cholerae produces extracellular 
matrix components including Vibrio 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 detaches 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 diarrheal stool and vomitus. (10) V. cholerae returns 

to the environment, where contamination of drinking water may infect another 

host. [Source: Chac et al., 2021] 

1.27. Cholera: The most fearsome waterborne infection 

Cholera is an acute enteric infection caused by the ingestion of the 

bacterium Vibrio cholerae present in fecally contaminated water or food, primarily 

linked to insufficient access to safe water and proper sanitation. Every year 3-5 million 

people around the world are infected with cholera and 100,000- 120,000 people die 

from the infectious disease, according to estimates by the World Health Organization 

(WHO ’2015).  

 

Fig.1.22. A child, lying on a cholera cot, is showing typical signs of severe 

dehydration from cholera. The patient has sunken eyes, a lethargic 

appearance, and poor skin turgor; however, these symptoms could be 
reversed to near normal within 2 h if adequately rehydrated [Source: Sack et 

al., 2004]. 

Cholera is characterized in its most severe form by a sudden onset of acute 

watery diarrhoea that can cause a massive loss of bodily fluids leading to sunken eyes, 

blue-grey skin, and eventually death (Fig.1.22). The extremely short incubation period 

- two hours to five days - enhances the potentially explosive pattern of outbreaks, as the 

number of cases can rise very quickly. About 75% of people infected with cholera do 

not develop any symptoms. However, the pathogens stay in their faeces for 7 to 14 days 

and are shed back into the environment, possibly infecting other individuals.  
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1.28. Epidemiology of V. cholerae  

Cholera first emerged from the Ganges Delta of the Indian subcontinent as early 

as the nineteenth century. Over the centuries, seven well-defined pandemics have been 

reported, with an eighth pandemic suspected to have occurred since 1992 (Table 1.2). 

El Tor biotype of V. cholerae serogroup O1 triggered the seventh pandemic, which 

began in Indonesia in 1961 and spread to Africa and the Americas in 1970 and 1991, 

respectively. In 1992, a new serotype, O139, developed in India and quickly spread to 

Bangladesh and surrounding Asian countries. In recent years, massive and prolonged 

outbreaks have occurred in countries that have been free of cholera for decades.  

 

Fig.1.23. Countries reporting cholera cases and deaths in 2019 

[Source: Weekly Epidemiological Record, WHO cholera report 2019] 

A near-doubling in the global number of cholera cases reported to WHO during 

2019 (923 037) over that in 2018 (499 447) might appear to be a step backward in 

cholera control; however, there is highly positive news, in that the total number of 

reported deaths from cholera decreased by 36%, from 2990 in 2018 to 1911 in 2019; 

Africa reported the fewest annual numbers of cases and deaths in the 21st century, and 

the Americas reported the fewest cases and deaths since the disease was introduced into 

Haiti in 2010. In 2019, a sharp increase in reported cholera cases is due to the increase 

in the number of cases in Yemen (8,61,096) (Fig.1.24), the Democratic Republic of the 
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Congo (30,304), and Mozambique (7,010) which accounted for 97% of the cases 

reported globally in 2019 (WHO, 2019). The recent global distribution of cholera is 

depicted in Fig.1.23.  

“Yemen has been devastated by a brutal war which started in early 2015. Twenty one 
million people (75% of the total population) require humanitarian assistance, 7.3 million 
are severely food insecure, and 3.3 million are internally displaced. Moreover, the health-
care system is on the brink of collapse as more than 55% of health facilities are partially 
functioning or destroyed. This situation, which is already a complex 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. 

 

Fig.1.24. (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 receiving treatment at a temporary health station in Hajjah 

governorate, Yemen. [Source: Al-Mekhlafi, 2018] 
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Table 1.2. History of cholera pandemics  

Cholera 

Pandemics 
Years Countries 

First 
1817-1823 

 

The first pandemic originated in the Ganges River delta in India. 

the disease spread to Southeast Asia, central Asia, Middle East, 

eastern Africa, and the Mediterranean coast. 

Second 
1829-1849 

 

It started also in India and reached Russia by 1830 and spread in 

countries Finland, Poland, Europe, North America. 

Third 
1852-1859 

 

Originated once again in India. It devastated large swaths of 

Asia, Europe, North America and Africa. In 1854, the worst 

year, 23,000 died in Britain alone. 

Fourth 
1863-1879 

 

The fourth pandemic began in the Bengal region from which 

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. 

Fifth 
1881-1896 

 

Again, originated in the Bengal region of India and swept 

through Asia, Africa, South America and parts of France and 

Germany. 

Sixth 
1899-1923 

 

The sixth pandemic killed more than 8,00,000 people in India 

before moving into the Middle East, northern Africa, Russia and 

parts of Europe. 

Seventh 

1961 to 

present 

 

Unlike other pandemics the seventh pandemic originated in 

Indonesia then spread to Italy, Africa and ravaged populations 

across Asia and the Middle East. Later an outbreak among 

Rwandan refugee in 1994, Zimbawe in 2008, Haiti in 2010 took 

many lives. 

 

1.29. V. cholerae and human intestine  

Intake of contaminated water or food with V. cholerae is the major route of V. 

cholerae ingestion by a human. After ingestion, in order to cause infection V. cholerae 

must thrive in the hostile acidic environment of the host stomach, and then penetrate 

the mucus lining that coats intestinal epithelia. Due to the acid intolerance of V. 

cholerae cells, a relatively high infectious dose (106 to 1011 CFU/ml) is required to 

cause infection in humans (Cash et al., 1974). In the human intestine, V. cholerae adhere 

and colonize on the intestinal epithelial cells, eventually producing CT and the resulting 

manifestation of cholera symptoms. During the habitat switching from aquatic 

environment to human intestine V. cholerae cells come into contact with low pH 

environment present in the gastric juice (Cash et al., 1974). The cells, that overcome 
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such gastric barrier further colonize the intestinal epithelial cells, eventually producing 

CT and causing cholera.  

 

1.30. Mechanisms of intestinal colonization  

Vibrio cholerae pathogenesis is multifactorial and relies on both host and 

bacterial counterparts. V. cholerae after being introduced into the intestinal lumen 

requires attachment to intestinal linings. This initial attachment is the key step in the 

pathogenesis of V. cholerae. A number of colonization factors have been documented 

which serve as important adhesion molecules in interaction with the host cell surface. 

Colonization of the small intestinal epithelium is necessary for V. cholerae to cause 

disease. Factors that may contribute to this process include bacterial pili, 

hemagglutinins, an accessory colonizing factor, porin-like proteins, rfb-encoded 

enzymes, and a chitin-binding protein. 

1.31. Impact of host factors 

After ingestion in order to survive and cause infection V. cholerae must pass through 

certain barriers. In addition, there are some factors that help the bacterium to colonize 

and cause cholera. 

1.31.1. pH 

V. cholerae must pass through and survive the gastric acid barrier of the 

stomach, then penetrate the mucus lining that coats intestinal epithelia. Due to the acid 

sensitivity of V. cholerae, the infectious dose needs to be relatively high (106 to 1011 

CFU/ml) to cause cholera infection in humans (Kaper et al., 1995). The pH here is as 

low as 2, rapidly changed from highly acid in the stomach to about pH 6 in the 

duodenum. The pH gradually increases in the small intestine from pH 6 to about pH 7.4 

in the terminal ileum. There as soon as the bacterium reaches the small intestine, it gets 

its required pH that helps in successful infection as the optimal pH is about 7.6. 

1.31.2. Mucin 

It is a glycoprotein that is present extracellular to and coating the intestinal 

epithelia which prevent most microorganisms from reaching and persisting on the 

intestinal surface. It is highly glycosylated consisting of ~80% carbohydrates primarily 

N-acetylgalactosamine, N-acetylglucosamine, fucose, galactose, and sialic acid, and 



R e v i e w  o f  L i t e r a t u r e  | 38 

 

traces of mannose and sulfate. The oligosaccharide chains of mucin exhibit moderate 

branching and are attached to the protein core by O-oligosaccharide bonds to the 

hydroxyl side chains of serine and threonines and arranged in a bottle brush 

configuration about the protein core (Bansil & Turner, 2006; Dekker et al., 2002). The 

remaining 20% consists of the protein core with a molecular mass of ~200 to 500 kDa. 

The abundance of intestinal mucin appears to be an important factor explaining at least 

some of the regiospecific aspects of V. cholerae intestinal colonization. As already 

mentioned the chitin-binding protein GbpA of Vibrio cholerae has been previously 

described as a common adherence factor for chitin and intestinal surface (Kirn et al., 

2005). In addition, it has been also reported that there is a coordinated interaction 

between GbpA and mucin to upregulate each other in a cooperative manner, leading to 

increased levels of expression of both of these interactive factors and ultimately 

allowing successful intestinal colonization and pathogenesis by V. cholerae. This was 

a novel colonization factor applicable to both the surfaces due to the fact that both chitin 

and mucin possess a common adhesion factor recognized by GbpA i.e, N-Acetyl 

glucosamine. Counter to the above report recently, it has been demonstrated that host 

mucins are a key factor limiting V. cholerae intestinal colonization, particularly in the 

proximal part of the small intestine where there appears to be a more abundant mucus 

layer. 

1.31.3. Bicarbonate 

A previous study says that bicarbonate stimulates virulence gene expression by 

enhancing ToxT activity. ToxT is a regulatory protein that directly activates 

transcription of the genes encoding cholera toxin (CT), toxin-coregulated pilus (TCP), 

and other virulence genes that shall be discussed later. Both the classical and El Tor 

biotypes produce inactive ToxT protein when they are cultured statically in the absence 

of bicarbonate. The addition of bicarbonate to the culture medium does not affect ToxT 

production but causes a significant increase in CT and TCP expression in both biotypes. 

Thus, bicarbonate is the first positive effector for ToxT activity to be identified (Abuaita 

& Withey, 2009). Given that bicarbonate is present at high concentration in the upper 

small intestine where V. cholerae colonizes, bicarbonate is likely an important chemical 

stimulus that V. cholerae senses and that induces virulence during the natural course of 

infection. 
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1.31.4. Bile salts 

Bile is a complex mixture of organic and inorganic molecules in the form of 

sodium taurocholate, glycocholate, etc that is stored in the gallbladder and released into 

the proximal small intestine to promote lipid absorption after a fatty meal. The sole 

function of conjugated bile acids in the small intestine is to solubilize polar lipids during 

digestion. The second function of bile acids in the intestine is to inhibit the growth of 

bacteria in the small intestine (Inagaki et al., 2006). Previous studies have shown that 

bile and its unsaturated fatty acid components released in the small intestine, reduce 

virulence gene expression and therefore are likely important signals upon entering the 

host. Further studies on the effects of bile on V. cholerae virulence factor transcription 

revealed that unsaturated fatty acids (arachidonic, linoleic, and oleic acids) within bile 

repressed ctxAB and tcpA expression, suggesting that these components may be directly 

interacting with ToxT to repress its activity. The presence of high levels of bile within 

the intestinal lumen may prevent premature ToxT activity prior to the organisms’ 

arrival within intestinal crypts (A. Chatterjee et al., 2007; Gupta & Chowdhury, 1997). 

Recently, the mechanism for bile-mediated reduction of virulence gene expression has 

also been clearly defined (Withey et al., 2015). 

1.32. Virulence factors of V. cholerae 

In V. cholerae, the two main virulence factors responsible for cholera disease 

are cholera toxin (CT) and toxin co-regulated pilus (TCP). A filamentous bacteriophage 

(designated CTXΦ) contains genes encoding cholera toxin, and a 41-kb pathogenicity 

island on the chromosome encodes the toxin co-regulated pilus (TCP). Cholera toxin, 

encoded by the ctxAB genes of lysogenic CTXΦ is a potent enterotoxin of the A-B 

toxin type. It consists of one enzymatic A subunit and five receptor binding B-subunits 

and is secreted by a bacterial type II secretion system. After secretion, the CT-B subunit 

binds to ganglioside GM1 receptors in lipid rafts on the plasma membrane of the target 

cells. The entire toxin complex is endocytosed by the cell and moved through the Golgi 

apparatus to the endoplasmic reticulum, where the A subunit dissociates from the toxin 

complex. CT-A is transported to the cytoplasm of the target cell where it ADP-

ribosylates a GTP-binding protein that activates adenyl cyclase. This event leads to an 

increase in the intracellular cAMP level, resulting in an imbalance in electrolyte 

movement in the epithelial cell. This in turn leads to increased secretion of NaCl, which 
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further enhances the osmotic movement of water into the intestinal lumen, resulting in 

the watery diarrheal disease cholera which is a hallmark of cholera. 

 

1.33. Regulation of Virulence factors 
 

Many V. cholerae virulence genes are coordinately regulated in response to 

environmental signals. Although the conditions that affect toxin production in the 

human intestine are not known, in vitro factors increasing toxin production are low 

temperature (25º to 30ºC), osmolarity (NaCl concentration of 50 to 60 mmol), high 

aeration, acidic pH (6.5), and the presence of certain amino acids (asparagine, serine, 

glutamate, and arginine), phosphate, and trace elements (Fig.1.25). 

1.33.1. ToxR regulon 

ToxR, a 32-kDa transmembrane protein is the master key for the control of 

virulence factors for V. cholerae O1 (Miller et al, 1987). It regulates by binding to the 

upstream of the ctxAB genes and upregulates their transcription. ToxS enhances the 

activity of ToxR by stabilizing the ToxR dimeric form (Victor J. DiRita, 1992). ToxR 

in association with CT (Taylor et al., 1987) also controls the expression of TCP, 

accessory colonization factor, and the outer membrane proteins OmpT and OmpU. At 

least 17 genes are found under the regulation of ToxR, which construct the “ToxR 

regulon”. There is another regulatory protein ToxT which also regulates certain genes 

of this regulon (V. J. DiRita et al., 2006). ToxR regulates transcription of toxT gene, 

which leads to activation of other genes in the ToxR regulon. Thus, there is a regulatory 

cascade mechanism that controls the expression of crucial virulence factors in V. 

cholerae. A heat shock protein of V. cholerae, htpG also plays important role in the 

control of the ToxR regulon. ToxT is a 32-kDa protein, which is a member of the AraC 

family of transcriptional activators. ToxT activates transcription of ctxAB, as well as 

the tcp genes, the acf genes, and the aldA gene. There are both ToxT-dependent and 

ToxT-independent branches of the ToxR regulon; transcription of the genes encoding 

two major outer membrane proteins, OmpT and OmpU, is regulated directly by ToxR, 

as are genes involved in motility and chemotaxis.  
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Fig.1.25. Regulation model of Tox-mediated virulence genes in V. cholerae. 

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 tcp operon, ctxAB, 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 ctx and tcp. AphA and AphB activates the expression of the tcpPH. TcpPH and 
ToxRS regulate ctx and tcp genes through ToxT. AphB has been linked to the 

expression of tcpPH for anaerobiosis that enhances the production 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 environmental factors and signals toxT. 

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. 

 

ToxR has different activities if it is expressed in Escherichia coli or in its native 

host, V. cholerae (Fig.1.26). In experimental systems in E. coli, ToxR acts as a 

transcriptional activator of ctxAB by binding to a 7-bp repetitive region in the ctxAB 

promoter; the more tandem repeats that are present, the more toxin is produced. In V. 
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cholerae, however, ToxR does not directly activate the ctxAB promoter but acts to 

control toxin expression through activation of toxT (Matson et al., 2007). The 

difference in the ability of ToxR to activate ctxAB in E. coli and V. cholerae is not yet 

understood. 

 

Fig.1.26. Schematic representation of ToxR regulon showing the 

different components regulating the production of two major 

virulence determinants CT and TCP. [Source: Matson et al., 2007] 

The proteins involved in directly sensing the environmental changes that 

regulate gene expression are not known. Production of TcpP and TcpH is controlled by 

environmental changes; transcription of the tcpPH genes is regulated by temperature 

and pH in a ToxR-independent manner. The ability of TcpP/H to activate ToxT is 

significantly reduced when the growth medium contains a high NaCl concentration; 

both exogenous and endogenous sodium appear to affect virulence factors in V. 

cholerae in a complex fashion. 

The regulatory protein AphA is required for activation of the tcpPH promoter, 

and may act to regulate the expression of tcpPH in response to environmental changes. 

It may be that other yet undefined regulatory proteins affect TcpPH and/or ToxR 

expression, or that TcpPH and/or ToxR directly sense external signals. However, ToxR 

expression itself is not influenced by most environmental changes. One exception is the 

reduced expression of ToxR at high temperatures (37ºC), which may relate to control 

at the promoter level by the divergently transcribed heat shock gene, htpG. 

The response of V. cholerae strains to environmental conditions varies by 

biotype. Variations in control over the expression of ToxT appear to be important in 
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these biotype differences. Other genes may also be important in the regulation of 

virulence genes. The cAMP-CRP system, a global regulator in many bacteria that 

responds to carbon sources through cAMP expression, also influences the expression 

of ToxR-regulated virulence genes. V. cholerae has a virulence locus, varA, which is a 

homologue of the conserved global regulatory gene gacA. GacA belongs to the family 

of two-component signal-transducing molecules. Transcription of the varA gene is 

independent of ToxR; varA mutants produce less TCP and CT, and are attenuated in 

colonization. Finally, phage induction and replication may be an additional mechanism 

for the regulation of CT production in vivo. Expression of CT from the replicative form 

of CTXΦ is largely independent of ToxR and ToxT. 

 

1.33.2. TfoX: an integral regulator  

 

The tfoX gene was originally identified among other V. cholerae genes that 

display elevated expression levels in response to chitin. When constitutively expressed, 

TfoX can induce genetic competence in the absence of chitin. Chitin, in the form of 

either crab shells or oligosaccharides, enhances the production of TfoX, at both 

transcriptional and post-transcriptional levels. Genetic studies in V. cholerae have 

shown that chitin sensed by the hybrid sensor kinase ChiS, promotes the production of 

a small regulatory RNA named TfoR (Fig.1.27). The signaling pathway initiated by 

ChiS that leads to tfoR expression remains unclear. TfoR is predicted to base-pair with 

the 5′-untranslated region (5′-UTR) of the tfoX transcript, thus preventing the formation 

of an inhibitory secondary structure that sequesters the predicted Shine–Dalgarno 

sequence for tfoX. Translational activation of tfoX by TfoR also requires the RNA 

chaperone Hfq, which is often a crucial player in trans-encoded small RNA-mediated 

regulation. A transcriptional repressor element was also identified within the tfoX 

promoter in V. cholerae. However, in contrast to the strong translational regulation 

described above, the transcriptional derepression of tfoX by chitin and (GlcNAc)n is 

moderate, and the transcription factor involved in this process remains unknown. CRP–

cAMP was recently shown to also directly induce tfoX transcription in V. cholerae, 

suggesting conserved regulation among these Gram-negative bacteria. Future studies 

of tfoX regulation will greatly help our understanding of how the Vibrionaceae process 

the external chitin signal to turn on complex phenotypes like competence and T6S.  
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Fig.1.27. Chitin-dependent signaling pathways for natural 

transformation and Type 6 Secretion in V. cholerae. Chitin is degraded 

by extracellular chitinases into oligosaccharide fragments, which enter the 
periplasm through a chitoporin. With the help of CBP, ChiS senses the 

presence of chitin oligosaccharides and activates the TfoR sRNA via the 

RNA chaperone Hfq. TfoR then initiates translation of TfoX. It upregulates 
the expression of other competence genes (e.g. pilA, comEA and comEC) 

and two genes encoding transcription factors (cytR and qstR). Regulation of 

the competence genes by TfoX also requires the cAMP–CRP complex. IM, 

inner membrane; OM, outer membrane. 

 

Members of the chitin-dependent TfoX regulon include the pilQ, pilA, comEA, 

and comEC genes (Fig.1.27), whose gene products play essential roles in the uptake 

and transport of exogenous DNA. In addition, the expression of a gene encoding a 

homolog of DprA, which plays a crucial role in the integration of exogenous DNA, was 

reported to be elevated in response to induction of tfoX expression. cAMP, presumably 

in complex formation with CRP, is required for chitin-dependent induction of comEA 

and pilA in V. cholerae highlights that TfoX may also serve as an accessory factor. A 

common motif ACTCG(A/C)AA was identified in most of the 19 TfoX-induced 

promoter regions by means of a phylogenetic footprint analysis. At this time, whether 

TfoX binds DNA in complex with CRP has not yet been determined by experimental 

approaches.  
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1.34. Various toxins of V. cholerae  

1.34.1. Cholera enterotoxin (CT) 

Cholera toxin (choleragen) (PDB ID. 1XTC) is the sole cause of the clinical 

disease (Fig.1.28). This substance induces the enterocytes to increase secretion of 

electrolytes, above all Cl– ions, whereby passive water loss also occurs. Cholera 

enterotoxin produced by the adherent 

vibrios is secreted across the bacterial 

outer membrane into the extracellular 

environment and disrupts ion transport 

by intestinal epithelial cells. The 

subsequent loss of water and 

electrolytes leads to the severe diarrhea 

characteristic of cholera. The existence 

of cholera enterotoxin (CT) was first 

suggested by Robert Koch in 1884 and 

demonstrated 75 years later (S. N. De & 

Chatterje, 1953; Dutta et al., 1959). CT 

is encoded by the gene ctxAB. Many 

strains of V. cholerae O1 contain multiple copies of the ctx operon. The toxin belongs 

to the group of AB toxins. Analysis of purified toxin shows that it is consist of an A 

subunit and 5 smaller identical B subunits (Finkelstein & LoSpalluto, 1969). The B 

subunit serves to bind the toxin to the eukaryotic cell receptor, ganglioside GM1.  

The A subunit possesses a specific enzymatic function and acts intracellularly, 

raising the cellular level of cAMP and thereby changing the net absorptive tendency of 

the small intestine to one of net secretion. As a result, cholera toxin stimulates 

hypersecretion of water and chloride ions while inhibiting the absorption of sodium 

ions. The patient loses massive fluid and electrolytes. The binding of CT to epithelial 

cells is enhanced by neuraminidase. An alternative mechanism of cholera toxin also 

exists which says that prostaglandin and the enteric nervous system (ENS) are involved 

in the response to CT. CT is a potent oral antigen by itself and with another unrelated 

antigen (Holmgren et al., 1993). The B subunit of CT has an adjuvant-like effect 

probably due to the binding of this subunit with GMI ganglioside (Czerkinsky et al., 

1989) (Fig.1.29). 

 

Fig.1.28. Crystallographic structure 

of Cholera enterotoxin. 
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Fig.1.29. Schematic overview of mode of action of cholera enterotoxin (CT).  

Cholera toxin approaches target cell surface. B subunits bind to oligosaccharide of 

GM1 ganglioside (the first-ever structurally defined mammalian cell receptors). 

Conformational alteration of holotoxin occurs, allowing 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 intracellular glutathione, freeing A1 and A2. NAD is 

hydrolyzed by A1, 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 
intracellular 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+ absorption through NHE, 

resulting in effluxes of Na+ and water and, hence, secretory diarrhea. CFTR: Cystic 

fibrosis transmembrane conductance regulator; CT: Cholera toxin; IRC: Inwardly 

rectifying Cl- channel; NHE: Na+–H+ exchanger; TCP: Toxin-coregulated pilus. 

 

 

1.34.2. Zonula occludens toxin (Zot) 

Another toxin of V. cholerae is Zot, which was first described by Fasano et al 

in 1991 (Fasano et al., 1991). This toxin acts by increasing the permeability of small 
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intestinal mucosa by affecting the structure of the intracellular tight junction, or zonula 

occludens resulting in loosening of the junction (Baudry et al., 1991). Zot causes 

diarrhea by leakage of water and electrolytes into the lumen under the force of 

hydrostatic pressure. The zot gene was found to be located immediately of the ctx locus  

(Baudry et al., 1991). The zot genes are present in both V. cholerae O1 and non-O1 

strains (Faruque et al., 1994). The zot gene is comprised of a 1.3 kb open reading frame 

that encodes a protein product of 44.8 kDa molecular weight. The amino acid sequence 

of Zot protein does not show homology to any other bacterial toxin. 

1.34.3. Accessory cholera toxin (Ace) 

Ace protein of V. cholerae was first reported by Trucksis et al, 1993. The open 

reading frame of Ace is positioned exactly upstream of the Zot. Like CT and in contrast 

to Zot this new toxin increases potential difference rather than tissue conductivity. The 

ace gene encodes a 96-residue peptide with a predicted molecular weight of 11.3kDa 

(Trucksis et al., 1998). The amino acid sequence of Ace shares sequence similarity with 

a family of eukaryotic ion transporting ATPases such as human plasma membrane 

calcium pump, calcium transporting ATPase from rat brain, and the Cystic Fibrosis 

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

1.34.4. Hemolysin/ Vibrio cholerae cytolysin (VCC) 

The hemolytic activity of strains of the El Tor biotype of V. cholerae toward sheep 

erythrocytes was known in the early 1960s and was used as a phenotypic marker to 

distinguish them from strains of the classical biotype (Kaper et al., 1995). The toxin is 

absent in classical strains of V. cholerae due to an 11bp deletion in the structural gene 

for the toxin. The toxin was purified from the culture of V. cholerae grown in brain 

heart infusion broth (BHI) and partially characterized (Honda & Finkelstein, 1979). The 

structural gene consists of a 2,223 nucleotide long open reading frame which codes for 

a 741 amino acid long protein, pre-prohemolysin, of molecular weight 81,961 (K. 

Yamamoto et al., 1990). The pore-forming toxin hemolysin was first purified by Honda 

and Finkelstein. It has a cytolytic activity for a variety of erythrocytes and mammalian 

cells in culture and is quite lethal for mice. The pre-mature protein is an 82kDa protein 

and it is processed in two steps to a mature 65 kDa active cytolysin (Shigeo Yamamoto 

et al., 1993). The gene hlyA codes for the hemolysin is present in classical, El Tor, and 

non-O1 strains of V. cholerae. VCC is capable of causing fluid accumulation in ligated 



R e v i e w  o f  L i t e r a t u r e  | 48 

 

rabbit ileal loops (Ichinose et al., 1987). Unlike the watery fluid produced in response 

to CT, the accumulated fluid produced in response to hemolysin was found bloody with 

mucous (Ichinose et al., 1987). 

1.34.5. Miscellaneous toxins 

In addition to CT, Zot, Ace, and hemolysin which are widely distributed in V. 

cholerae, several other toxins have been reported for this pathogen such as Shiga-like 

toxin (ST), Cholix toxin, new cholera toxin sodium channel inhibitor, and thermo-stable 

direct hemolysin. 

 

1.35. Prevention and control of V. cholerae 

A multifaceted approach is a key to preventing and controlling cholera and 

reducing deaths. A combination of surveillance, water, sanitation and hygiene, social 

mobilization, treatment, and oral cholera vaccines are used.  

1.35.1. Surveillance 

Cholera cases are identified clinically in patients who present with severe acute 

watery diarrhoea. V. cholerae is then identified in stool samples from infected patients, 

confirming the suspicion. Local capacity to detect (diagnose) and monitor cholera 

occurrence (collect, assemble, and analyze data) is critical for an effective surveillance 

system and the planning of control actions. 

1.35.2. Water and Sanitation interventions 

Economic development and universal access to safe drinking water and 

proper sanitation are the long-term solutions for cholera control (which benefits all 

diseases spread by the fecal-oral pathway). The following precautions are taken to 

prevent both epidemic and endemic cholera. Development of piped water systems 

with water treatment facilities (chlorination), interventions at the household level 

(water filtration, chemical or solar water disinfection, safe water storage), and 

installation of safe sewage disposal systems, including latrines. 

 

1.35.3. Treatment  

Cholera is an easily treatable disease. The majority of patients can be 

successfully treated if oral rehydration solution is administered promptly (ORS). In 
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1 litre (L) of clean water, WHO/UNICEF ORS standard sachet is dissolved and adult 

patients with mild dehydration may require up to 6 L of ORS (Table 1.3). 

Table 1.3. Composition of the new ORS formulation  

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 1.5 7.317 
Glucose, 

anhydrous 
75 

Trisodium citrate, 

dihydrate 
2.9 14.146 

Potassium 20 

Citrate  10 

Total 20.5 100.00 
Total 

Osmolarity 
245 

 

1.36. Vaccines – present and future  

Oral Cholera Vaccines (OCVs) are now a cornerstone of the action plan "Ending 

Cholera: A Global Roadmap to 2030," launched in 2017 by WHO's Global Task Force 

on Cholera Control (GTFCC) and 50 other organizations. By 2030, the goal is to reduce 

cholera deaths by at least 90% and abolish cholera transmission in the majority of 

currently affected nations. There are currently three WHO-approved oral cholera 

vaccines: Dukoral®, ShancholTM, and Euvichol® (Holmgren J., 2021). 

Dukoral™ (Valneva, Sweden): The first effective OCV that was developed was the 

inactivated whole-cell/ cholera toxin B subunit vaccine Dukoral™. It 

contains a mixture of formalin- and heat-killed V. cholerae O1 bacteria, 

representing both the Ogawa and Inaba serotypes and the classical and El Tor 

biotypes, and a recombinantly produced cholera toxin B subunit. Dukoral is 

widely used as a travelers’ vaccine for both cholera and ETEC diarrhea. 

Dukoral® provides approximately 65% protection against cholera for 2 

years. 

 

ShancholTM (Sanofi-Shantha Biotechnics, India): In the late 1980s, Sweden supplied 

OCV manufacturing technology to Vietnam for the local production of an 

orally killed whole-cell OCV. This vaccine comprised the same V. cholerae 

O1 components as Dukoral but excluded the cholera toxin B subunit to 
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reduce production costs and complexity. A two-dose immunization against 

cholera was found to provide 66 percent protection in 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 approved nationally, first as OrcVaxTM and later as 

mOrcvaxTM. In endemic locations, individuals vaccinated with ShancholTM 

or Euvichol® have around 65 percent protection against cholera for up to 5 

years after immunization. 

 

Euvichol™/Euvichol-Plus™ (Eubiologics, S. Korea): To address the increasing 

demand for OCVs, IVI also transferred the reformulated OCV technology to 

Eubiologics, Seoul, Republic of Korea. This has led to the successful 

production of Euvichol™ OCVs, which has an identical composition as 

Shanchol™ 

 

Other nationally licensed OCVs 

The Vietnamese mOraVax™; Bangladeshi Cholvax™ (produced by Incepta); Chinese 

OraVacs™ (produced by Shanghai United cell Biotechnology) and United 

Sates’ Vaxchora™ (produced by PaxVax), consists of lyophilized V. 

cholerae “CVD 103-HgR” O1 bacteria that are derived from a classical Inaba 

strain (569B). 

1.37. The emergence of drug resistance in V. cholerae  

In the last few decades, V. cholerae that causes acute watery diarrhoeal disease 

cholera has emerged as a notorious multidrug-resistant (MDR) enteric pathogen 

(Kitaoka et al., 2011).  Although chromosomal mutations can play a role in 

antimicrobial resistance (AMR), the frequent acquisition of extrachromosomal mobile 

genetic elements (MGEs) from closely/distantly related bacterial species is a significant 

aspect in V. cholerae drug resistance. Antimicrobial resistance genes found in V. 

cholerae can contribute to antibiotic resistance through one of three mechanisms: (i) 

reduced permeability or active efflux of the antibiotics, (ii) alteration of the antibiotic 

targets by introducing post-transcriptional/translational modifications, and (iii) 

hydrolysis or chemical modification of antibiotics.  



R e v i e w  o f  L i t e r a t u r e  | 51 

 

Antibiotic treatment is suggested in cholera patients after the restoration of the 

initial fluid loss and prevention of vomiting. The emergence of MDR (Multi-drug 

resistance) and XDR (Extremely-drug resistance) V. cholerae is excellent evidence of 

recent bacterial evolution. Recent research indicates that horizontal gene transfer 

(HGT) via self-transmissible, autonomously replicating plasmids or integrative IMGEs 

such as Integrating Conjugative Elements (ICEs), Insertion Sequences (IS), and 

transposable genetic elements are primarily responsible for the emergence of MDR and 

XDR V. cholerae (Verma et al., 2019). 

During the 1960s, resistance to one or a few antibiotics was largely attributable 

to the acquisition of spontaneous mutations in the drug's target, such as DNA gyrase, 

topoisomerase, b-subunit of RNA polymerase (RpoB), and small subunit ribosomal 

protein12. MDR V. cholerae isolates from serogroup O1 showing resistance to 

tetracycline, streptomycin, and chloramphenicol were first reported in 1970. Resistance 

to ampicillin, nalidixic acid, chloramphenicol, and tetracycline began to rise rapidly 

since the early 1990s. Most clinical isolates of V. cholerae are now resistant to 

practically all commonly used antibiotics, according to a recent trend. 

The emergence of MDR V. cholerae serogroup O139 was first reported in 1996. 

Resistance was found to be caused by the SXT element, a 100-Kb ICE (Integrating 

conjugative element) that carries numerous resistance genes against Sulfamethoxazole, 

Trimethoprim, and Streptomycin (Das et al., 2020). 

1.38. Anti-bacterial vs Anti-virulence approach 

The ongoing rise of antibiotic-resistant bacterial infections has prompted the 

development of novel approaches to disease diagnosis and treatment. Instead of directly 

targeting viability or growth, anti-virulence therapies work by inhibiting in vivo 

essential virulence components in order to disarm the pathogen. This strategy to treating 

bacteria-mediated disorders may be superior to standard antibiotics since it targets 

pathogenesis-specific factors, potentially reducing selection for resistance and limiting 

collateral damage to the resident microbiota. With more annual fatalities from 

antibiotic-resistant diseases anticipated by 2050 than cancer, we urgently need effective 

solutions to address this catastrophe. 
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1.39. Phytochemicals, Small molecules, and other types of inhibitors  

The world is currently facing an antibiotic-resistance crisis, and the discovery 

of alternative medicines is a critical strategy for treating drug-resistant bacteria (S. B. 

Johnson et al., 2018; Langeveld et al., 2014; Rasko & Sperandio, 2010). Anti-virulence 

methods offer new and novel approaches to combat infectious diseases by expanding 

the study of antimicrobial targets beyond those required for growth. There is growing 

interest in the antimicrobial capabilities of phytochemicals and Essential Oils in 

particular, which has encouraged us to investigate the function of phytochemicals in 

bacterial pathogenicity. The potential for use of small molecules, monosaccharides, and 

chitinase inhibitors were also studied here (Aminov, 2010; Aminzare et al., 2018; Burt, 

2004).  
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Objectives 
 

he overall goal of this thesis work is to understand the role of V. cholerae 

regulatory protein CytR in the natural environment and in the host 

intestine. The specific objectives are- 

 

1. To study the role of CytR in chitin utilization pathway in Vibrio 

cholerae. 

The effect of different environmental factors on CytR is unknown. Environmental 

factors such as temperature, pH, salinity, and different nutrient medium on the 

expression of CytR will be studied. How these environmental factors affect 

different chitin utilization pathway genes at the transcription level will be an 

important aspect of the study.  

 

2. To understand the role of CytR in pathogenesis. 

The significance of Vibrio cholerae in the environment and chitin utilization is 

well documented. Chitinases are an integral part of chitin utilization and it has 

been already known that chitinases are important for the survival of V. cholerae in 

the intestine. Therefore, it is important to explore whether CytR has any role inside 

the intestine and in pathogenesis. In addition, we investigated the role of several 

bioactive compounds that may be capable of inhibiting disease pathogenesis. 

 

3. To study the effect of host intestine on CytR during pathogenesis. 

Apart from the natural environment, CytR might also be affected by host factors 

like mucin, crude bile, and bile salts. This study will help us to understand its 

relation with host factors and characterize CytR further. 

 

T 



Chapter 3 

Material & Methods 
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Materials and Methods 

 

3.1. Bacterial strains, their maintenance and culture conditions 

The streptomycin-resistant V. Cholerae O1 El Tor Inaba strain N16961 was 

used in this study (Heidelberg et al., 2000). The suicide vector pCVD442 (please see 

appendix) was maintained in E. coli strain DH5αλpir (Philippe et al., 2004). For TA 

cloning, we have used pGEMT-Easy vector (please see appendix) (Promega, 

Madison, WI, USA) and maintained it in E. coli JM109 (Promega, Madison, WI, 

USA). Different Escherichia coli strains such as Sm10λpir, MG1655, Top10, BL21-

DE3 (Clontech, CA, USA) were used in cloning, expression, and mutation studies. 

All strains were maintained at -80°C in Luria broth (LB) (please see appendix) 

containing 15% glycerol in a total volume of 2 ml. The V. cholerae strains were 

streaked from the -80°C stock and incubated overnight at 37ºC on TCBS agar plates. 

The characteristic large, yellow, single colonies were taken for further work. Strains 

were grown in LB medium (BD, Difco, Franklin Lake, NJ) at 37°C with appropriate 

antibiotics [streptomycin (100 g/ml) or ampicillin (100 g/ml) whenever necessary] 

under constant shaking at 180 rpm, or in M9 minimal–lactate media (please see 

appendix) with or without mucin (Sigma, St. Louis, MO, USA) as a sole source of 

carbon. To study the expression of virulence genes, bacteria were also cultured in 

AKI media (please see appendix) at 37°C under static conditions. For studies related 

to different environmental factors, V. cholerae strains were also grown in DASW-

defined artificial sea-water media (please see appendix) supplemented with chitin. 

Sodium lactate was added to support equal growth of wild-type and mutant strains. 

3.2. Primer design for PCR 

All the primers used in this study were designed based on the sequences of V. 

cholerae El Tor strain N16961 (NCBI Reference sequence: NC_002505.1 for 

Chromosome 1 and NC_002506.1 for Chromosome 2) available in the GenBank 

(https://www.ncbi.nlm.nih.gov/). The primers and the sequences were tested for 

primer dimer formation, degeneracy, and cross-reactivity with any other genes present 

in V. cholerae using the BLAST programme (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

For Real-Time PCR the primers were designed using IDT software 
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(PrimerQuest™ Tool). All the primers used in this study are listed in the appendix 

section. 

3.3. Growth conditions used for expression studies of cytR, chitinases, 

and chiS 

To study the impact of the environment on CytR, chitinases (ChiA1, ChiA2, 

VC_1073, VC_0769) and ChiS, V. cholerae was grown overnight in defined artificial 

seawater media known as DASW (please see appendix) and any one of the 4 

environmental parameters such as temperature, pH, salinity and the amount of chitin 

was varied while keeping the others fixed. The temperature was varied at a range of 

16ºC to 42ºC and pH was varied at a range of 6.5 to 9.0. In the case of salinity varying 

concentrations of NaCl were used at a range of 100 mM to 600 mM. The amount of 

chitin was varied from 0.2% to 2.5%. For studying the effect of host factors, V. 

cholerae was also grown in minimal media supplemented with varying concentrations 

of mucin (0.2% to 2.5%) and different bile components like Cholate, Deoxycholate, 

Chenodeoxycholate, Taurocholate hydrate, Glycocholic acid hydrate (at 0.5mM and 

5mM concentration) and crude bile. 

3.4. Total RNA isolation for expressional studies 

Bacteria were harvested from log-phase cultures and centrifuged at 8000×g at 

4 ºC for 10 min. Bacterial pellets were washed thrice in PBS and then used for RNA 

isolation. Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA) following 

the manufacturer’s protocol. Briefly, TRIzol (Invitrogen, Carlsbad, CA) (monophasic 

solution of phenol and guanidine isothiocyanate) was added to the cell pellet (at the 

rate of 0.5 ml/ 5 ml culture of OD 1 at 600 nm) and cells were resuspended by slow 

pipetting. Samples were incubated for 20 min at room temperature to allow for 

complete dissociation of nucleoprotein complexes. Chloroform (0.2 ml/ ml of TRIzol) 

was added to the mixture, shaken vigorously for 15 s, and was incubated for 2-3 min 

at room temperature. The mixture was then centrifuged at 12,000×g for 20 min at 4ºC 

and the aqueous phase was transferred to a DNase, RNase-free microcentrifuge tube 

(Axygen, Union City, CA). Isopropanol was added (at the rate of 0.5 ml/ ml of 

TRIzol) and the mixture was incubated at room temperature for 10 min. RNA was 

precipitated by centrifugation at 12,000×g for 10 min at 4 ºC. The pellet was washed 

with 0.5 ml (1 ml/ ml of TRIzol) of 75% (v/v) ethanol, air-dried, and dissolved in 
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nuclease-free water. RNA thus isolated was treated with DNase of Ambion® DNA-

free™ kit (Ambion, Texas, USA) for the elimination of contaminating genomic DNA 

following the supplier’s protocol. Isolated total RNA was stored at -80ºC till use. The 

purity of RNA was checked by spectrophotometrically at 260 nm. 

3.5. Measurement of the RNA concentration and purity 

The concentration of RNA was quantified by measuring the absorbance at 260 

nm and using the following formula: (A260 × DF × 40)/ 1000 μg/μl, where A260 is the 

absorbance of the diluted RNA at 260 nm and DF is the dilution factor of RNA in 

nuclease-free water. For RNA, A260 of 1.0 corresponds to 40 μg/ml concentration. The 

purity of RNA was determined from the ratio of absorbance at both 260 and 280 nm. 

Ideally, the purest form of RNA has an A260/A280 ratio of 2. 

3.6. Reverse transcription reaction 

First-strand cDNA, reverse transcription (RT) was prepared by using a Verso 

cDNA synthesis (Thermo) kit. Briefly, 1μg of total RNA was heated at 70ºC for 10 

min to denature the secondary structures and chilled immediately at the ice. 1μg RNA 

was mixed with the reaction components in a 0.2 ml PCR tube as described in Table 

3.1. The components were assembled gently and spun briefly. The mixture was 

incubated at first at room temperature for 10 minutes then at 42ºC for 15 min. 

Enzymes were heat-inactivated by incubating at 95ºC for 5 min and kept at 4ºC for at 

least 5 min. the RT products were stored at -20ºC till further use. 

Table 3.1. Composition of the reaction mixture for reverse transcriptase PCR 

Components Volume added 

5X cDNA synthesis buffer* 4 μl 

dNTP Mix 1 μl 

RNA primer (Random Hexamer) 1 μl 

RT Enhancer 1 μl 

Verso Enzyme Mix 1 μl 

Template (RNA) 1-5 μl 

Nuclease Free Water To make up the volume of 20 μl 

      Final volume           20 μl 

*The reverse transcriptase buffer contains 100 mM tris-HCL (pH 9.0 at 25ºC), 500 mM KCL 

and 1% Triton X-100. 
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3.7. Quantitative Real-Time PCR 

V. cholerae was grown up to log phase with varying environmental conditions. 

The total RNA isolated from V. cholerae was converted to cDNA using Reverse 

Transcription System (Promega, Madison, WI, USA) and was used as a template. The 

mRNA transcript levels were quantified by quantitative PCR (qPCR) using 2SYBR 

green PCR master mix (Applied Biosystems, Foster City, California) and 0.2 µM of 

specific forward and reverse primers designed using PrimerQuest from Integrated 

DNA Technologies (IDT) for each transcript (Please see Appendix). The composition 

of the real-time PCR reaction mixture is depicted in Table 3.2 and Real-time PCR 

cycling conditions in Fig.3.1. Data analysis was done using a 7500 Real-Time PCR 

detection system (Applied Biosystems, Foster City, California) 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 2-∆∆C
T method (Livak & Schmittgen, 

2001) using recA (VC_0543) as an internal control. 

Table 3.2. Composition of the Real-Time PCR reaction mixture 

Components Volume added 

SYBR® Green Master Mix 10 μl 

Real-Time Forward Primer, 10μM 1 μl 

Real-Time Reverse Primer, 10μM 1 μl 

Template (cDNA) 1-5 μl 

Nuclease Free Water To make up the volume of 20 μl 

      Final volume           20 μl 

 

 

 

Fig.3.1. Schematic diagram of real-time PCR conditions for all transcripts.  
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3.8. Polymerase Chain Reaction (PCR) 

Polymerase chain reaction throughout the study wherever required was done 

in 0.2 ml PCR tubes with the following reaction mixture as described below (Table 

3.3). 

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

reaction) 

Components Volume added 

MgCl2, 25 mM 2 μl 

5X Reaction buffer 4 μl 

Forward primer, 10μM 0.4 μl 

Reverse primer, 10μM 0.4 μl 

dNTP mix, 10mM 0.8 μl 

Taq DNA polymerase, 5U/μl 0.2 μl 

Template (DNA) 2 μl 

Nuclease Free Water To make up the volume up to 20 μl 

Final Volume 20μl 

 

The components were mixed gently and spun briefly and PCR was done by using a 

thermal cycler (Bio-Rad). The annealing temperature for each set of forward and 

reverse primers were set 2ºC below the Tm (melting temperature) of each primer and 

the period of extension for the Taq DNA polymerase was calculated according to 

1000bp per minute synthesis rate. PCR conditions for CytR demonstrated 

schematically in Fig.3.2. 

 

Fig.3.2. Schematic diagram of PCR conditions used to amplify CytR. 
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3.9. Agarose gel electrophoresis 

The amplified DNA fragments were resolved in 1.2% agarose gel 

electrophoresis. Briefly, agarose was mixed with 1X TAE buffer (Please see 

Appendix) and heated to dissolve the agarose. The dissolved agarose was poured into 

the gel caster. Run was performed and the PCR products are stained either using 

Ethidium Bromide (EtBr) or SYBR Safe DNA gel stain (Invitrogen) and finally 

visualized under UV transilluminator. The images were captured using a gel 

documentation system (Bio-Rad). Densitometric analysis from agarose gel was done 

from the band intensities of amplified test samples using Bio-Rad QUANTITY 1 

software.  

3.10. Generation of the isogenic ΔCytR mutant strain and its 

complement  

3.10.1. Sequence of CytR gene 

The CytR gene (VC 2677) was searched out from the NCBI GenBank genome 

sequence of Vibrio cholerae O1 Biovar El Tor strain N16961 of chromosome 1 

(NCBI Reference Sequence: NC_002505.1) 

3.10.2. Primer design 

The isogenic ΔCytR mutant was constructed as previously described method 

(Philippe et al., 2004). In brief, 500-bp fragment upstream and downstream of CytR 

was PCR-amplified using the primer pairs CytR FP XbaI (A) and CytR RP Fusion 

(B); CytR FP Fusion (C), and CytR RP SacI (D) (Please see Appendix). The primers 

were designed to delete the 876 bp region from the middle of the CytR gene sequence. 

A fusion tag “CCCATCCACTATAAACTAACA” was added to the 5’ ends of the 

fusion primers (primer B & C). 

3.10.3. Construction of the deleted gene (CytR) construct: by Fusion PCR 

Amplified fragment AB (PCR amplified with primer A and B) contains a 3’ 

Fusion tag overhang and fragment CD (PCR amplified with primer C and D) contains 

a 5’ Fusion tag overhang, the sequence of which is complementary to each other. Both 

the PCR amplified PCR fragment AB and CD were mixed in a 1:1 molar ratio and 

used for making fusion construct (Fig.3.3). The fusion construct is 954 bps long 

(Fig.3.4. A). 
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The fused gene was then amplified by PCR again and the amplified product was 

ligated to a pGEMT-Easy cloning vector. The ligated construct was transformed into 

E. coli JM109, competent host cells. The positively cloned cells were selected by 

using ampicillin as a selective marker. The selected cells were confirmed further by 

colony PCR by using the external forward (A) and reverse primers (B). 

  

 

Fig.3.3. Schematic diagram of the PCR conditions used to construct 

the deleted CytR region. 

A                                                                    B 

 

Fig.3.4. (A) 1.2% Agarose gel of the amplified gene product (M, 100bp 

molecular marker; L1, fragment AB, 450 bp; L2, fragment CD, 483 bp; L3, 
fusion PCR construct AD, 954 bp; L4, negative control), (B) 1.2% Agarose gel 

of the transformed E. coli JM109 colony with CytR deleted construct in 

pGEMT-Easy vector (M, 100bp molecular marker; L1, CytR deleted construct 
in pGEMT-Easy in E. coli JM109, 954 bp; L2, fusion PCR construct AD, 954 

bp; L3, negative control) 
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3.10.4. Cloning of the fusion construction in the Suicidal vector pCVD442 

On confirmation of the presence of the fusion construct in the ligated pGEMT-

Easy vector that was cloned into E. coli JM109, plasmid isolation was done by the 

Vacuum manifold method (Promega, Madison, Wisconsin, US). The fusion construct 

(amplicon) and the pCVD442 suicide vector were digested with Sac1 and Xba1 (New 

England Biolabs, Massachusetts, US), to produce complementary staggered ends in 

the amplicon and the vector. For the restriction digestion, 10 µg of the sample (both 

the pCVD442 and CytR deleted construct in pGEMT-Easy vector, in separate reaction 

setup) was incubated with 1U enzyme at 37ºC for 3 hr. After digestion, the products 

were run in 1% agarose gel, desired cut bands were gel purified by the Promega SV 

gel clean-up system. Vector plasmid pCVD442 and pGEMT containing the CytR 

deleted construct (insert) were then ligated overnight. The ligated vector was then 

transformed into E. coli DH5αλpir competent host cell. The positively cloned cells 

were selected by using ampicillin as a selective marker. The selected cells were 

confirmed further by colony PCR using the external primers A and D (Fig.3.4. B).  

3.10.5. Preparation of competent E. coli SM10λpir 

10 ml of fresh LB was inoculated with 100µl of the overnight culture of 

SM10λpir and grown-up to OD600 = 0.5 at 37ºC with shaking. The cells were then 

harvested by centrifugation at 4000 rpm for 15 min at 4ºC. The harvested cells were 

thoroughly suspended in equal volume (initial culture) of ice-cold 100mM Calcium 

Chloride. The cell suspension was kept on ice for 45 mins and then centrifuged at 

4000 rpm for 15 min at 4ºC. Then the pellet was suspended in 1ml ice cold Calcium 

Chloride – Glycerol (85% 100mM CaCl2 +15% glycerol) with cold micro tips and 

aliquot with 50 μl each in a microcentrifuge tube and stored till use at -80ºC. 

3.10.6. Transformation of the deleted CytR construct into SM10λpir by 

electroporation 

The cloned plasmid was isolated from the same transformed E. coli DH5αλpir 

cells and the resultant chimeric plasmid was transformed and maintained in E. coli 

SM10λpir (Skorupski & Taylor, 1996) (Fig.3.5). The competent SM10λpir was used 

for transformation. ~1μg of the purified deleted construct was mixed with the 

competent SM10λpir while keeping in ice and kept for 30 min without any 
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disturbance. After that, the cell and plasmid mixture was transferred in a 2 mm gap 

electroporation cuvette (BTX electroporation cuvettes plus; part no. 45-0125; model 

no. 620) and the deletion construct was transformed by electroporation. The 

electroporation conditions used here were; Voltage: 1.8 kV, resistance: 200-ohm, 

pulse: 3, capacitance: 25 μF with a time constant of 3-3.5ms. Following 

electroporation, the cells were immediately placed on ice for 1-2 min and 500 μl of 

SOC medium (Invitrogen, Carlsbad, CA) was added to the electroporated mixture. 

Next, the cells were incubated at 37 ºC for 1 h with shaking at 200 rpm, and the cells 

were plated on LB plates. The positively cloned cells were selected by using 

ampicillin as a selective marker and further confirmed by colony PCR (Fig.3.6). 

 

Fig.3.5. Schematic diagram of generation of the cytR-pCVD442 

construct 
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3.10.7. Conjugation of transformed SM10λpir cells with V. cholerae (first 

recombination) 

Finally, the deletion construct in pCVD442 was mobilized conjugally from E. 

coli SM10pir to V. cholerae N16961. The conjugation was done in LA plates by 

streaking the donor (SM10λpir) and the recipient (V. cholerae N16961) strains with 

an angle of 90º to each other. After 6 hr incubation the transconjugants were selected 

in ampicillin (100g/ml) and Streptomycin (100g/ml) double antibiotic Luria 

Bertani (LB) agar plates. Here, Streptomycin is used to eliminate the donor strain 

SM10λpir. After overnight incubation at 37°C, one colony was picked and streaked 

onto double antibiotic (streptomycin and ampicillin) LB agar plates the positive 

clones were confirmed further by colony PCR. 

 

Fig.3.6. 1.2% Agarose gel of colony PCR product to confirm 

insertion of pCVD442 containing CytR deleted construct in E. coli 

SM10pir (M, 1Kb molecular marker; L1, transformed SM10pir colony 

with construct size 954 bp; L2, Positive colony of pCVD442 CytR deleted 

construct inserted DH5αλpir colony with construct size 954 bp; L3, 
negative control. 

 

3.10.8. Second recombination of the transconjugants in sucrose media and 

confirmation of the deletion mutant 

Finally, the transconjugants from the ampicillin and streptomycin double 

antibiotic plates were grown in sucrose selection media (1% tryptone, 0.5% yeast 

extract, 10% sucrose, and 1.5% agar) (Philippe et al., 2004) to identify the clones 

where pCVD442 plasmid loss has occurred (Fig.3.7). This step allowed the selection 

of plasmid excision from the chromosome by a second crossover (Reyrat et al., 1998). 

After overnight incubation at 30°C, colonies were picked from the Sucrose plates and 
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streaked on both ampicillin-containing LA plates and Streptomycin-containing LA 

plates.  

 

Fig.3.7. Double-selection strategy. Positive selection of allelic 

exchange mutants in a two-step selection strategy, using a counter-

selectable marker. First, the entire plasmid is integrated into the 

chromosome by a single crossover between the homologous genes, 

producing a chromosomal duplication. Second, the chromosomal 

duplication is segregated by homologous recombination between the 

flanking direct repeats, ultimately leaving one copy of the gene on the 

chromosome - either the wild-type copy or the mutant copy. Expression 

of the sacB gene is toxic for gram-negative bacteria when grown in the 
presence of 5% sucrose, providing a direct selection for loss of the 
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plasmid. If one of the two copies of the duplicated region has a mutation, 
a certain percentage of segregants will have lost the wild-type sequence 

and left the mutation in the chromosome (modified from Reyrat et al. 

1998). CSM, Counter Selectable-Marker; SM, Selectable Marker. 

 

The StrSAmpR colonies were then selected and in-frame deletion of CytR was 

confirmed by PCR using CytR external primers (Primers A &D) and Internal primers. 

PCR confirmation using external primers showed only 954 bps amplicon for CytR 

isogenic mutant instead of 1809 bp amplicon (wild type N16961). Since allelic 

exchange depends on the second crossover event, many clones were screened by 

colony PCR with external and internal primers. Clones that gave positive results 

(Fig.3.8) with external primers and negative results with internal primers were finally 

selected to be ∆CytR mutants of N16961 strain and stored in glycerol suspension in -

80°C. 

 

Fig.3.8. 1.2% Agarose gel of colony PCR product to confirm in-frame 

deletion of CytR gene in V. cholerae El Tor strain N16961. (M, 100 bp 

molecular marker; L1, colony PCR product of CytR deleted construct in 

SM10pir, 954 bp; L2, colony PCR product of ∆CytR N16961 colony 

with primer pair A and D, 954 bp; L3, ∆CytR colony PCR with CytR 
internal primer pair; L4, WT N16961 colony PCR with CytR internal 

primer pair as a positive control, 653bp; L5, negative control. 

 

3.10.9. Complementation of cytR mutant 

For complementation of cytR mutant, the open reading frame of cytR was PCR 

amplified by using Taq polymerase and Pfu polymerase (Promega, Madison, WI, 

USA) at a ratio of 2:1 and primers mentioned in (Please see appendix) and cloned into 

pBAD-TOPO TA (For map see appendix) (Invitrogen, Carlsbad, CA) expression 

vector along with its signal sequence using the primers mentioned in Table (Please 
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see appendix). The cloned vector was transformed into cytR mutant strain (CytR‾) of 

N16961 and the complemented strain was denoted as CytRc. 

3.11. Expression and purification of Recombinant protein rCytR 

For making recombinant Protein of CytR, pET151 expression vector 

(Invitrogen, Carlsbad, CA) was used. In brief, the procedure is as follows.   

3.11.1. Designing PCR primers for cloning. 

The sequence of Vibrio cholerae O1 biovar El Tor Strain N16961 CytR gene 

was obtained from NCBI Database (Reference No. NC_002505.1, gene locus 

VC2677). To enable directional cloning ‘CACC’ is added to the 5’ end of the 

Forward Primer. And to include the 6xHistidine tag at the N-terminal region of the 

cloning vector Reverse primer is designed excluding the gene termination codon (in 

this case ‘TAA’). The sequence of the primers is included in the Appendix. 

3.11.2. Production of Blunt end PCR products 

Using the following primers, a Polymerase Chain Reaction was set up using 

thermostable proofreading DNA polymerase (Pfu DNA polymerase) and Vibrio 

cholerae Wild type N16961 DNA as a PCR template. The quality and quantity of the 

amplified Blunt end PCR product were checked using agarose gel electrophoresis. 

3.11.3. Performing TOPO cloning reaction 

The desired PCR product is now ready to be cloned directly into the pET151 

TOPO vector. For optimal result 2:1 molar ratio of CytR PCR product: pET151 vector 

is used. For transformation of the ligated vector, a chemically competent E. coli 

Top10 cell is used. TOPO cloning reaction and the procedure are as follows 

(Table.3.4). 

Table 3.4. Composition of the Real-Time PCR reaction mixture 

Reagents For Chemically competent E. coli 

Fresh PCR Product 0.5 – 4μl 

Salt Solution 1 μl 

Sterile Water Add to a final volume of 5 μl 

pET151 TOPO® Vector 1 μl 

      Total volume           6 μl 
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All the reagents of the reaction were mixed gently in a 0.2 ml microcentrifuge tube 

and incubated at room temperature (22ºC - 24ºC) for 5 minutes. After that, the 

reaction mixture was kept on ice. 

3.11.4. Transformation of the cloned product in Chemically competent E. coli 

Top10 cell 

3μl of the pET151 TOPO cloning reaction was added to 50μl chemically 

competent E. coli TOP10 and mixed gently by hand tapping. The reaction tube was 

incubated in ice for 20mins. And heat shock at 42ºC was given for 30 sec was given. 

The tubes were transferred to ice immediately and then 250μl S.O.C. medium was 

added. The tubes were kept at 37ºC horizontal shaker incubator for 1 hr. After the 

incubation, 100μl of the transformation reaction was spread on Luria-Bertani agar 

plate supplemented with 100μg/ml Ampicillin. Plates were kept at 37ºC incubator 

overnight. 

3.11.5. Analyzing transformants by PCR 

10 colonies were picked from the overnight grown plates. The positive clone 

was selected by doing colony PCR with high fidelity polymerase using the primers 

listed in the Appendix (pET151 d-TOPO Forward Primer and pET151 d-TOPO 

Reverse Primer). The positive colony was freshly streaked on a LA plate with 

100μg/ml Ampicillin. A 15% glycerol stock of CytR-pET151-TOP10 cell was 

prepared for storing the strain at -80˚C for future use. 

3.11.6. Expressing rCytR-pET151 clone 

Firstly rCytR-pET151 plasmid was isolated from E. coli TOP10 cell by 

standard plasmid isolation procedure. Isolated plasmids were checked for a single 

band at 1008 bp region on 1.2% agarose gel. Then the quantitation was also done by 

spectrophotometric analysis. Then the transformation of rCytR-pET151 construct was 

done in E. coli BL21 (DE3) chemically competent cells using standard procedure. The 

entire transformation reaction was added to 10 ml of LB (broth) with 100μg/ml 

Ampicillin and grown overnight at 37ºC with shaking. Pilot expression: 500µl of the 

overnight culture was inoculated in 10 ml LB broth containing 100μg/ml Ampicillin. 

And grown for 2 hours at 37ºC with shaking until OD600 reaches the mid-log phase. 

Then the culture was split into two 20ml LB broth containing 100μg/ml Ampicillin. 

One flask is induced with 0.4mM or 0.8mM IPTG (Isopropyl β-D-1-
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thiogalactopyranoside) and kept at 37ºC with shaking for 6 hours. And another flask 

is left untreated which is also grown for the same time. 

3.11.7. Analyzing the induced expressed sample 

500µl of the induced and uninduced culture samples were taken. samples were 

centrifuged and pellet dissolved in 20mM Tris-HCl (pH 7.5) buffer and boiled in a 

water bath for 10 min with SDS-PAGE loading dye. Then the proteins samples were 

separated and analyzed by 12.5% SDS Poly Acrylamide Gel Electrophoresis (Fig.3.9. 

A). Further presence of 6xHistidine Tag was analyzed by Western Blot using Alkaline 

phosphatase tagged Poly-His Tag Monoclonal Primary antibody (Fig. 3.9.B). 

  A                                                           B 

              

Fig.3.9. (A) 12.5% SDS-PAGE of the protein samples. (B) Western 

Blot of proteins on nitrocellulose membrane. (M, Protein marker; L1, 

E. coli BL21(DE3) without transformation of cloned vector; L2, 
uninduced E. coli BL21(DE3) with rCytR-pET151 cloned construct; L3, 

0.4mM IPTG induced E. coli BL21(DE3) with rCytR-pET151 cloned 

construct; L4, 0.8mM IPTG induced E. coli BL21(DE3) with rCytR-
pET151 cloned construct.           

 

3.11.8. Expression of rCytR 

This cloned recombinant CytR plasmid will be used for induced expression of 

the Protein on large scale. rCytR-BL21 strain having the plasmid of rCytR-pET151 

was cultured overnight in LB. From overnight culture, the strain was again sub-

cultured at a dilution of 1: 100 in LB containing ampicillin (100μg/ ml) and grown to 

OD 0.5 at 600 nm. At this stage, 0.4 mM IPTG was added (Calbiochem, San Diego, 

CA) to induce the expression of the recombinant protein. After 24 h induction at 37 
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ºC, cells were harvested and lysed by sonication in Tris buffer pH-8 (please see 

appendix). The lysed cells were centrifuged at 16000 ×g for 10 min to separate the 

lysate and the lysed cell pellet. The lysate and the lysed cell pellet were analyzed in 

SDS-PAGE to detect the presence of rCytR. 

3.11.9. Preparation of inclusion bodies (IB) 

For the preparation of the inclusion bodies (IB) the rCytR-BL21 cells were 

resuspended in resuspension buffer (please see appendix) at the rate of 10 ml/g of cell 

pellet. Cells were lysed by sonication. After lysis NDSB-201 was added to the lysed 

cells at a final concentration of 0.125 M and rotationally stirred slowly for 15 min at 

room temperature. Then the suspension was centrifuged at 8000 ×g for 15 min at 10 

ºC. The supernatant was discarded. The IB pellet was washed in wash buffer (please 

see appendix) (10 ml/ g of cell pellet) and again centrifuged at 8000 ×g for 15 min. 

To remove the residual NDSB-201 from the IB pellet, the pellet was resuspended and 

washed twice in cell resuspension buffer at the rate of 10 ml/ g of pellet and 

centrifuged again at 8000 ×g for 15 min at 10 °C. 

3.11.10. Denaturation of the inclusion bodies 

The IB denaturation buffer (see appendix) was added to the IB pellet (5 ml/ 

0.5 g). 50 μl of 1M TCEP / 0.5 g IB pellet was then added to the solution. The IB 

pellet was disrupted by brief sonication in a case where the pellet did not dissolve 

properly. The IB pellet was then stirred for 1h at room temperature until the solution 

was clear. This denatured IB pellet was next used for purification. 

3.11.11. Purification of the denatured rCytR by IMAC sepharose 

The high-performance Ni2+ charged sepharose column (GE Healthcare) was 

used for purification of the denatured rCytR using the principle of affinity 

chromatography. First, the column was equilibrated with 2-5 column volume (CV) of 

binding buffer (see appendix for composition) at a linear flow rate of 150 cm/ h. After 

that, the currently prepared denatured IB sample was passed through the equilibrated 

column. The column was washed with at least 15 CV of the binding buffer until the 

absorbance becomes a near baseline. The washing was done to remove the unbound 

material. After washing, the bound rCytR was eluted by using 5 CV of elution buffer 

(Please see appendix). 
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3.11.12. Re-folding of the purified denatured rCytR 

The re-folding of the purified denatured rCytR was done by repeated slow 

dialysis of the denatured protein in refolding buffer (please see appendix) at 4ºC with 

a gradual decrease of the guanidine hydrochloride concentration. 

3.11.13. Antibody generation 

To raise an antibody against the rCytR the purified individual protein bands 

were sliced from the 10% SDS-PAGE, crushed in phosphate buffer saline (pH 7.4) 

and approximately 5μg of protein was injected into the peritoneal cavity of each 6-

week-old female BALB/C mice. After four subsequent booster doses, the blood was 

collected and the serum was prepared. 

3.12. ELISA 

The CytR protein levels were measured quantitatively by indirect ELISA. 96-

well flat-bottom ELISA plates (Maxisorp® Nunc, Roskilde, Denmark) were coated 

overnight with 100μl of the total bacterial lysates. The next day, the wells were 

washed with 4X PBS-T (0.1% Tween-20 in PBS) and blocked using 5% non-fat dry 

milk was added at a dilution of 1:500 and incubated for 2 h. The plates were washed 

with 4X PBS-T. HRP conjugated anti-mouse secondary antibody (Sigma, St. Louis, 

MO, USA) was added at a dilution of 1: 2000 and incubated for 30 min. The plates 

were further washed with 4X PBS-T. 3, 3′, 5, 5′ - Tetramethyl benzidine (TMB) (BD, 

Difco, Franklin Lake, NJ) was added, and after the reaction mixture turned blue, the 

reaction was stopped by adding 1 M H2SO4. Absorbance at 450 nm was recorded by 

an ELISA reader (Biorad, USA). 

Estimation of the human interleukin-8 (IL-8) and TNF (Tumor Necrosis 

Factor) secreted from the Caco2 cell line after treatment with wild type V. cholerae, 

ΔcytR mutant was also done by ELISA. The ELISA was carried out using a Human 

IL-8 and TNF ELISA Kit II (BD, OptEIA, BD, Biosciences, San Jose, CA) following 

the manufacturer’s protocol. Briefly, 50 μl of ELISA diluent (12 ml of buffered 

protein base with 0.09% sodium-azide as preservative) was added to each well. After 

that, 100 μl of the sample was added to the wells. The mixture was incubated for 2 h 

at room temperature and after incubation washed 5 times. After the wash, 100 μl of 

the working detector (enzyme concentrate + detection antibody) was added to each 

well and incubated for 1 h at room temperature. After incubation, the wells were 
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washed 5 times. 100 μl of TMB was added to each well and again incubated up to 30 

min at room temperature. After incubation 50 μl of the stop solution was added to 

each well and the OD was measured at 450 nm using a microplate reader, 550 

(BioRad, Hercules, CA). A standard curve was generated using 2 fold serial dilution 

of purified IL-8 and TNF and this curve was used to get unknown IL-8 and TNF 

concentrations. 

GM1 ganglioside – Cholera toxin (CT) ELISA: The ability to secrete 

cholera toxin (CT) by V. cholerae strains was assayed by GM1 enzyme-linked 

immunosorbent assay (ELISA) following the previously described method 

(Holmgren, 1973) with minor modifications (Patra et al., 2012). CT expression was 

measured by cell-free culture supernatants from AKI-grown V. cholerae cultures 

harvested after 18 h of static incubation at 37C as well as from in vivo rabbit ileal 

loop culture. Culture supernatants were added to the wells of MaxiSorp ELISA plates 

(Nunc) that were coated with 1.5µg/ml GM1 ganglioside in 60mM Na2CO3 (Sigma). 

After incubation of 2 h at room temperature, wells were washed five times with PBS 

followed by the addition of 100µl of polyclonal α-CT antibody (Sigma) diluted in 

Solution 1 [1X PBS, 2% BSA, 0.05% TWEEN-20] in a 1:1000 ratio. Again after 1 h 

incubation at room temperature, each well is washed with PBS five times. Next, 

100µl of HRP-conjugated anti-rabbit secondary antibody was added to each well 

making a dilution of the secondary antibody in PBS in a 1:2000 ratio. After 1 h of 

incubation at room temperature, the plate was washed with PBST (PBS + 0.05% 

TWEEN 20) five times. Later 100 µl of TMB substrate (BD Biosciences) was added 

to each well (Kit solution 1 and 2 in 1:1 ratio) and incubation for a few minutes was 

done to develop the color. Finally, 100 µl of 6N H2SO4 was added to each well to stop 

the reaction.  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 OD450 average obtained from triplicate wells of 

each experimental set was considered to estimate the amount of CT present and 

expressed as ng of CT/ml. 
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3.13. Genomic DNA isolation 

3.13.1. Boil lysis method 

Total genomic DNA was isolated by the boiled template method (Ghosal et 

al., 2007). In brief, overnight grown V. cholerae samples were pelleted down by 

centrifugation for 5 min at 6000 rpm, resuspended in TE buffer, boiled for 10 mins, 

and followed by centrifugation for 5 min at 6000 rpm. The supernatant served as a 

template for PCR experiments.  

3.13.2. CTAB method 

The CTAB (Cetyl-Trimethyl Ammonium Bromide) approach (William et al., 

2004) was used to isolate genomic DNA of V. cholerae, which later serves as 

template DNA for different cloning experiments. Briefly, the late log phase or early 

stationary cells were pellet down at 10,000 rpm for 5 min and the supernatant was 

discarded. The pellet was resuspended in TE buffer. 10% SDS and Proteinase-K 

(10mg/ml) was added and incubated for 1-3 hours at 60°C. After the cells were lysed 

(as seen by cleared solution with increased viscosity) 5 M NaCl was added. CTAB 

(heated to 65°C) was added at 100μl /1 ml culture and incubated at 65°C for 1 hour 

with occasional shaking (see below for the preparation of CTAB). Chloroform: 

Isoamyl alcohol (24:1) at 500 μl/1 ml was added and mixed for 20 minutes on ice. 

Centrifuged at 16,000 ×g for 10 minutes at room temperature and the aqueous phase 

was transferred to a clean microcentrifuge tube to which phenol: chloroform: isoamyl 

alcohol was added at the ratio of 25:  24: 1 at 500 μl/ 1 ml and mixed well. 

Centrifuged at 16,000 ×g for 10 min at room temperature. To the aqueous phase 0.6 

volume isopropanol (-20°C) was added and incubated at -20°C for 2 hours. Next, 

Centrifugation was done at 10000 ×g for 15 minutes at 4°C. The pellet was washed 

with cold 70% ethanol and again centrifuged at 10000 ×g for 5 minutes at 4°C. The 

supernatant was discarded and the pellet was air-dried at room temperature. Then the 

pellet was resuspended in DNase-free water. Then RNase I at 10U/μl was added and 

incubated at 37°C for 1 hour. The enzyme was heat inactivate at 70°C for 15 minutes 

followed by placing the tube in ice. The DNA was ethanol precipitated and finally, the 

DNA was eluted in TE buffer and stored at –20˚C.  
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CTAB/NaCl (hexade- ceyltrimethyl ammonium bromide) 

4.1 g of NaCl was dissolved in 80 ml of water and slowly 10 g CTAB (Sigma) 

was added while heating (≈65°C) and stirring. This takes more than 3 hrs to dissolve 

CTAB. Adjust final volume to 100 ml and sterilize by filter or autoclave. 

Ethanol precipitation:  

DNA and PCR products were ethanol precipitated. Briefly, the salt 

concentration of the DNA sample was adjusted by adding 1/10th volume of 3.2 M 

sodium acetate, pH 5.2, or an equal volume of 5 M ammonium acetate. Then, 2-2.5 

volume 100% ice-cold ethanol was added and mixed well. The mixture was kept at -

20˚C for 30 min and spun down at 16,000 ×g for 15 minutes at 4˚C. The supernatant 

was carefully separated and 70% ice-cold ethanol was added and mixed by vortexing. 

It was again centrifuged for 10 min at 16,000 ×g at 4˚C. The supernatant was 

discarded and the precipitated DNA was air-dried. Finally, the DNA was eluted in TE 

buffer. 

3.14. Plasmid DNA isolation 

Plasmids were isolated using Wizard® plus Minipreps DNA purification 

system (Promega, USA). Briefly, 1-10 ml of overnight grown bacterial culture was 

pelleted by centrifugation at 1,400 ×g for 10 min. The bacterial pellet was dissolved 

in 400 μl of cell resuspension solution (50 mM Tris-HCl, pH 7.5; 10 mM EDTA; 100 

μg/ml RNase A). Next, 400 μl of cell lysis solution (0.2 M NaOH; 1% SDS) was 

added and the cell suspension became clear. After the addition of 400 μl of 

neutralization solution (1.32 M potassium acetate, pH 4.8) the lysate was centrifuged 

at 10,000 ×g for 15 min. The supernatant was mixed with 1 ml of resin and a vacuum 

of 15 inches of Hg was applied to pull the resin/lysate completely through the 

Minicolumn. The resin was then thoroughly washed with wash buffer (80 mM 

potassium acetate; 8.3 mM Tris- HCl, pH 7.5; 40 μM EDTA; 55% ethanol). Plasmid 

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

3.15. Purification of PCR products 

The PCR or gel-cut products were purified using Wizard SV Gel and PCR 

clean-up system (Promega, USA). Briefly, an equal volume of membrane binding 

solution (4.5 M guanidine isothiocyanate; 0.5 M potassium acetate, pH 5.0) was 
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mixed with the PCR product. For gel-cut products, a membrane-binding solution was 

added at 1 μl/mg and heated at 65°C to dissolve the agarose gel. The mixture was 

poured into SV Minicolumn and incubated for 1 min at room temperature. The 

vacuum was applied (at least 15 inches of Hg) to pull the solution completely and the 

membrane was washed by adding 700 μl followed by 500 μl membrane wash solution 

(10 mM potassium acetate, pH 5.0; 80% ethanol; 16.7 μM EDTA, pH 8.0). To 

remove the residual amount of ethanol the Minicolumns were spun down at 16,000 ×g 

for 5 min. The membrane was incubated at room temperature with 30 μl nuclease-free 

water for 1 min. The DNA was eluted by centrifugation at 16,000 ×g for 1 min in a 

fresh tube. The absorbance was measured at 260 nm to determine the concentration of 

the eluted product. 

3.16. Measurement of DNA concentration and purity 

The concentration of RNA was quantified by measuring the absorbance at 260 

nm and using the following formula: (A260 × DF × 50)/ 1000 μg/μl, where A260 is the 

absorbance of the diluted DNA at 260 nm and DF is the dilution factor of DNA in 

nuclease-free water. For dsDNA, A260 of 1.0 corresponds to 50μg/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 an A260/A280 ratio of 1.8. 

3.17. Polyacrylamide gel electrophoresis (PAGE) 

The purity of the protein samples was determined by SDS-PAGE (Raymond et al., 

1959). The sample was heated with loading dye (please see appendix) at 100 °C for 5 

min before loading and the run was performed at 80-120 V at room temperature in an 

Atto gel running system. For the composition of the running buffer please see the 

appendix. For the composition of the SDS-PAGE gel please see Table 3.5. 

3.18. Coomassie staining 

Following the SDS-PAGE, the gel was first fixed in 50% methanol (MeOH) and 5% 

glacial acetic acid (AcOH) for 30 min, and the gel was then incubated with staining 

solution (50% MeOH, 50% AcOH, and 0.1% Coomassie brilliant blue R250) at room 

temperature for 30 min. To visualize the protein bands, the gel was destained with 5% 

MeOH and 7.5% AcOH (Meyer et al., 1965). 
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Table 3.5. Composition of the SDS-PAGE gel 

 
Separating gel (pH 8.8) 

Stacking gel 

(pH 6.8) 

5% 7.5% 10% 12.5% 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 

H2O (ml) 5.8 5 4.2 3.33 2.5 0.8  

10% APS (µl) 23 23 23 23 23 23 10 

TEMED (µl) 5.5 5.5 5.5 5.5 5.5 5.5 7.0 

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

 

3.19. Silver staining 

The gel was first incubated in 50% MeOH overnight (at least 1 h) and then 

with a fixing solution (40% MeOH and 13.5% HCHO) for 10 min. The gel was then 

washed twice with Milli-Q water for 20 sec and soaked for 1 min in 0.2% Na2S2O3. 

The gel was then washed twice with Milli-Q water for 20 sec and soaked with 0.1% 

silver nitrate in dark for 10 min. Using the developing solution (3% Na2CO3, 0.05% 

HCHO, and 0.000016% Na2S2O3) until the band was developed and 2.3 M citric acid 

was used to stop the reaction (Switzer et al., 1979). 

3.20. Protein estimation by modified Lowry method 

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

method (Lowry et al., 1951). The following three types of reagents were used for the 

estimation method:  

Reagent A: 2% Na2CO3 in 0.1 M NaOH containing 0.16% Na-K tartrate + 0.1% SDS 

Reagent B: 4% CuSO4. 5H2O  

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

200 μl of the protein sample was incubated with 600 μl of reagent C at room 

temperature for 15 min. Then 1 N Folin Ciocalteu’s reagent was added to the mixture 

and re-incubated at 37 ºC for 30 min. the OD was measured at 660 nm. The 
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concentration of the protein was estimated from the equation; concentration = OD660/ 

0.0026, which was obtained from a standard curve of BSA. 

3.21. Western immunoblotting 

For western blotting, the electrophoretic transfer of proteins from SDS-PAGE 

to nitrocellulose or polyvinylidene fluoride (PVDF) membrane was done. To transfer 

the proteins from polyacrylamide gel to nitrocellulose membrane (Towbin et al., 

1979), the membrane, gel, and the filter pads were incubated in transfer buffer (48 

mM Tris; 39 mM Glycine; 0.05% SDS; 20% MeOH) for 30 min at RT. The assembly 

for semi-dry transfer was shown in Fig.3.10.A and the run was performed at 200 mA 

for 1 h. The transfer cassette was assembled for wet transfer as shown in Fig.3.10.B 

and the run was performed at 100 V for 1 h under cold conditions.  

A 

 

B 

 

Fig.3.10. Arrangement of filter paper, gel, and membrane for 

western blot. (A) Semi-dry transfer (B) Wet transfer 

 

After the transfer, the membrane was incubated in blocking buffer [5% skimmed milk 

in TBST (19.8 mM Tris, pH 7.5; 50 mM NaCl and 0.1% Tween 20)] overnight at 4°C 

to block non-specific sites. The next day the membrane was washed with TBS-T 

thrice. A primary antibody with suitable dilution was incubated for 2 h at RT in 

blocking buffer. After washing the secondary antibody was added in TBS-T either 
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tagged with alkaline phosphatase or (AP) horseradish peroxidase (HRP) was 

incubated. For AP-conjugated antibody, NBT (nitro blue tetrazolium) /BCIP (5-

Bromo-4-chloro-3-indolyl phosphate) and for HRP conjugated antibody, luminal and 

peroxide were used as substrates. Briefly, for alkaline phosphate NBT solution (7.5 

mg NBT dissolved in 175 μl DMF, dimethylformamide and 75 μl water) and BCIP 

(3.75 mg BCIP dissolved in 250 μl DMF) were mixed with 24.5 ml of bicarbonate 

buffer (210 mg Na2CO3 and 5.07 mg MgCl2, pH 9.8 in 25 ml water) freshly and the 

mixture was incubated with the membrane in the dark until the desired bands appear. 

3.22. Generation of V. cholerae growth curve 

Cultures of wild type V. cholerae CytR⁺, CytR⁻ mutant, and its complement 

CytRC were taken from the log phase and centrifuged, washed in PBS, and O.D was 

adjusted to 1×109 cells/ml. An inoculum of 1×105 cells/ml was given in fresh DASW 

media supplemented either with 0.5% sodium lactate or with 0.8% chitin (Sigma, St. 

Louis, MO, USA). The cultures were maintained at 30°C under constant shaking at 

150 rpm for 48 h (Mondal et al., 2014). We also used log-phase cultures of wild type. 

V. cholerae CytR⁺, CytR⁻ mutant, and its complement CytRC and mixed at the same 

dilution mentioned before in the mucin supplemented (1%) M9 minimal medium. The 

cultures were grown at 37C under constant shaking at 180 rpm for 60 h. The viable 

cell counts were enumerated by dilution plating of the cultures at different time points 

(between 0 to 60 h) onto LB agar plates supplemented with streptomycin followed by 

colony count (Vercruysse M. et al., 2014). For inhibitor study, different 

concentrations of phytochemicals at the MIC level or below the MIC level were 

added to the growth media alongside the inoculation with V. cholerae. 

3.23. β-Hexosaminidase assay 

The activity of the β-Hexosaminidase enzyme was estimated by a previously 

described procedure (Li & Roseman, 2004) with p-nitrophenyl-β, D-N-

acetylglucosaminide (PNP-GlcNAc) (Sigma). In brief, V. cholerae cells wild-type 

CytR⁺, mutant CytR⁻, and its complement CytRC were grown in either DASW media 

with or without 0.8% chitin media or in minimal-lactate media with or without 1% 

porcine mucin up to the log phase. The bacterial cell density was adjusted to 5×108 

cells/ml, they were washed and treated with toluene at a ratio of 10l/ml of culture. 

After vigorous shaking for 10 sec, the mixture was kept at room temperature for 20 
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mins. 0.1 ml of these treated cultures were mixed 0.1 ml of 1mM PNP-GlcNAc in 20 

mM Tris-HCl (pH 7.5) and incubated at 37C for 60 mins. The reaction was stopped 

with 0.8 ml of 1M Tris base (pH 11). Cell debris was removed by centrifugation and 

the optical density of the supernatant was analyzed at 400nm. Total hexosaminidase 

activity was analyzed after measuring total protein by the Lowry method and then 

expressed as p-nitrophenol produced per minute per mg of protein. For determining in 

vivo hexosaminidase activity, rabbit ileal loop intestinal fluid was collected after 

incubation. The samples were then washed and centrifuged to collect the bacterial 

cells and total hexosaminidase activity was measured as described above (Chourashi 

et al., 2016). 

3.24. Chitinase activity assay 

The N-acetylglucosamine concentration in the reaction mixture and the 

chitinase activity were determined by the previously followed di-nitrosalicylic acid 

(DNS) method (Mondal et al., 2014). This method tests the free carbonyl groups in 

the reducing sugars. Chitinase activity was assayed here by estimating reducing 

sugars. Equal no bacteria were inoculated in minimal medium supplemented with 

mucin (pH-7.5). 0.5% sodium lactate (Sigma, St. Louis, MO, USA) was also added to 

support equal growth of all the strains. Log phase cultures were taken, bacteria were 

pelleted by centrifugation and the crude supernatant from each of the bacterial culture 

were used as samples for the enzymatic assay. The samples were used to incubate 

with 0.5 mg/ml porcine mucin (Sigma, St. Louis, MO, USA) or colloidal assay grade 

chitin (Sigma, St. Louis, MO, USA) for 1 h at 37°C. In each case, the control was 

done by using heat-inactivated samples. The reaction was stopped by adding a DNS 

solution. The mixture was boiled at 100°C for 10 min and cooled by keeping it on ice 

immediately after boiling. The amount of reducing sugar was estimated by measuring 

the OD at 540 nm. The amount of reducing sugar was calculated from a known 

standard curve. Total enzymatic activity was analyzed after measuring total protein by 

the lowry method and then calculated by measuring the amount of GlcNAc produced 

in nmoles /mg of protein/ min. 

3.25. Mucin penetration assay 

The assay was performed according to a previously published method (Liu et 

al., 2008). In brief, mucin columns were prepared in 1ml syringes by adding different 
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concentrations of porcine mucin (1%, 1.5%, and 2%) (Sigma). Bacteria were grown 

up to the mid-log phase and their concentration was adjusted to 5×108 cells/ml using 

PBS.  0.1 ml of the culture was loaded on the top of the mucin columns. Columns 

were then allowed to settle for 1 h at 37C under static conditions. 100 l fractions 

were 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). While performing the inhibitor study, different concentrations 

of the phytochemicals were added to each of the mucin columns. The untreated mucin 

column was used as a control.  

3.26. Motility assay 

The surface motility of all V. cholerae strains used in this study was done by a 

previously described procedure (Yeung et al., 2012). Bacterial strains were grown up 

to the mid-log phase in LB broth. The culture was resuspended in PBS and O.D. 

adjusted to 5×108 cells/ml. 1µl of this culture was spotted on soft agar plates 

containing 0.4% porcine mucin (Sigma) in minimal M9 media (BD Difco) and 0.3% 

bacto agar (BD Difco). And the plates were incubated for 18h at 37C. Bacterial 

motility was analyzed by measuring the diameter of the motility zone on the plate 

surface. While studying the effect of inhibitors, specific inhibitors were added to the 

soft agar plate media just before preparing the plate.  

3.27. Determination of Minimum Inhibitory Concentration (MIC) and 

Minimum Bactericidal Concentration (MBC) of inhibitors 

The Minimum Inhibitory Concentration (MIC) of carvacrol was determined 

by the broth microdilution method according to CLSI guidelines (Clinical Laboratory 

Standards Institute, 2000) in 96-well flat-bottomed polystyrene microtitre plates 

(Costar Corning). 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. 200 μl cell suspensions were 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 2-fold serial 

dilution ranging from 1200µg/ml to 1µg/ml. MHB only and MHB with bacteria 

containing wells were used as negative and positive controls, respectively. Plates were 

incubated for 24 h at 37°C and bacterial growth was evaluated by the presence of 
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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 minimum bactericidal concentration (MBC) 

values, 100μl of each well medium with no visible growth was inoculated in Muller 

Hinton Agar (MHA) plates. After 24 h of incubation at 37°C, the number of surviving 

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 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.  

3.28. Medium additives for inhibitor study 

For the inhibitor study, the following phytochemicals were used, Curcumin 

(CC), Carvacrol (CV) (Sigma-Aldrich) and Trans-cinnamaldehyde (TC) (Sigma-

Aldrich); N-acetyl D-glucosamine (GlcNAc) (Sigma-Aldrich), Xylose (Sigma-

Aldrich), Xylitol (Sigma-Aldrich), Allose (Sigma-Aldrich) and Mannitol (Sigma-

Aldrich) as monosaccharide; Na-3-hydroxy Butyrate (3HB) (Sigma-Aldrich) and 

NH125 (Calbiochem) as a small molecule. Pentoxifylline (PEN) (Cayman chemicals), 

Caffeine (CF) (Cayman chemicals), Dequalinium chloride (DQ) (Cayman chemicals), 

and Theophylline (TH) (Cayman chemicals) as Family-18 chitinase inhibitors. 

Appropriate dilutions were made during stock preparations and during experiments by 

dissolving the compounds in DNA/RNA-free water or in polar solvent DMSO 

(Dimethyl Sulfoxide) and filter sterilizing it (0.2μm). Additives were supplemented in 

LB or minimal M9 media in different concentrations. Media with no additive added 

was used as control. 

3.29. Cell culture 

Human intestinal cell line HT-29 (ATCC HTB-38) and CaCo2 (ATCC HTB-

37) were used in the experiments in this study. HT-29 cell line was maintained as per 

American Type Culture Collection (ATCC) cell culture guidelines. The HT-29 cell 

line was cultured in Corning T-25 flasks using Dulbecco's Modified Eagle’s medium 

(DMEM) (Sigma-Aldrich) containing 4.5 g/ L glucose and 110 mg/ L sodium 

pyruvate and 10% heat-inactivated fetal bovine serum (FBS) (South American origin, 

PAN Biotech, Germany) at 37˚C with 5% CO2 using a HERAcell® 150 humidified 
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incubator (Thermo Scientific, USA) 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 for 

infection studies, incomplete media lacking penicillin-streptomycin and 0.5% FBS 

was used. The spent culture media was replaced with a fresh one on alternate days and 

the monolayer was used after achieving ~90% confluency. The stock of the cultured 

epithelial cell was prepared by using 95% complete growth media and 5% DMSO 

(Sigma-Aldrich, USA) and kept in liquid nitrogen. To keep anchorage-dependent cell 

lines growing in monolayers in exponential development, they are sub-cultured at 

regular intervals. The cells are ready to be sub-cultured when they are nearing the end 

of exponential development (approximately 70% to 90% confluent). The used media 

was discarded and washed with PBS (37˚C) without calcium or magnesium. Then 2 

mL to 3 mL of the 0.25% trypsin-EDTA solution (37˚C) was added and kept at 37˚C 

for cells to be detached. Then complete growth medium was added to inactivate the 

trypsin. After centrifugation, the cells are suspended in complete media and dispensed 

in a routine split ratio. 

3.30. In vitro growth assay in HT-29 cell line 

Mucin secreting human intestinal cell line HT-29 and CaCo2 cell lines were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, St. Louis, MO, 

USA), supplemented with 10% fetal bovine serum (FBS) (HiMedia, Mumbai, India), 

1% (vol/vol) non-essential amino acid (DMEM, Sigma, St. Louis, MO, USA) and 1% 

(vol/vol) penicillin/streptomycin (Sigma, St. Louis, MO, USA) mixture at 37°C under 

5% CO2. The survival of V. cholerae in the presence of mucin secreting HT-29 cells 

was analyzed by using the previously described protocol (Mondal et al., 2014). The 

80% confluent, serum-starved HT-29 cells in 12-well plates were infected with log-

phase cultures of all V. cholerae N16961 strains (wild type CytR⁺, mutant CytR⁻, and 

its complement CytRC) at an infectious dose of 107 c.f.u/ml. After a varying period of 

incubation, unbound cells were collected from the supernatant, and cells were then 

treated with 0.1 % Triton X-100 for 2–3 min to detach the bound bacteria. Both the 

unbound and the bound bacteria were collected, washed in PBS, serially diluted, and 

plated onto LB agar to get a viable bacterial count. 
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3.31. HT-29 and Caco2 cell adhesion assay 

Adhesion of V. cholerae (WT CytR⁺, mutant CytR⁻, and its complement 

CytRc) to the human colon adenocarcinoma cell line HT-29 and Caco2 was done 

according to the previously described method (Chourashi et al., 2016). As mentioned 

earlier HT-29 cells were split into 12 well cell culture plates and maintained in 

DMEM with 10% FBS. Upon reaching 80% confluency, 1.2×108 freshly grown mid-

log phase bacterial inoculum (washed in PBS, numerated by CFU counting, ratio, 100 

bacteria:1 HT-29 cells, MOI 100) was given to 1.2×106 cells in DMEM culture 

medium with 0.5% FBS and without antibiotics. Adhesion assay was conducted by 

incubating the bacteria/cell at 37°C for 1 h under conditions of 5% CO2 and 90% 

relative humidity. Cells were washed thrice with prewarmed PBS pH 7.4 and were 

detached using 0.1% Triton X-100. Adherent bacteria were counted after serial 

dilution by plating on LB agar plates supplemented with 100 µg/ml streptomycin. 

3.32. In vivo intestinal epithelium adhesion assay 

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 

experiment was washed in PBS three times and then homogenized and serially diluted 

in PBS. The adherent bacterial count was determined by plating and counting these 

bacterial cultures on LB agar supplemented with 100 µg/ml streptomycin.  

3.33. Suckling mice colonization competition assay 

The in vivo infant mouse colonization assay was performed as described 

previously (Zheng et al., 2010). Log phase culture of V. cholerae mutant strain 

(LacZ⁻) was mixed with each of the wild-type strains (LacZ⁺) i.e., CytR⁺, CytR⁻, and 

CytRc at a ratio of 1:1. 2 h prior to giving inoculum 4 to 5 days old suckling Swiss 

albino mice (Fig.3.11) were separated from their mothers. Each mouse was then 

orally gavaged with 50µl of 5× 108 CFU/ml of the mixed bacterial culture. Negative 

control mice were fed with 50µl PBS. Mice were kept at 26C in isolation. 18 h after 

infection they were sacrificed and the intestine was harvested, washed in PBS, 

mechanically homogenized, and diluted serially to plate on LB agar supplemented 

with 100µg/ml streptomycin. Competitive Index (CI) was calculated by the following 

equation: - ratio out (mutant/wild-type) / ratio in (mutant/wild-type). The CI value of < 1 indicates 
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a fitness defect and that of > 1 indicates an increased fitness. Seven mice per group 

were used in this study. 

 

Fig.3.11. 4 to 5 days old infant mice 

 

3.34. Rabbit ileal loop assay for fluid accumulation and bacterial 

recovery 

This assay was performed in New Zealand White Rabbits weighing approx. 

2.5 kg by a detailed method described previously (Koley et al., 1999). In brief, a 

bacterial inoculum of all three strains was adjusted to 1×109 CFU/ml and 1ml of these 

cultures were introduced into the ligated loops of the ileum. The negative control loop 

was inoculated with PBS. The animal was sacrificed after about 18 h and loops were 

taken out. The volume of the accumulated fluid and the length of the loops were 

measured. The extent of the fluid accumulation (FA) was expressed as loop fluid 

volume (ml)/length (cm) ratio. PBS was used as a negative control. Bacteria were 

counted by homogenizing the intestinal sections in 1 ml PBS. To determine the actual 

bacterial c.f.u at the time of intestinal harvest, bacteria were collected from the 

intestine, washed, serially diluted, and plated on LB agar supplemented with 

streptomycin (100 µg/ml). In the inhibitor study, 1 ml of 1×109 CFU/ml V. cholerae 

culture with or without carvacrol (at 150µg/ml, 75µg/ml, 37.5µg/ml) were introduced 

into each ileal loop. Bacterial recovery and other measurements were done as stated 

earlier.  
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3.35. Histological studies 

Histological analysis was done by collecting tissue samples (1 cm in length) 

from rabbit ileal loop assays. They were fixed in 10% neutral buffered formalin. 

Further, the samples were embedded in paraffin. 3-4 µm thin sections were cut in a 

microtomy rotor (Leica, Germany) and were stained with hematoxylin and eosin and 

examined 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. 

3.36. Cell staining and fluorescence microscopy 

For fluorescence microscopy, all V. cholerae strains (WT CytR⁺, mutant 

CytR⁻, and its complement CytRc) were transformed with Ampicillin resistant GFP 

expressing plasmid, pGFPuv (Clontech, TaKaRa bioscience) by electroporation. 

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 medium (Vector laboratories) to view under a fluorescence microscope 

(Olympus AX-70) to show the GFP labeled bacteria bound to HT-29 cells.  

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) in 6-well cell culture plates. Upon reaching 80% 

confluency, HT-29 cells were incubated in serum-free DMEM and carvacrol 

treatment at different concentrations (0µg/ml to 250µg/ml) was done for 4 h.  After 

removing the media HT-29 cells were washed in PBS and stained with Hoechst 33342 

(5µg/ml) (Sigma-Aldrich) for 10 mins. Cells were then washed in PBS twice and 

subsequently counterstained and mounted with PI containing mounting medium 

(VectaShield, Vector laboratories). Each carvacrol treated and the untreated cell was 

visualized under a confocal laser scanning microscope. Propidium Iodide (PI) is a 

membrane impermeant dye while Hoechst H33342 is a membrane-permeable stain, 

therefore HT-29 cells exhibiting membrane permeability upon carvacrol treatment 

displays red (PI) intensity.  
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3.37. LDH cytotoxicity assay 

The effect of different inhibitors 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 6-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 analyzed for the release of lactate 

dehydrogenase (LDH). The percent cytotoxicity value was calculated using the 

following formula, Cytotoxicity (%) = (𝐸𝑋−𝐿𝐶𝐻𝐶−𝐿𝐶 − 𝐵𝐶) × 100; where EX = 

Experimental value, LC = Low control or spontaneous LDH release from the 

untreated normal HT-29 cells, HC = High control or maximum releasable LDH in the 

HT-29 cells by the addition of 1% Triton X-100, BC = Background control or LDH 

activity in the assay medium. Treatment with 1% (v/v) Triton X-100 represented 

maximum LDH release hence representing 100% cytotoxicity. 

3.38. Biofilm assay 

Assays to quantify biofilms were performed as previously described method 

(Zhu & Mekalanos, 2003). In brief, a 1:100 dilution of the overnight grown culture of 

V. cholerae was inoculated in LB broth into 10- by 75-mm borosilicate glass tubes 

and incubated for 30 hrs at 37°C. Subsequently, the tubes were rinsed three times with 

phosphate-buffered saline (PBS) and then filled with 1% crystal violet stain. After 5 

min, the excess stain was rinsed off with deionized water. The biofilm-associated 

crystal violet was solubilized in dimethyl sulfoxide (DMSO), and the optical density 

at 570 nm (OD570) of the resulting suspension was measured. 

3.39. Transmission Electron Microscopy (TEM) 

Negatively stained whole-cell mounts were prepared to visualize bacterial 

morphology. In brief CytR⁺, CytR⁻ strains of V. cholerae were grown in LB broth, 

and in the case of inhibitors, V. cholerae was grown with or without different 

concentrations (150µg/ml, 75µg/ml, 37.5µg/ml) of carvacrol. From the culture, 5µl of 

bacterial suspension was gently placed on glow-discharged carbon-coated 300 mesh 

copper grids. 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. 



M a t e r i a l s  a n d  M e t h o d s  | 86 

 

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 

microscope (FEI, Hillsboro, OR, USA) at an operating voltage of 100 kV. 

3.40. Whole-genome transcriptome analysis 

Different V. cholerae strains CytR⁺, CytR⁻ were grown in the presence or 

absence of 1% mucin in minimal media up to the mid-log phase, and then bacterial 

samples were harvested. Samples were dissolved in RNAsol and processed for quality 

check. The RNA samples were quality checked using Nanodrop and quantitated using 

Qubit dsDNA BR assay (Thermo Scientific, USA). The quality was checked using a 

1% Agarose TAE gel. The samples were also checked for degradation using Agilent 

Bioanalyzer RNA 6000 nano kit. The samples that had passed QC were taken further 

for analysis. 

Library QC: 1) Illumina library: To achieve the highest quality of data on Illumina 

sequencing platforms, optimum cluster densities across every lane of every flow cell 

were created which required accurate quantitation of library templates. So, we 

quantified prepared libraries using qPCR according to the Illumina qPCR 

Quantification Protocol Guide. 2) GS FLX library: To generate a standard curve of 

fluorescence readings and calculate the library sample concentration, we use Roche's 

Rapid library standard Quantification solution and calculator. The samples which had 

passed library QC were taken further for sequencing. 

Basic statistics of raw sequences were done to get the information of the total number 

of raw reads, read length, and percentage of GC content. Differential Gene Expression 

(DGE) was calculated by edgeR using the TPM value. We calculated Log2 fold 

change, two-tailed P-value, and false discovery rate (FDR). A volcano plot was done 

to compare the data sets. Heat Map of the top and bottom 10 genes of each sample 

were generated. 

3.41. Statistical analysis 

All the experiments were analyzed by Student’s t-test. Each of the experiments 

was repeated at least three times. Data were represented as mean ± standard error of 

the mean (SEM). Statistical analysis and data plotting for suckling mice colonization 
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competition assay were done by two-way ANOVA using GraphPad Prism software 

(Version 5). A ‘P-value of <0.05 was considered as statistically significant.  

3.42. Ethics statement 

Animal experiments were conducted following the standard operating 

procedure framed by the Committee for the Purpose of Control and Supervision of 

Experiments on Animal (CPCSEA), Government of India. All the animal experiments 

performed here were approved by the Institutional Animal Ethics Committee of 

National Institute of Cholera and Enteric Diseases (Registration no: PRO/120/April 

2016 - March 2019). Intestinal colonization competitive index assay was performed 

using four to five days old infant Swiss mice. For fluid accumulation and other in vivo 

studies, New Zealand white rabbits weighing about 2.5 kg were used. Animals were 

euthanized in the CO₂ chamber assuring minimum pain to the animals during the 

intestinal harvest. 

3.43. Safety statement 

All experiments with bacteria, cell culture and with animal models were 

conducted following the standard operating procedure of a Bio-Safety level 2 (BSL2) 

laboratory and with proper disposal of biohazard waste as outlined by Department of 

Biotechnology, Government of India Handbook and was approved by the Institutional 

Bio Safety Committee (IBSC), Indian Council of Medical Research- National 

Institute of Cholera and Enteric Diseases, Kolkata, India. (Approval No. 

NICED/BS/NSC- 004/2016 dated 27/04/2016). 
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Results 

 

The effect of abiotic environmental factors like temperature, pH, NaCl 

concentration (salinity), and different concentrations of crab shell chitin was used to 

study the gene expression of cytR at the RNA level by qPCR. CytR Protein levels 

were also studied by ELISA. Next, we have done a comparative study on time-

dependent growth of wild type V. cholerae (CytR+), CytR mutated V. cholerae (CytR-

), and with complemented strain (CytRc) in presence of insoluble chitin or other 

carbon sources. The role of CytR in chitin utilization has also been elucidated by 

studying the expressional analysis of V. cholerae chitinase genes. Further, we have 

studied other upstream chitin degradation pathway genes like sensor histidine kinase 

ChiS and a master regulator TfoX. Additionally, we have also measured the chitinase 

activity and activity of ChiS by β-hexosaminidase activity and p-nitrophenyl-β, D-N-

acetylglucosaminidine (PNP-GlcNAc) following the previously described procedure 

(Li & Roseman, 2004; Mondal et al., 2014). 

4.1. Effect of temperature on CytR expression 

 

 
Fig.4.1. Effect of temperature on CytR expression. V. cholerae N16961 was 

grown to log phase under varying temperature. mRNA expression was analysed 

by qPCR and protein levels by ELISA. (A) Relative mRNA expression of cytR, 

(B) Relative protein level expression of cytR. Each of the experiment was 

repeated three times (n=3) and the data were expressed as Mean ± SEM. 
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V. cholerae was grown in different temperatures between 16°C to 42°C 

keeping a fixed pH 8.0 and 300mM salinity in a medium of seawater (Please see 

Appendix) supplemented with 1% chitin. First, the cytR RNA expression was studied 

by qRT-PCR (Fig.4.1A). The cytR RNA expression was lowest at 16°C, hence, 

considering it as the basal level of expression. RNA expression gradually increased 

with the temperature shift. It was the highest at 25°C, showing a maximum of 1.9-fold 

increase in the cytR expression (Fig. 4.1A) compared to the basal level of expression. 

Decreased RNA expression was observed with further temperature shifts.  

Next, the CytR protein levels were analyzed (Fig.4.1B). CytR protein 

expression pattern in the same temperature range corroborated with the RNA 

expression. The highest level was observed at 25°C with 224ng/µl of protein. At 16°C 

and 42°C, the protein expression was 118ng/µl and 161ng/µl respectively. 

4.2. Effect of pH on CytR expression 

 

 
Fig.4.2. Effect of pH on CytR expression. V. cholerae N16961 was grown to 

log phase under varying pH. mRNA expression was analyzed by qPCR and 

protein levels by ELISA. (A) Relative mRNA expression of cytR, (B) Relative 

protein level expression of cytR. Each of the experiments was repeated three 

times (n=3) and the data were expressed as Mean ± SEM. 

 

The effect of pH was studied under varying pH of 6.5 to 9 with fixed 

temperature (30°C) and salinity (300mM) in sea-water media supplemented with 1% 

chitin. The study of cytR RNA expression by qRT-PCR showed that at pH 6.5, the 

expression was lowest (Fig.4.2A). Maximum expression of cytR was observed at pH 

7.5 with an increase of 1.61-fold than the expression observed at pH 6.5. Interestingly, 
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at pH 9 the cytR expression showed a 1.59-fold increase which was almost 

comparable to the expression levels at pH 7.5. 

The protein expression pattern also showed similarity with the RNA 

expression (Fig.4.2B). The protein expression was lowest at pH 6.5 showing 79 ng/µl 

expression. At pH 7.5 and pH 9.0, the amount of protein produced was 126 ng/µl and 

125 ng/µl respectively.  

4.3. Effect of salinity on CytR expression 

 
 

Fig.4.3. Effect of salinity on CytR expression. V. cholerae N16961 was grown 

to log phase under the varying concentration of sodium chloride. mRNA 

expression was analyzed by qPCR and protein levels by ELISA. (A) Relative 

mRNA expression of cytR, (B) Relative protein level expression of cytR. Each 

of the experiments was repeated three times (n=3) and the data were expressed 

as Mean ± SEM. 

 

The effect of salinity on the expression of cytR was studied under the varying 

concentration of salt (NaCl) starting from 0 mM to 600 mM in an artificial seawater 

medium supplemented with 0.8% chitin. V. cholerae was grown under varying salt 

supplemented with chitin keeping the temperature and pH fixed at 30°C and pH 8 

respectively. The optimum salt concentration for maximum expression of cytR was 

observed to be at 300mM NaCl, which is 1.37-fold more than the condition where no 

salt is present (Fig.4.3A).  

The CytR protein expression pattern as an effect of salt concentration was also 

similar to RNA expression (Fig.4.3B). The maximum CytR expression was at 300 

mM concentration measuring 145 ng/µl. At 100 mM salt concentration, the CytR 

expression was only 95 ng/µl and observed as lowest. The protein expression 

increased with increasing salinity up to 300mM salt concentration. After 300 mM salt 
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concentration the CytR expression decreased gradually with increasing salinity. At 

600 mM salt concentration, the protein expression level was 120 ng/µl. 

4.4. Effect of chitin on CytR expression 

 

 
Fig.4.4. Effect of chitin on CytR expression. V. cholerae N16961 was grown 

to log phase under the varying concentration of crab shell chitin. mRNA 

expression was analyzed by qPCR and protein levels by ELISA. (A) Relative 

mRNA expression of cytR, (B) Relative protein level expression of cytR. Each 

of the experiments was repeated three times (n=3) and the data were expressed 

as Mean ± SEM. 

 

V. cholerae was grown in different concentrations of chitin between 0 to 2.5% 

keeping a fixed pH 8.0 and 300mM salinity and 30°C temperature in a medium of 

seawater. First, the cytR RNA expression was studied by qRT-PCR (Fig.4.4A). 

Analysis of cytR expression under different amounts of chitin showed 0.8% chitin 

was optimum for cytR expression. Significant expression was also observed at a 

chitin concentration of 1%. V. cholerae produces 3.7-fold more cytR mRNA in 

presence of 0.8% chitin. Very low (0.2%) or high (>1.5%) chitin decreased the 

expression of cytR. 

The CytR protein expression pattern under the varying amount of chitin was 

also similar to RNA expression (Fig.4.4B). The expression increased with the 

increasing amount of chitin. At 0.8% chitin, the CytR protein expression was 

maximum measuring 412 ng/µl compared to the expression of 91 ng/µl in absence of 

chitin. Beyond 1.5% chitin, the CytR expression decreased gradually with the 

increasing amount of chitin.  
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4.5. V. cholerae upregulates all four chitinase genes in presence of 

chitin 

Next, we have studied the role of V. cholerae chitinases in chitin degradation. 

V. cholerae was grown to mid-log phase in defined artificial water media with 

optimum salinity (i.e., 300mM), optimum temperature (i.e., 25°C), optimum pH (i.e., 

pH 7.5), and in presence or absence of chitin (0.8%). RNA expression was studied by 

qRT-PCR. Four V. cholerae chitinases namely, ChiA1, ChiA2, VC_1073 (ChiC), and 

VC_0769 were studied here. The result showed that in presence of chitin, V. cholerae 

expresses 5.5-fold, 6.5-fold, 3.4-fold, and, 4.6-fold increased levels of chiA1, chiA2, 

vc_1073 (chiC), and vc_0769 respectively (Fig.4.5A).  

 
Fig.4.5. Relative expression of chitinase genes and chitinase activity. V. 

cholerae N16961 was grown to log phase in the artificial seawater media in 

the presence or absence of 0.8% chitin. (A) Relative mRNA expression of 

different chitinase genes was analyzed by qRT-PCR (B) Total chitinase 

activity was measured by the DNS method (Mondal et al., 2014) from the 

culture supernatant of V. cholerae grown in the presence or absence of chitin. 

Each of the experiments was repeated three times (n=3) and the data were 

expressed as Mean ± SEM; †, P-value <0.05 

 

We have also checked the total chitinase activity from the culture supernatant 

by the previously described DNS method (Mondal et al., 2014). The result showed 

that the total chitinase activity of the V. cholerae increased by 12-fold in presence of 

chitin in the culture media (Fig.4.5B). 
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4.6. V. cholerae CytR plays an important role in chitin utilization 

 
 

Fig.4.6. CytR helps V. cholerae to utilize chitin as a sole nutrient source. All 

V. cholerae N16961 strains, CytR⁺ (wild type) (◼), CytR¯  (isogenic CytR 

mutant) (▲) and CytRᶜ (CytR¯ strain complemented with CytR clone) (●) 

strains were inoculated separately in (A) Defined artificial seawater media with 

0.5% sodium lactate as sole carbon source and (B) Defined artificial seawater 

media supplemented with 0.8% chitin only. The viable bacterial counts in 

colony-forming units (c.f.u.)/ml were detected by plate count method, taking 

culture samples from different time points and represented graphically. Each of 

the experiments was repeated three times (n=3) and the data were expressed as 

Mean ± SEM. 

 

In order to understand the role of CytR in chitin utilization we have measured 

the growth rate of all the V. cholerae strains i.e., CytR⁺ (wild type), CytR¯ (isogenic 

CytR mutant), and CytRᶜ (CytR¯ strain complemented with CytR clone) in defined 

artificial seawater (DASW) media in the absence (Fig.4.6A) or presence of 0.8% 

chitin (Fig. 4.6B). The CytR⁻ mutant strain grew poorly in chitin-supplemented 

DASW media compared to the wild-type CytR⁺ strain. At 48 h, the total viable count 

of wild type V. cholerae CytR⁺ strain in chitin supplemented media was 2.4 ×108 

CFU/ml, whereas it was 2.9×107 CFU/ml in the CytR⁻ mutant strain, showing an 8.2-

fold difference in growth (Fig. 4.6B). The complemented CytRc strain showed similar 

growth as of the wild-type CytR⁺ strain in chitin supplemented media. In contrast, all 

the strains showed an almost similar growth pattern in presence of sodium lactate 

supplemented DASW media in absence of chitin (Fig. 4.6A) which indicates equal 

fitness of all the strains. This result indicates V. cholerae could utilize chitin as the 

sole nutrient source and CytR contributes to utilizing it.  
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4.7. V. cholerae CytR controls the expression of chitinase genes and 

other chitin utilization pathway regulators 

 
Fig. 4.7. CytR is important for V. cholerae to express chitinase genes and 

other upstream regulators. All V. cholerae N16961 strains, CytR⁺ (wild type) 
(◼), CytR¯  (isogenic CytR mutant) (◼) and CytRᶜ (CytR¯  strain complemented 

with CytR clone) (◼) strains were inoculated separately in Defined artificial 

seawater media supplemented with 0.8% chitin. RNA was isolated from the 

mid-log phase culture and subsequently, cDNA was prepared. Expressional 

analysis was done by qRT-PCR. (A) Relative expression of chitinase genes in 

all three V. cholerae strains was shown graphically. (B) Relative expressional 

analysis of chiS and tfoX was also done. Each of the experiments was repeated 

three times (n=3) and the data were expressed as Mean ± SEM; †, P-value <0.05 

 

We have seen previously that chitinases are an essential part to degrade chitin 

in the marine environment and V. cholerae upregulates the expression of extracellular 

chitinases (Section 4.5) that in turn degrades chitin and V. cholerae uses that as a 

carbon source. Here, we aim to study the role of cytR in chitin utilization. For that, we 

have taken the isogenic deletion mutant of CytR (CytR¯ ) along with the wild type 

(CytR⁺) and complemented strain (CytRᶜ). All strains were grown separately in 

DASW media supplemented with 0.8% chitin. qRT-PCR analysis was performed with 

the RNA isolated from the mid-log phase culture. The result showed that the CytR⁻ 

mutant strain is 23.8-fold, 52-fold, 19.6-fold, 29.4-fold less efficient to express 

chitinase genes vc_0769, vc_1073, chiA1, chiA2 respectively than the wild type 

bacteria (Fig.4.7A). We have also studied the expression of sensor histidine kinase, 

chiS, and a regulator of V. cholerae chitin utilization pathway, tfoX. Both of these 

genes were downregulated by 2.3-fold and 5.7-fold respectively in CytR mutant strain 

(Fig.4.7B). In both, the cases complemented CytR strain (CytRᶜ) showed comparable 

gene expression as the wild type V. cholerae. 
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4.8. Sensor histidine kinase ChiS is positively controlled by CytR 

 
Fig.4.8. Role of CytR in hexosaminidase and total chitinase enzyme activity 

in V. cholerae. All bacterial strains of V. cholerae, CytR⁺ (wild type), CytR¯ 
(isogenic CytR mutant), and CytRc (CytR¯ strain complemented with CytR clone) 

were grown in DASW media in the presence (◼) or absence (◼) of 0.8% chitin. 

(A)  Hexosaminidase enzyme activity was measured by taking log-phase cultures 

and (B) Total chitinase activity was measured from the bacterial culture 

supernatant. Each of the experiments was repeated three times (n=3) and the data 

were expressed as Mean ± SEM; †, P-value <0.05 

 

The activity of periplasmic two-component chitin sensing histidine kinase, 

ChiS is measured by the amount of production of β-hexosaminidase enzyme per unit 

time per mg of protein, located downstream of ChiS (Li & Roseman, 2004). Total β-

hexosaminidase enzyme activity in all the V. cholerae strains in the presence or 

absence of 0.8% chitin as a sole nutrient source was measured here. The activity of 

hexosaminidase enzyme in wild-type CytR⁺ strain in presence of chitin was 96 

nmol/min/mg, whereas in CytR⁻ mutant strain it was 3 nmol/min/mg. So, the CytR⁻ 

mutant strain showed 26-fold less hexosaminidase activity than the wild-type CytR⁺ 

strain (Fig.4.8A). However, the enzyme activity was negligibly small in absence of 

chitin in all the strains, suggesting that it is triggered in presence of chitin. On the 

other hand, complemented CytRc strain also showed comparable hexosaminidase 

enzyme activity with respect to the CytR⁺ strain in presence of chitin. CytR regulates 

the activity of the hexosaminidase enzyme by means of activating the ChiS in 

presence of chitin. 

V. cholerae CytR is also important for chitinase activity. Total chitinase 

activity was measured from the culture supernatant. The activity of chitinases in wild-
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type CytR⁺ strain in presence of chitin was 495 nmol/min/mg, whereas in CytR⁻ 

mutant strain it was 31 nmol/min/mg. So, the CytR⁻ mutant strain showed 16-fold less 

activity than the wild-type CytR⁺ strain (Fig.4.8B). The chitinase activity was 

negligibly small in absence of chitin in all the strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

Results 

To understand the role of CytR in 

pathogenesis. 
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Results 

 

To understand the role of CytR in pathogenesis, the following experiments 

were done using the following V. cholerae strains [wild type V. cholerae (CytR+), 

CytR mutated V. cholerae (CytR-) and complemented strain (CytRc)].  

5.1. CytR helps V. cholerae to utilize mucin 

 
 

Fig.5.1. CytR contributes in the utilization of mucin as a sole nutrient 

source in V. cholerae. All V. cholerae N16961 strains, CytR⁺ (wild type) (■), 
CytR¯ (isogenic CytR mutant) (▲) and CytRᶜ (CytR¯  strain complemented 

with CytR clone) (♦) strains were inoculated separately in (A) M9 minimal 

media with  0.5% sodium lactate as sole carbon source and (B) M9 minimal 
media supplemented with 1% (w/v) porcine mucin only. The viable bacterial 

counts in CFU/ml were detected by plate count method taking culture samples 

from different time points and represented graphically. Each of the 

experiments was repeated three times (n=3) and the data were expressed 

as Mean ± SEM. 

 

We first measured the growth rate of all the V. cholerae in M9 minimal media 

in the absence (Fig.5.1A) or presence of mucin (Fig.5.1B). The CytR⁻ mutant strain 

grew poorly in mucin supplemented M9 minimal media compared to the wild-type 

CytR⁺ strain. At 60 h, the total viable count of wild type V. cholerae CytR⁺ strain in 

mucin supplemented media was 5.57×108 CFU/ml, whereas it was 3.18×107 CFU/ml 

in the CytR⁻ mutant strain, showing a 17.5-fold difference in growth. The 

complemented CytRc strain showed similar growth as of the wild-type CytR⁺ strain in 

mucin supplemented media. In contrast, all the strains showed an almost similar growth 
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pattern in presence of sodium lactate supplemented M9 minimal media in absence of 

mucin (Fig. 5.1A) which indicates equal fitness of all the strains. This result indicates 

V. cholerae could utilize mucin as the sole nutrient source and CytR contributes in 

utilizing it.  

5.2. CytR plays an important role in motility and mucin penetration in 

V. cholerae 

 
Fig. 5.2. Surface motility in V. cholerae is affected by CytR. CytR⁺ (wild 
type), CytR¯  (isogenic CytR mutant), and CytRc (CytR¯  strain complemented 
with CytR clone) were grown separately in LB broth till mid-log phase. 1 µl of 

5×108 CFU/ml different bacterial samples were spotted on 0.3% agar plates 

containing 0.4% mucin. Plates were incubated at 37C for 18 h. (A) Plate 

showing motility zone of different bacteria. (B) The diameter of bacterial 

surface motility zones is graphically represented as mean ± SEM by measuring 
the zone of three independent biological replicates. Each of the experiments was 

repeated three times (n=3); †, P-value <0.05 

 

We investigated the surface motility of different V. cholerae strains on soft agar 

mucin plates. We found that CytR⁻ strain showed reduced motility with a zone of 0.36 

± 0.03 cm, whereas CytR⁺ strain showed a motility zone of 3.8 ± 0.14 cm (Fig.5.2A, 

5.2B). Therefore, the motility of CytR⁻ strain was reduced to 10.5-fold compared to the 

CytR⁺ strain. The complemented CytRc strain showed a similar motility zone of 3.4 ± 

0.11 cm when compared to the wild-type strain.  

Further, in vitro mucin layer penetration experiment supports the above 

observation. Here we have studied the time-dependent mucin penetrating ability of V. 

cholerae in different concentrations of mucin in a mucin column. Our observation 

showed that motility of CytR⁻ V. cholerae strain decreased severely in all the 

conditions. 
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Fig. 5.3. Mucin penetration is promoted by CytR in V. cholerae. CytR⁺ (wild 
type), CytR¯  (isogenic CytR mutant), and CytRc (CytR¯ strain complemented 

with CytR clone) were grown separately in LB broth till mid-log phase. 100µl 
of 5×108 CFU/ml bacterial culture CytR⁺ (wild type), CytR¯ (isogenic CytR 
mutant), and CytRc (CytR¯  strain complemented with CytR clone) were loaded 

on top of the 1ml mucin column of containing 1%, 1.5% and 2% porcine mucin. 
Bacterial samples of 100µl were collected from the bottom of the column after 

1 h (◼) (A) or 2 h (◼) (B) incubation at 37C. The samples were serially diluted 

and plated on LB agar supplemented with proper antibiotics and the bacterial 

numbers were counted and graphically represented. Each of the experiments 

was repeated three times (n=3) and the data were expressed as Mean ± SEM; †, 
P-value <0.05 

 

Out of total 5×108 CFU/ml bacteria loaded on top of the mucin column, 

4.89×107 CFU/ml, 2.72×107 CFU/ml, and 2.1×106 CFU/ml wild type CytR⁺ bacteria 

were able to penetrate through the 1%, 1.5 %, and 2% mucin column respectively after 

1 h incubation (Fig.5.3A). However, only 1.3×106 CFU/ml, 2×105 CFU/ml, and 2×105 

CFU/ml mutant CytR⁻ bacteria were able to penetrate the 1%, 1.5%, and 2% mucin 

column respectively. This clearly showed that CytR⁻ strain was 37.6-fold, 136-fold, and 

10.5-fold less competent in motility than the wild-type bacteria respectively in 1%, 

1.5%, and 2% mucin columns. CytRc strain showed almost similar mucin penetrating 

ability compared to the CytR⁺ strain.  

Again, out of total 5×108 CFU/ml bacteria loaded on top of the mucin column, 

11.9×107 CFU/ml, 8.2×107 CFU/ml, and 2.7×107 CFU/ml wild type CytR⁺ bacteria 

were able to penetrate through the 1%, 1.5 %, and 2% mucin column respectively after 

2 h incubation (Fig.5.3B). However, only 6.6×107 CFU/ml, 9×106 CFU/ml, and 10×106 

CFU/ml mutant CytR⁻ bacteria were able to penetrate the 1%, 1.5%, and 2% mucin 

column respectively. This clearly showed that CytR⁻ strain was 1.8-fold, 9.1-fold, and 
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2.7-fold less competent in motility than the wild-type bacteria respectively in 1%, 1.5%, 

and 2% mucin column. Here also CytRc strain showed almost similar mucin penetrating 

ability compared to the CytR⁺ strain. 

5.3. CytR in V. cholerae plays an important role in adhesion to epithelial 

cells 

 
Fig.5.4. CytR plays an important role in the adhesion of V. cholerae with 

the epithelial cells. All three experimental strains were grown to mid-log phase 
and optical density was adjusted to 1. Tissue culture cell line was grown in 12-

well cell culture plate to 80% confluency. The cell line was then infected at 100 

MOI. After incubation at humidified 37C incubator for 1 h, cell culture plate 

was washed with PBS to remove unbound bacteria and bound bacteria were 

collected and enumerated by plating on streptomycin supplemented LB agar. 
(A) Graphical representation of different strains of V. cholerae bound to the 

colon carcinoma cell line HT-29 under cell culture conditions, (B) Graphical 

representation of different strains of V. cholerae bound to intestinal Caco2 cell 

line under cell culture conditions, (C) Bacterial adhesion was assayed from the 
samples recovered from in-vivo rabbit ileal loop tissue samples, where the 

bound bacterial count was determined after washing and homogenizing the 

tissue samples. Bound bacteria were collected, plated, and the number of 
bacteria was enumerated by the plate count method. Each of the experiments 

was repeated three times (n=3) and the data were expressed as Mean ± SEM; †, 
P-value <0.05 

 

Further, we have studied the effect of CytR in adherence capability of V. 

cholerae to the mucin secreting intestinal epithelial cell line, HT-29, and Caco2 in tissue 

culture conditions. Adherent wild-type CytR⁺ V. cholerae strain count after one-hour 

incubation with HT-29 cell was 2.7×108 CFU/ml, whereas CytR⁻ strain was 2.6×107 

CFU/ml (Fig.5.4A). Therefore, CytR⁻ V. cholerae strain was 10.5-fold less adherent 

with HT-29 cells than the wild type. CytRc complemented strain showed similar 

adhering ability when compared to the wild-type CytR⁺. GFP- labeled CytR⁻ mutant 

bacteria were less visible in adhered form when compared to the wild-type CytR⁺ strain 

under fluorescence microscopy (Fig.5.5), whereas complemented CytRc strain adhered 
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similarly like the wild type V. cholerae. This adherence study was also done in intestinal 

cell line Caco2. Similar results were also observed here. After one hour of incubation 

with Caco2, the adhered wild-type CytR⁺ V. cholerae count was 7.8×107 CFU/ml, 

whereas CytR⁻ strain was 8×106 CFU/ml (Fig.5.4B). Therefore, CytR⁻ V. cholerae 

strain was 9.7-fold less adherent with Caco2 cells than the wild type. CytRc 

complemented strain showed similar adhering ability when compared to the wild-type 

CytR⁺. 

We further tested the adherence in rabbit ileal loop conditions. Our result 

suggested that 1.8×108 CFU/ml wild-type CytR⁺ V. cholerae adhered to the intestinal 

lumen (Fig.5.4C). In contrast, only 4.0×107 CFU/ml CytR⁻ bacteria were adherent, 

showing  ̴4.5-fold decrease in adherence efficiency of the CytR¯  mutant compared to 

the wild-type bacteria. CytRc complemented strain adhered similarly to the wild-type 

CytR⁺. 

 
 

Fig.5.5. Representative photograph of fluorescence microscopy of V. 

cholerae’s adhesion to the HT-29 cell line. All three experimental strains were 

transformed with ampicillin-resistant GFP expressing plasmid pGFPuv and were 

grown to mid-log phase and optical density was adjusted to 1. HT-39 cell line 

was grown on a cover-slip in 35mm cell culture dishes to 80% confluency. The 

cell line was then infected with at 100 MOI. After incubation at 5% humidified 

37C CO2 incubator for 1 h, the cell culture coverslip was washed with PBS to 

remove unbound bacteria and the bound bacteria were mounted to a glass slide to 

view under the fluorescence microscope. Scale: Red bar equals 20 µm. 
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5.4. CytR plays a role in V. cholerae ex vivo survival 

Growth phenotype study of V. cholerae in mucin supplemented minimal media 

suggested that V. cholerae utilized mucin as a nutrient source. When V. cholerae was 

incubated for 16 h with HT-29 and Caco2 cell line which is human intestinal cell line 

specializing in synthesis and secretion of mucin, the multiplication of the wild type 

CytR⁺ cells were 3-fold more than that of the CytR⁻ mutant bacteria when incubated 

with 5 ×105 bacteria (Fig. 5.6). The complemented strain grew normally indicating a 

reversal of the phenotype.  However, in the Caco2 cell line, the growth difference 

between the wild type and mutant bacteria did not reduce significantly.  

 

Fig.5.6. Role of CytR in V. cholerae ex-vivo proliferation. Comparative study 
of the survival of the wild type and isogenic ΔCytR mutant in human intestinal 
(A) HT-29 and (B) Caco2 cell line in cell culture conditions. The incubation 

was done at humidified 37C incubator for 16 h. Then, both the bound and 

unbound bacteria were removed and enumerated by plating on streptomycin 

supplemented LB agar. Each of the experiments was repeated three times (n=3) 

and the data were expressed as Mean ± SEM; †, P-value <0.05; N.S. Not 

Significant. 

 

5.5. CytR mutant shows colonization defect in suckling mice  

Bacterial binding to intestinal epithelial cells facilitates bacterial colonization in 

the intestine. We have already shown that the CytR⁻ strain is defective in adhesion to 

the ex vivo epithelial cells in cell culture conditions. To further examine the role of CytR 

in colonization, we used the 5-6 days old suckling mice for the intestinal colonization 

ability of the mutant CytR⁻ strain along with complemented CytRc and the wild type V. 

cholerae N16961 (CytR⁺LacZ⁻). During bacterial infection, the input ratio of mutant 

(CytR⁻) to wild type N16961 (CytR⁺LacZ⁻) was 1:1. CytR⁻ strain showed an output 
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ratio (Competitive Index, CI) (CytR⁻ LacZ⁺/ CytR⁺ LacZ⁻) of 0.034 ± 0.01 at 18 h post-

infection (Fig. 5.7). Whereas, CI between CytR⁺ LacZ⁻/ CytR⁺ LacZ+ was 0.84 ± 0.06, 

indicating no or negligibly low fitness defect of the LacZ⁻ mutant strain over wild type 

LacZ+ V. cholerae. This clearly indicates that deletion in CytR in V. cholerae 

significantly decreased its colonization fitness to 24.5-fold. In contrast, complemented 

CytRc strain showed CI, CytRc LacZ⁺/ CytR⁺ LacZ⁻ value of 0.71 ± 0.07 with almost 

no competitive disadvantage. Taken together, this indicated that the CytR⁺ strain 

outcompeted CytR⁻ strain in the infant mice colonization. Therefore, we concluded that 

V. cholerae CytR contributes to intestinal colonization. 

 

Fig.5.7. Colonization of V. cholerae in the infant mice intestine is affected 

by CytR. Competitive indices of CytR deletion mutant shows less colonization 

fitness compared to wild type V. cholerae. Comparative colonization studies of 

three experimental strains were done in 5-6 days old suckling mice. 50µl of 5× 

108 CFU/ml bacteria of V. cholerae (LacZ⁻) strain were mixed at a ratio of 1:1 

with each of the strains i.e., CytR⁺ (LacZ+), CytR⁻ (LacZ+) and CytRc (LacZ+) 
and orally gavaged to each mouse. After 18 h incubation, mouse intestine was 

harvested, washed, homogenized, serially diluted, and plated on LB agar.  The 

competitive index (CI) was calculated and plotted to represent in the graph. CI 

= ratio out(mutant/wild-type)/ratio in(mutant/wild-type). Each data point represents an 
individual animal infected with V. cholerae. Seven animals were sacrificed in 

each set. Horizontal bars indicate the mean ± SEM. CI<1 indicates fitness 

defect; CI>1 indicates increased fitness, whereas CI≈1 indicates no fitness 
defect. Experiments were done in seven biological replicates (n=7) and the data 

were expressed as Mean ± SEM; †, P-value <0.05 
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5.6. CytR depletion in V. cholerae results in reduced fluid accumulation 

in rabbit intestine 

Till now, we have shown that CytR affects V. cholerae colonization efficiency. 

In this experiment, we have quantitatively shown and measured the intestinal fluid 

accumulation in ligated rabbit ileal loop model by evaluating the FA ratio (Fig.5.8).  

In this experiment, we have measured the amount of fluid secreted per unit area 

(FA ratio) in each loop 18 h post-infection. Loop Infected with CytR⁻ strain showed 3-

fold less fluid accumulation compared to the wild-type CytR⁺ strain (Fig.5.8). Infection 

with CytRc complemented strain showed fluid accumulation similar to CytR⁺. This 

indicated that CytR is involved in fluid accumulation in the host intestine, which is one 

of the critical aspects of V. cholerae pathogenesis.  

 
Fig.5.8. Fluid accumulation studies of the rabbit intestine. All V. cholerae 

experimental strains i.e., CytR⁺ (wild type), CytR¯ (isogenic CytR mutant), and 
CytRc (CytR¯ strain complemented with CytR clone) were grown separately in 

LB broth till mid-log phase, and O.D. was adjusted to 1.0 and 1 ml of 109 

CFU/ml were inoculated in each of the ligated loops of rabbit intestine. (A) 

Retrieved rabbit intestinal portion showing infected loop 18 h post-infection. 
Each loop was separated by an uninfected interloop region. A negative control 

loop was inoculated with PBS. (B) The fluid accumulation ratio in the rabbit 

intestine of three different experiments was measured and represented 
graphically as mean ± SEM.†, P-value <0.05; N.S. Not Significant. 

 

5.7. CytR plays a role in Cholera Toxin (CT) production in V. cholerae 

Next, we analyzed Cholera Toxin (CT) production, which is primarily 

responsible for fluid accumulation in the rabbit intestine. We found that the rabbit ileal 

loop samples infected with CytR⁻ mutant contained 3-fold less CT (215 ng/ml) than the 

fluid from wild-type CytR⁺ infected loop (665 ng/ml) (Fig.5.9B). Fluid from CytRc 
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infected loop showed similar CT (574 ng/ml) production compared to the wild type. In-

vitro, AKI-bicarbonate grown V. cholerae culture also showed similar results where the 

mutant CytR⁻ culture produced 3.8-fold less CT compared to wild type culture (Fig. 

5.9A). Complemented CytRc strain in this case also did not show much difference in 

CT production compared to wild type V. cholerae.   

 
Fig.5.9. Cholera toxin production is affected by CytR mutation. (A) Log 

phase cultures of V. cholerae experimental strains were inoculated (1:100) in 

AKI media and grown statically at 37C for 18 h. Culture supernatant was 

collected, Cholera Toxin (CT) was measured by ELISA and represented 

graphically. (B) In-vivo CT production was also measured by ELISA from the 
accumulated fluid samples of ligated rabbit ileal loops. Each of the experiments 

was repeated three times (n=3) and the data were expressed as Mean ± SEM; †, 
P-value <0.05 

 

5.8. CytR regulates other virulence-associated genes 

 
Fig.5.10. Virulence gene expression is affected by isogenic deletion 

mutation of CytR. (A) Relative expression of virulence genes from rabbit ileal 

loop samples CytR⁺ (wild type) (◼), CytR¯  (isogenic CytR mutant) (◼) and 
CytRc (CytR¯  strain complemented with CytR clone) (◼) was measured by 

qRT-PCR. (B) Bacterial RNA from AKI-grown culture was also harvested and 

processed. Data were represented by the comparative ∆∆CT method, using recA 

as an internal control. Each of the experiments was repeated three times (n=3) 
and the data were expressed as Mean ± SEM; †, P-value <0.05 
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Since we found differential colonization, less fluid accumulation, and less toxin 

production in the rabbit intestine, we then measured and analyzed the expression level 

of different virulence genes (toxT, tcpA, and ctxB) by qPCR. We found expression of 

these genes was significantly reduced by 5-fold, 3.5-fold, and 4.5-fold respectively in 

CytR⁻ mutant infected ileal loop samples relating to the infection with wild-type V. 

cholerae (Fig.5.10A). Similarly, in AKI media, CytR⁻ strain showed a significant 

decrease in RNA levels of these virulence genes by 3-fold, 2.5-fold, and 2.5-fold 

respectively for toxT, tcpA and ctxB genes (Fig.5.10B). CytRc strain showed toxT, tcpA, 

and ctxB RNA levels like the CytR⁺ strain.  

5.9. CytR mutant causes less damage to the rabbit intestine compared to 

the infection with wild type V. cholerae 

 
Fig.5.11. Histological examination of rabbit intestine showed CytR mutant 

infected loop causes less damage to the intestinal lining. All V. cholerae strains 

CytR⁺ (wild type), CytR¯ (isogenic CytR mutant), and CytRc (CytR¯  strain 

complemented with CytR clone) were grown separately in LB broth till mid-log 
phase and O.D. was adjusted to 1.0 and 1 ml of 109 CFU/ml were inoculated in 

each of the ligated loops of rabbit intestine. 18 h post-infection tissue sections 

from each loop were collected, processed, and stained with Haematoxylin and 

Eosin. Representative images were taken under a 20X objective lens. PBS treated 

ileal loop was considered as control. C, Crypts; GC, Goblet Cells; LP, Lamina 

Propria; Muc, Mucosa; MM, Muscularis Mucosae; SubM, Submucosa, *, 

indicating the site of haemorrhage. 
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The intestinal fluid accumulation assay result encouraged us to investigate the 

microscopic changes of the rabbit intestinal tissues. Histological staining of rabbit 

ileum showed that the wild-type CytR⁺ strain of V. cholerae caused gross structural 

alteration with distorted villus epithelium, extensive damage to mucosa, sub-mucosa, 

and lamina propria were seen (Fig.5.11). Haemorrhage in muscularis mucosa was also 

seen. CytR⁻ strain treated loop section showed almost normal villi structure. Although 

dilated and extended lamina propria with scattered haemorrhagic changes were 

observed. Mucosa and sub-mucosal layers also did not show much noticeable change. 

Complemented CytRc strain treatment showed a similar effect on villi and mucosal 

structure alike wild type V. cholerae treatment. PBS treated ileal loop tissue showed 

normal crypts and villi structure and did not show any alteration to the gut mucosae.  

5.10. Sensor histidine kinase ChiS and chitinases are positively 

controlled by CytR both in vitro and in vivo conditions 

 
Fig.5.12. V. cholerae CytR regulates the expression and activity of chitinases 

and sensor histidine kinase. (A) CytR affects the expression of V. cholerae 

chitinase chiA1, chiA2, and sensor histidine kinase chiS gene. V. cholerae strains, 

CytR⁺ (wild type) (◼), CytR¯  (isogenic CytR mutant) (◼) and CytRc (CytR¯  
strain complemented with CytR clone) (◼) were grown in 1% porcine mucin 

supplemented M9 minimal media. Bacterial samples were collected from the 

mid-log phase and RNA was isolated using the TriZol method. mRNA transcript 

levels were analyzed by qRT-PCR and graphically represented, using recA as an 
internal control gene. (B) CytR regulates the activity of the hexosaminidase 

enzyme by means of activating ChiS in presence of mucin. All bacterial strains 

of V. cholerae were grown in M9 minimal media with 0.5% sodium lactate in the 
presence (◼) or absence (◼) of 1% porcine mucin. Total hexosaminidase enzyme 

activity was measured by taking log-phase cultures. (C) V. cholerae CytR affects 

β–hexosaminidase activity in-vivo. β–hexosaminidase enzyme activity was 
performed from the accumulated fluid samples collected after 18 h of infection. 

Each of the experiments was repeated three times (n=3) and the data were 

expressed as Mean ± SEM; †, P-value <0.05 
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The activity of periplasmic two-component chitin sensing histidine kinase, ChiS 

is measured by the amount of production of β-hexosaminidase enzyme per unit time 

per mg of protein, located downstream of ChiS. Total β-hexosaminidase enzyme 

activity in all the V. cholerae strains in the presence or absence of 1% mucin as a sole 

nutrient source was measured here. The activity of hexosaminidase enzyme in wild-

type CytR⁺ strain in presence of mucin was 255 nmol/min/mg, whereas in CytR⁻ mutant 

strain it was 55 nmol/min/mg. CytR⁻ mutant strain was 4.6-fold less hexosaminidase 

activity than the wild-type CytR⁺ strain (Fig.5.12B). However, the enzyme activity was 

negligibly small in absence of mucin in all the strains, suggesting that it is triggered in 

presence of mucin. On the other hand, complemented CytRc strain also showed 

comparable hexosaminidase enzyme activity with respect to the CytR⁺ strain in 

presence of mucin (Fig.5.12B). Furthermore, RNA expression of chiS in mucin 

supplemented M9 minimal media gets 2-fold downregulated in CytR⁻ mutant strain 

(Fig.5.12A). Expression of chitinase genes chiA1 and chiA2 both gets downregulated 

by 10 and 3.5-fold respectively in presence of mucin (Fig.5.12A).  

The total activity of β–hexosaminidase was assessed with each of the strains 

inoculated in rabbit ileal loops. This was to evaluate whether sensor histidine kinase 

ChiS is also inducted by CytR in in-vivo conditions. In wild-type CytR⁺ strain β–

hexosaminidase activity was 32 nmol/min/mg whereas the CytR⁻ strain showed activity 

of 8 nmol/min/mg (Fig.5.12C). The CytR⁻ strain, therefore, showed 4-fold lower 

hexosaminidase activity compared to the wild-type CytR⁺. Induction of β–

hexosaminidase activity in CytRc strain was alike CytR⁺ strain. So, this indicates that 

CytR plays a necessary role in β–hexosaminidase activity and hence is critical for ChiS 

activation in the host intestine and cause pathogenesis. 

5.11. CytR is essential for V. cholerae to synthesize its single 

monotrichous polar flagella 

To further investigate the reason behind the reduced motility of CytR⁻ strain in 

mucin media we have done negative-stain transmission electron microscopy to check 

morphology of wild type CytR⁺ strain of V. cholerae and the mutant CytR⁻ strain. 

Interestingly CytR ablated V. cholerae strain appeared to be aflagellate. On the other 

hand, wild-type CytR⁺ strain showed normal flagella (Fig.5.13A).      
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Fig. 5.13. Synthesis of flagella in V. cholerae is CytR dependent. (A) 
Representative electron micrographs of negatively stained V. cholerae strains 

CytR⁺ (wild type) (left) and CytR¯ (isogenic CytR mutant) (right) in LB broth 
till mid-log phase. (B) Mid log phase V. cholerae cultures CytR⁺ (wild type) 
(◼) and CytR¯  (isogenic CytR mutant) (◼)  were subjected to RNA isolation 
using TriZol method and mRNA transcript levels of different flagellar synthesis 

genes were analyzed by qRT PCR and graphically represented, using recA as 

internal control gene. Each of the experiments was repeated three times (n=3) 
and the data were expressed as Mean ± SEM; †, P-value <0.05 

 

qRT-PCR analysis of flagellar synthesis genes in CytR⁻ strain indicated 

decreased expression of flrB, a histidine kinase, and flrC, its response regulator by 2.3-

fold and 3.5-fold, respectively (Fig.5.13B). Transcriptional levels of flrA, master 

regulator and rpoN, alternate sigma factor remained unchanged in the mutant strain. 

FlrA and σ54 -dependent transcription of other Class II genes like fliF (forms structural 

unit of MS ring) and alternate sigma factor σ28, fliA showed no change in CytR⁻ strain 

when compared to the wild type V. cholerae. Class III genes studied here showed 

reduced expression in mutant strain. 55-fold, 24-fold, and 19-fold reduction in mRNA 

expression was observed for, motY (forms T ring), flaA (main flagellin subunit), and 

flgP (associated with H ring) genes. Other class III genes, flgT (H ring component), 

flgK (associated with hook-filament junction), flgG (distal rod), flgB (proximal rod) 
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were down by 2.2-fold, 5-fold, 4-fold, and 9-fold, respectively. However, in the mutant 

strain flgM, an anti-sigma factor whose transcription is σ28-dependent showed no 

change in RNA level in CytR mutant.  

5.11. Whole-genome transcriptome analysis showed CytR is important 

for many biological functions in V. cholerae 

Till now, we have observed the role of CytR in various aspects of the 

pathogenesis of V. cholerae. To further investigate the role of this Cytoplasmic 

regulatory protein CytR we have done whole-genome transcriptome study taking the 

wild type O1 El tor N16961 V. cholerae and CytR deleted V. cholerae strain.  

 

Fig.5.14. (A) Volcano plot between wild-type CytR⁺ and mutant CytR¯ V. 

cholerae showing differential gene expression. Each point represents a 

specific gene in the genome, among them few genes show significant 

differences in fold change (●, Log2FC ≥ 2 and PFDR ≤ 0.05), and rest genes 
show lesser fold changes (●, PFDR ≤ 0.05) (B) Heat Map of top and bottom 10 

genes of treated samples of V. cholerae; FC, Fold Change; FDR, False 

Determination Rate. 

 

Transcriptome study showed among 3217 variable genes, 94 genes are 

upregulated (Log2FC > 2) and 428 genes are downregulated (Log2FC < 2) upon deletion 

of CytR (Fig.5.14A). Among all these genes the top ten upregulated and downregulated 

genes are listed in the following figure (Fig.5.14B). 
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Fig. 5.15. Whole-genome transcriptome analysis showing differential 

gene expression of few top upregulated (left column) and downregulated 

genes (right column) along with its fold change values.  

 

 

This transcriptomic study confirms a previous report (Antonova et al., 2012; 

Watve et al., 2015) of upregulation of nucleoside scavenging genes like uridine 

phosphorylase (udp-1), cytidine deaminase (cdd) in CytR ablated V. cholerae strain. 

We have also found upregulation of several other genes related to C4-dicarboxylate 

(such as fumarate, succinate, L-malate, and D-malate)-binding periplasmic proteins, 

ribonucleic acid catabolism genes (cpdB), nutrient uptake, and metabolism-related 

genes (aspA, tdh, gcvH/T, frdC/D, carB, tpiA). On the contrary, genes that have been 

downregulated include different transporter genes (ABC transporter, permease), 

multidrug resistance protein (mdrD), flagella synthesis and assembly related genes 

(flgL, fliL, fliJ), cholera enterotoxin (ctxB), toxin co-regulated pilus biosynthesis protein 

(tcpT), chemotaxis genes (cheD) and others related to the metabolism of V. cholerae 

(Fig.5.15).  
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5.12. Inhibitor study to diminish V. cholerae virulence 

V. cholerae uses multiple strategies to evolve itself by the frequent acquisition 

of extrachromosomal mobile genetic elements by horizontal gene transfer from other 

bacterial species and becomes drug-resistant (Narendrakumar et al., 2019). Traditional 

antimicrobials are usually bacteriostatic or bactericidal which may facilitate the 

emergence of MDR strains (Das et al., 2020; Verma et al., 2019). Therefore, alternative 

novel therapeutic approaches like the use of plant or herb extracts, bioactive 

phytochemicals, or the use of small molecules are in urgent need to fight against these 

pathogens by particularly targeting bacterial virulence factors.  

In order to curb bacterial virulence during pathogenesis, we have selected 

different bioactive phytochemicals, sugars, small molecules, and chitinase inhibitors 

with varying functions on the growth, motility, adhesion, and cholera toxin (CT) 

production of V. cholerae. After a thorough literature study, the following inhibitors 

are used, Curcumin (CC), Carvacrol (CV), and Trans-cinnamaldehyde (TC) as 

phytochemicals; N-acetyl D-glucosamine (GlcNAc), Xylose, Xylitol, Allose and 

Mannitol as monosaccharide; Na-3-hydroxy Butyrate (3HB) and NH125 as small 

molecule; Pentoxifylline (PEN), Caffeine (CF), Dequalinium chloride (DQ) and 

Theophylline (TH) as Family 18 chitinase inhibitor. 

5.13. Effect of the inhibitors on V. cholerae growth 

Initially, we aim to determine the nature of the inhibitors whether they possess 

any growth inhibitory property or not. The growth study of V. cholerae showed that 

only curcumin (at 200 µg/ml) supplemented culture media does not inhibit the growth 

of V. cholerae when compared to the control. On the other hand, Carvacrol and Trans-

cinnamaldehyde inhibit the growth at 150 µg/ml and 200 µg/ml respectively 

(Fig.5.16A). Monosaccharides or sugars are also used to check whether they possess 

any growth inhibitory function at 0.5% (w/v) supplementation. All the sugars that are 

studied here (namely, Xylose, Xylitol, Allose, Mannitol, and GlcNAc) do not have any 

effect on the growth of V. cholerae (Fig.5.16B). We have also checked the effect of two 

small molecules, Na-3-Hydroxy Butyrate (3HB) and NH125. Out of which only NH125 

at 20µg/ml concentration showed growth inhibition. On the other hand, Sodium-3-

hydroxy butyrate even at 250µg/ml did not show any growth inhibition (Fig.5.16C) in 

the culture medium. Few Family-18 chitinase inhibitors are also studied. Where, 



R e s u l t s  | 113 

 

Theophylline (TH), Pentoxifylline (PEN), and Caffeine (CF) do not possess any growth 

difference when compared to the control. Only Dequalinium chloride at 200µg/ml 

concentration possesses growth inhibition (Fig.5.16D). 

 
Fig. 5.16. V. cholerae growth assay. Wild type V. cholerae N16961 was given 
as an initial inoculum of 5×105 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) Phytochemicals used CC, Curcumin; 
CV, Carvacrol; TC, Trans-cinnamaldehyde. (B) Monosaccharides used 

Xylose, Xylitol, Allose, Mannitol, and N-acetyl-D-Glucosamine (GlcNAc). (C) 

Small molecules used Na-3-Hydroxy Butyrate (3HB) and NH125. (D) 

Chitinase inhibitors used Pentoxifylline (PEN), Caffeine (CF), Dequalinium 

chloride (DQ), and Theophylline (TH).  

 

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

Next, we have analyzed the Mucin penetrating ability of V. cholerae in presence 

of different compounds. Curcumin (CC) treated V. cholerae did not show any effect on 

mucin penetrating ability of V. cholerae; on the other hand, Carvacrol (CV) at 75µg/ml 

and Trans- cinnamaldehyde (TC) at 100µg/ml treated mucin column showed reduced 

mucin penetrating ability by 12-fold and 5-fold respectively (Fig.5.17A). 

Monosaccharides are also used to check whether they possess any motility inhibitory 

function. Results suggest that GlcNAc, Xylose, and Xylitol does not have much effect. 
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Fig.5.17. In vitro mucin penetration assay. Wild type V. cholerae N16961 

was grown in LB broth till mid-log phase. 100µl of 5×108 CFU/ml bacterial 

culture were loaded on top of the 1.5% 1ml mucin column with or without the 
inhibitors. Bacterial samples of 100µl were collected from the bottom of the 

column after 1 h incubation at 37C. 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 
Phytochemicals (B) Effect of Monosaccharides (C) Effect of Small molecules 

and (D) Effect of Chitinase inhibitors. Each of the experiments was repeated 

three times (n=3) and the data were expressed as Mean ± SEM; †, P-value <0.05 

 

But treatment with 0.5% Allose and 0.5% Mannitol reduced mucin penetration by 2.6-

fold and 2.3-fold respectively (Fig.5.17B). Sodium-3-hydroxy butyrate (3HB) 

supplemented bacterial culture reduced mucin penetration by 2.5-fold. But NH125 at 

12.5µg/ml did not show any mucin penetration inhibitory function (Fig.5.17C). Finally, 

Pentoxifylline (PEN), Caffeine (CF), Dequalinium chloride (DQ), and Theophylline 

(TH) all possess significantly reduced mucin penetration ability of V. cholerae by 8.5-

fold, 22-fold, 17-fold, and 10-fold respectively at 200µg/ml, 150µg/ml, 50µg/ml and 

500µg/ml concentration (Fig.5.17D). 

5.15. Effect of the inhibitors on V. cholerae adhesion to HT-29 cell line 

Next, we have studied the V. cholerae adherence ability to the mucin secreting 

colon-carcinoma cell line HT-29 in presence of these inhibitors. Curcumin (CC) at 

200µg/ml and Trans-cinnamaldehyde (TC) at 50µg/ml treated bacterial culture showed 
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not much adherence defect to the HT-29. But Carvacrol (CV) treated V. cholerae 

showed a 72-fold adherence defect at 50 µg/ml concentration. 

 
 

Fig.5.18. Ex vivo adhesion assay of V. cholerae with HT-29 cell line in 

presence or absence of different inhibitors. V. cholerae was grown to mid-
log phase and optical density was adjusted to 1. HT-29 was grown in 12-well 

cell culture plate to 80% confluency. The cell line was then infected at 100 MOI 

of bacteria supplemented with or without the inhibitors. After incubation at 

humidified 37C 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 streptomycin supplemented LB agar. (A) Effect of 

Phytochemicals (B) Effect of Monosaccharides (C) Effect of Small molecules 

and (D) Effect of Chitinase inhibitors. Each of the experiments was repeated 
three times (n=3) and the data were expressed as Mean ± SEM; †, P-value <0.05 

 

All Monosaccharides studied here significantly reduced the adherence 

efficiency. It is reduced by 7-fold, 5.5-fold, 5.5-fold, 3-fold and 5.5-fold in 0.5% 

GlcNAc, 0.5% Xylose, 0.5% Xylitol, 0.5% Allose and 0.5% Mannitol respectively 

(Fig.5.18). Sodium-3-hydroxy butyrate (3HB) at 500µg/ml supplemented bacterial 

culture reduced adherence of V. cholerae by 36 –fold and NH125 at 12.5µg/ml by 5-

fold. Finally, chitinase inhibitors Pentoxifylline (PEN), Caffeine (CF), and 

Theophylline (TH) all possess no significant effect on the adhesion of V. cholerae. 

Except Dequalinium chloride (DQ) at 50µg/ml showed reduced adhesion of V. cholerae 

by 72-fold.  
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5.16. Effect of the inhibitors on in vitro Cholera Toxin (CT) production  

We then analyzed the V. cholerae Cholera Toxin production by CT-ELISA in 

presence of these inhibitors (Fig.5.19A-D). Only Carvacrol (CV) treated V. cholerae 

showed reduced CT production by 3.3-fold than the untreated control at 50 µg/ml 

concentration. But Curcumin (CC) and Trans-cinnamaldehyde (TC) treated bacterial 

culture showed not much difference in CT production than the control. Among all 

Monosaccharides studied here Xylose, Xylitol, Allose at 0.5% concentration 

significantly reduced the CT production by 13-fold, 4.7-fold and 12-fold respectively. 

GlcNAc and Mannitol do not have any role in V. cholerae CT inhibition. Sodium-3-

hydroxy butyrate (3HB) at 250 µg/ml supplemented bacterial culture reduced CT of V. 

cholerae by 13–fold and NH125 at 12.5 µg/ml by 3.2-fold. Finally, chitinase inhibitors 

Pentoxifylline (PEN), Caffeine (CF), Dequalinium chloride (DQ), and Theophylline 

(TH) all possess a significant effect on CT production of V. cholerae by 5.2-fold, 13-

fold, 7-fold, and 18-fold respectively. 

 
Fig. 5.19. 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 37C for 18 h. Culture supernatant was collected, Cholera Toxin (CT) was 

measured by ELISA and represented graphically. (A) Effect of Phytochemicals 

(B) Effect of Monosaccharides (C) Effect of Small molecules and (D) Effect of 

Chitinase inhibitors. Each of the experiments was repeated three times (n=3) 
and the data were expressed as Mean ± SEM; †, P-value <0.05 
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Based on this broad spectrum of inhibitor research, the phytochemical carvacrol 

appears to be a strong anti-virulent agent that needs further investigation. Other features 

of V. cholerae pathogenicity will be investigated. In-vivo animal models will also be 

used to assess the role of Carvacrol. 

5.17. Growth of V. cholerae at sub-MIC concentrations of carvacrol  

We have first determined the Minimum Inhibitory Concentration (MIC) of 

carvacrol, which was found to be 150 µg/ml. Then the growth rate of V. cholerae was 

measured in Luria-Bertani (LB) medium along with exogenously added MIC and sub-

MIC concentrations of Carvacrol. The result indicated that V. cholerae growth was 

completely inhibited at 150 µg/ml. No bacteria were recovered after 2 h of initial 

inoculum at MIC. At 75 µg/ml, the viable count of the bacteria was reduced to 60% 1h 

post initial inoculum.  

 
Fig.5.20. Effect of carvacrol on V. cholerae growth at MIC and sub-MICs. 

1×108 cells/ml wild type V. cholerae N16961 was inoculated in LB broth. 

Treatment with carvacrol was done at 150µg/ml (CV 150 (♦); 75µg/ml (CV 75) 

(▲); 37.5 µg/ml (CV 37.5) () along with the untreated control, CV 0 (■). The 

cultures were grown at 37C for 24 hours. The viable bacterial counts in CFU/ml 

were detected by the plate count method taking culture samples from different 
time points and represented graphically. Each experiment was repeated three 

times (n = 3) and the data were expressed as mean ± SEM. 

 

Within the initial 8 h, the viable count of the bacteria reduced gradually to 20%. 

Although at 24 h, the growth of the V. cholerae starts resuming to a lesser extent and 

reaches up to 37% viability of the initial bacterial population. On the contrary, carvacrol 
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treatment at 37.5 µg/ml resulted in a reduction in the bacterial population to 60% within 

2 h of the initial inoculum. 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.5.20). At 

the initial phase of the sub-MIC treatment, carvacrol showed the bactericidal effect on 

V. cholerae, subsequently, it remained bacteriostatic for the remaining viable bacteria. 

This suggests that V. cholerae remained viable and continued to grow even upon 

carvacrol treatment at sub-MIC concentrations. 

5.18. Swarming motility and mucin penetrating ability of V. cholerae is 

affected by carvacrol 

The ability of V. cholerae to penetrate the mucin layer in vitro in presence of 

carvacrol was studied. It was found that V. cholerae mucin penetration decreased 

significantly upon carvacrol treatment. Out of a total of 5×108 CFU/ml bacteria loaded 

on top of the 1.5% mucin column, 100µl of 43×103 CFU/ml bacteria were recovered 

after 1h from the bottom of the column (Fig.5.21A). In the case of CV treatment at 37.5 

µg/ml and 75 µg/ml, a total of 8 ×102 and 3.5 ×102 bacteria were recovered from the 

bottom of the column respectively.  

 

Fig.5.21. Effect of carvacrol on the motility of V. cholerae. (A) Mucin 
penetration was performed in a 1.5% mucin column in presence of different 

concentrations of carvacrol at 75 µg/ml and 37.5 µg/ml. Bacterial numbers 

eluted were counted and graphically represented. (B) Representative plates 
showing the motility zone of V. cholerae on 0.3% agar plates under different 

treatment conditions. 

 

Which seems to have caused a 5.2-fold and 12.3-fold reduction in mucin 

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 25.8×102 in the bottom 100 µl fraction of the CV 
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treated columns. Compared to that, 37.5 µg/ml of CV treatment showed 3.2-fold and 

75 µg/ml of CV treatment showed a 7.4-fold reduction. We have also investigated the 

surface motility of V. cholerae on soft agar LB plates (Fig.5.21B). 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.   

5.19. Carvacrol affects V. cholerae adhesion to epithelial cells 

The effect of carvacrol on V. cholerae adherence to rabbit ileum epithelial cells 

was tested. The result suggested that 3.37×107 CFU/ml adherent V. cholerae was 

present in the untreated condition (Fig.5.22A).  

 
 

Fig.5.22. Effect of carvacrol on the adhesion of V. cholerae to the 

epithelial cells. Carvacrol at 75 µg/ml and 37.5 µg/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. Each 

experiment was repeated three times (n = 3) and the data were expressed as 
mean ± SEM. 

In contrast, there was only 8.7×106 CFU/ml and 21×106 CFU/ml of adherent 

bacteria at 75 µg/ml and 37.5 µg/ml of carvacrol treatment respectively. We have also 
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checked the bacterial load in each of the ileal loop samples. 1.98×109 CFU/ml, 2.08×109 

CFU/ml, and 1.59×109 CFU/ml bacteria were recovered from the CV untreated, 37.5 

µg/ml of CV treated and 75 µg/ml of CV treated ileal loop samples (Fig. 5.22B). This 

study exhibits that only 1.7% of the total V. cholerae adhered to the epithelium in 

absence of CV. Whereas, 0.5% out of total V. cholerae was adhered to the epithelium 

in presence of 37.5 µg/ml of CV treatment, showing three times less adherence 

capability of V. cholerae. Further, the adherence capability of V. cholerae to the HT-29 

intestinal epithelial cell line was also studied compared with the recovered viable 

bacteria from treated and untreated culture samples. In 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 37.5 µg/ml and 75 µg/ml of carvacrol treatment 

(Fig.5.22C-D). Therefore, the effect of carvacrol on V. cholerae is more pronounced in 

cell culture conditions although we found significant results in vivo treatment. 

5.20. V. cholerae show less fluid accumulation upon carvacrol treatment 

Next, the effect of carvacrol in fluid accumulation in ligated rabbit ileal loop 

model was studied.  

 

Fig.5.23. Effect of carvacrol in fluid accumulation in rabbit intestine.  V. 

cholerae were grown in LB broth till mid-log phase and O.D. was adjusted to 
1.0 and 1 ml of 109 CFU/ml were inoculated in each of the ligated loops of the 

rabbit intestine. Carvacrol at different concentrations, 150 µg/ml, 75µg/ml, 

and 37.5µg/ml were also administered in each loop. A control loop with no 
carvacrol was also kept (A) Retrieved rabbit intestinal portion showing 

infected loop 18 h post-infection. Each loop was separated by an uninfected 

interloop region. The negative control loop was inoculated with PBS. (B) The 

fluid accumulation ratio in the rabbit intestine of three different experiments 

was measured and represented graphically as mean ± SEM. †, P < 0.05, N.S., 
non-significant. 
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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.5.23A). When quantified, the FA ratio of CV treatment showed complete 

obliteration of fluid accumulation upon carvacrol treatment with 150 µg/ml. At 75 

µg/ml, a 3.7-fold decrease in fluid accumulation was observed compared to the control 

(Fig.5.23B). At 37.5 µg/ml of carvacrol, the FA ratio was found to be similar to the 

untreated one. 

5.21. Carvacrol treatment decreases cholera toxin production and 

virulence gene expression 

 

Fig.5.24. 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 75µg/ml 
and 37.5µg/ml) and untreated ligated rabbit ileal loops. (B) Relative 

expression of V. cholerae virulence genes by Real-Time PCR. RNA was 

isolated from the bacteria of carvacrol treated with 75µg/ml (◼); 37.5µg/ml 

(◼) or untreated (◼) ileal loop fluid samples and were used for this 
experiment. recA was used as an internal control gene. Data have shown here 

as fold change and were calculated as 2-∆∆Ct. Each of the experiments was 

repeated three times (n = 3) and the data were expressed as mean ± SEM. †, P 
< 0.05 

 

Cholera Toxin (CT) production in the rabbit ileal loop sample, which is 

primarily responsible for fluid accumulation was measured by GM1-CT ELISA. 

Experimental results suggested that V. cholerae produced 666 ng/ml of CT in the 

untreated ileal loop. At 75 µg/ml of carvacrol treatment, CT production was measured 

to be 106.6 ng/ml resulting in 6.3-fold reduced production of CT compared to the 

untreated control loop (Fig.5.24A). Fluid from 37.5 µg/ml carvacrol infected loop 

showed almost similar CT production (612 ng/ml) compared to the control loop. The 
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expression of different virulence genes (toxT, hlyA, tcpA, and ctxB) was also measured 

by qPCR. It was found that the expression of these genes was significantly reduced by 

2-fold, 2.3-fold, 4.4-fold, and 4.2-fold respectively in 37.5 µg/ml carvacrol infected 

ileal loop samples relating to the infection with only V. cholerae (Fig.5.24B). At 75 

µg/ml of carvacrol treatment expression of these genes was greatly reduced compared 

to the control gene at the control condition.  

5.22. Carvacrol affects morphology and flagellar gene synthesis in V. 

cholerae 

Changes in bacterial morphology were observed by transmission electron 

microscopy upon carvacrol treatment. As shown in Fig.5.25, carvacrol treatment 150 

µg/ml showed altered morphology with distorted shape and damaged cell membranes. 

Whereas at lower concentrations of carvacrol, showed the normal shape of the bacteria. 

Although flagella in each of the treatments were not observed in V. cholerae. Compared 

to that untreated V. cholerae showed a normal shape and single polar flagellum 

(Fig.5.25).  

 
Fig.5.25. Effect of carvacrol on V. cholerae morphology. Representative 

Transmission Electron Micrographs of negatively stained V. cholerae in the 

absence and presence of different concentrations of carvacrol [150µg/ml (CV 

150); 75µg/ml (CV 75); 37.5µg/ml (CV 37.5) along with the untreated control 

(CV 0)] 
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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 qRT-PCR. The analysis revealed that at 37.5 µg/ml of carvacrol 

treatment, there was a 4-fold decreased expression of flrC, a response regulator (P 

<0.05) (Fig.5.26). Transcriptional expression of master regulator flrA, 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 (σ28), flgM, 

and RpoN (σ54) expression were downregulated by 2.5-fold, 2.9-fold, and 3.5-fold 

respectively. 

 

Fig.5.26. Effect of carvacrol in V. cholerae flagellar gene synthesis. Mid-log-

phase bacterial cultures in the presence [ 75µg/ml (◼) and 37.5µg/ml (◼)] or 

absence of carvacrol (◼) were subjected to RNA isolation using the TriZol 
method and mRNA transcript levels were analyzed by qRT PCR and 

graphically represented, using recA as an internal control gene. Data have 

shown here as fold change and were calculated as 2-∆∆Ct. Each of the 

experiments was repeated three times (n = 3) and the data were expressed as 
mean ± SEM. †, P < 0.05 

 

Furthermore, downregulation of motY (T-ring motor protein), flaA (main 

flagellin subunit), flgP (H-ring associated protein), flgT (H-ring component), flgK 

(hook filament junction protein), flgG (distal rod), and flgB (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 and 3.2-fold respectively upon 37.5 µg/ml of 
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carvacrol treatment. However, inconspicuous change in the expression pattern of these 

flagellar synthesis genes was noticed when V. cholerae culture was treated with an even 

higher sub-inhibitory concentration 75 µg/ml of carvacrol. 

5.23. Effect of carvacrol on the cytotoxicity of HT-29 cell line  

 
 

Fig.5.27. Cytotoxic activity of carvacrol in the HT-29 cell line. (A) The 

cytotoxic effect of carvacrol at different concentrations was measured by LDH 

release assay and graphically represented as percent cytotoxicity taking Triton 
X-100 treated cell’s LDH release as a positive control. (B) Confocal images 

of HT-29 cells treated with different concentrations of carvacrol. Cells were 

stained with Hoechst 33342 (Blue) and counterstained with Propidium Iodide 
(Red). Inconspicuous red fluorescence of Propidium Iodide (PI) is visible in 

75µg/ml CV treatment, indicating insignificant damage to the plasma 

membrane of the HT-29 cell line compared to the much higher intake of PI in 

triton X-100 treatment, where PI permeate easily through the damaged 
membrane and stains the nucleus. 

 

Cytotoxicity of the HT-29 cell line upon carvacrol treatment 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 75 µg/ml and 37.5 µg/ml concentration 

respectively, compared to the triton X-100 treated cell (Fig.5.27A). So, no substantial 

membrane damage upon treatment at 150 µg/ml and lower concentrations of carvacrol 
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were observed. Although at a higher concentration 250 µg/ml carvacrol exhibited 

noteworthy spillage of LDH resulting in 58% cytotoxicity. Confocal microscopy 

images also revealed that at 150 µg/ml and below that concentration of carvacrol 

treatment, the permeability of propidium iodide to HT-29 cell line was very less 

compared to the Triton-X 100 treatment (Fig.5.27B). The above results led to the 

conclusion that carvacrol at concentrations below 150 µg/ml is safe and does not cause 

human epithelial cell damage. 

5.24. Carvacrol affects the formation of biofilm in vitro 

 

Fig.5.28. Effect of carvacrol on V. cholerae biofilm. V. cholerae was grown 

in Luria- Bertani broth in the presence or absence of different concentrations 

of carvacrol. The formation of biofilm was quantified by Crystal Violet 
staining and represented graphically after measuring the optical density at 

595nm.  

 

 

After forming microcolonies both in the environment and in vivo, bacteria tend 

to protect themselves by forming a protective sheath around them, called biofilms. In 

this way, they shield themselves from therapeutic interventions and remained 

inaccessible to the antibiotics. So, we have tested the effect of carvacrol on biofilm. The 

result indicates that carvacrol at 30 µg/ml completely inhibits the formation of the 

biofilm of V. cholerae. However, below the above concentration, no effect on biofilm 

was seen. 

 

 

 



Chapter 6 

Results 

To study the effect of host intestine on 

CytR during pathogenesis. 
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Results 

 

We have already recognized the crucial role of V. cholerae transcriptional 

regulator CytR in the environmental conditions, more specifically in the chitinous 

medium as well as during the pathogenesis. Now, we aim to look at how different 

host variables affect the expression of this transcriptional regulator. 

6.1. Effect of mucin on CytR expression 

 
 

Fig.6.1. Effect of mucin on CytR expression. V. cholerae N16961 was 
grown to log phase under the varying concentration of porcine mucin. 

mRNA expression was analyzed by qPCR and protein levels by ELISA. (A) 

Relative mRNA expression or the fold change of cytR is represented 
graphically, (B) Relative protein level expression of cytR. Each of the 

experiments was repeated three times (n=3) and the data were expressed as 

Mean ± SEM. 

 

Mucin is a large extracellular glycoprotein located on the surface of intestinal 

epithelial cells that is extensively glycosylated and contains 80% carbohydrates, 

primarily N-acetylglucosamine, N-acetyl galactosamine, fucose, galactose, and sialic 

acid, as well as quantities of mannose and sulfated sugars. It is possible that chitinases 

that hydrolyze the chitin polymer might also get involved in the breakdown of mucin 

due to structural similarity between chitin and mucin. So, V. cholerae was grown in 

different concentrations of porcine mucin (Type III) between 0 to 2.5% keeping a 

fixed pH 7.5 and 37°C temperature in a minimal M9 medium. First, the cytR RNA 

expression was studied by qRT-PCR (Fig.6.1A). Analysis of cytR expression under 

different amounts of mucin showed 1.5% mucin was optimum for cytR expression. 



R e s u l t s  | 127 

 

Comparable expression was also observed at mucin concentrations of 1%, 2%, and 

2.5%. V. cholerae produces 1.34-fold more cytR mRNA in presence of 1.5% mucin. 

Very low (0.2%) mucin concentration decreased the expression of cytR. 

The CytR protein expression pattern under the varying amount of mucin was 

also similar to RNA expression (Fig.6.1B). The expression increased with the 

increasing amount of mucin. At 1% mucin, the CytR protein expression was 

maximum measuring 402 ng/µl compared to the expression of 241 ng/µl in absence of 

mucin. Here comparable protein expression was observed at 0.4%, 0.8%, 1.5% of 

mucin concentration, which measures about 366 ng/µl, 374 ng/µl, and 394 ng/µl of 

CytR protein respectively.  

 

6.2. Effect of bile salts on CytR expression 

 
Fig.6.2. Effect of bile salts on CytR expression. V. cholerae N16961 was 

grown to log phase in presence of bile and its components at (A) lower 

concentration 0.5mM and (B) higher concentration 5mM, as supplements in 

Luria-Bertani (LB) broth medium. Log phase cultures were harvested and 

RNA was isolated. RNA expressional analysis was done by the quantitative 

real-time PCR method. Data represented as fold change of cytR gene, taking 
recA as an internal control. Each of the experiments was repeated three times 

(n=3) and the data were expressed as Mean ± SEM. Cb, Crude bile; Ch, 

Cholate; Dch, Deoxycholate; Cdch, Chenodeoxycholate; Tc, Taurocholate 
hydrate; Gah, Glycocholic acid hydrate. 

 

Bile salts are produced in the pericentral hepatocytes of the liver from 

cholesterol. After production, they are stored in the gall bladder and then enter the 

upper intestine, where it facilitates the digestion and absorption of fats and fat-soluble 

vitamins. Seventeen enzymes convert cholesterol into bile acids, which are then 

converted into bile salts by interacting with Na+ or K+ ions. Bile acids are thought to 
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have antibacterial action. As a result, it is critical to investigate the effects of bile and 

its components on CytR. We investigated the expression of CytR in the presence of 

0.1 percent crude bile and its various forms at both higher and lower concentrations. 

Bile salts studied here include cholate, deoxycholate, chenodeoxycholate, 

taurocholate hydrate, and glycocholic acid hydrate.  

Our study indicated that at lower concentration i.e., at 0.5mM concentration of 

bile salt cholate and chenodeoxycholate, cytR expression is upregulated by 1.68-fold 

and 1.57-fold respectively compared to the bile salt untreated LB broth culture 

(Fig.6.2A). However, at higher concentration i.e., at 5 mM concentration, cholate 

treated culture showed reduced cytR expression (Fig.6.2B). On the other hand, crude 

bile and other bile salts like, deoxycholate, taurocholate hydrate and glycocholic acid 

hydrate do not seem to have a significant effect on the regulation of CytR gene 

expression.  

6.3. Time-dependent study of Secretion of inflammatory cytokines  

 
Fig.6.3. Comparison of IL-8 and TNF secretion by wild type V. cholerae 

and CytR mutant V. cholerae infection in Caco2 cell line at different time 

points. The Caco2 cell line was infected with the V. cholerae strains CytR⁺ 
(◼) and CytR¯  (◼) for varying time periods from 2h to 12h. The secretion of 
IL-8 (A) and TNF (B) was measured by ELISA. The basal level of IL-8 and 

TNF secretion from the Caco2 cell line was also measured as control (◼). 

Each of the experiments was repeated three times (n=3) and the data were 

expressed as Mean ± SEM. 

 

The intestine serves as both our largest single barrier to the external 

environment and the host of more immune cells than any other location in our 

bodies. Pathogenic bacteria that penetrate the intestinal epithelial barrier stimulate an 

inflammatory response in the adjacent intestinal mucosa. Infection of human colon 



R e s u l t s  | 129 

 

epithelial cell monolayers with bacteria strains resulted in the coordinated expression 

and upregulation of a specific array of proinflammatory cytokines, IL-8, monocyte 

chemotactic protein-1, GM-CSF, and TNF alpha, as assessed by mRNA levels and 

cytokine secretion. Here, we aimed to study the secretion of cytokine IL-8 and TNF, 

when the Caco2 cell is treated with CytR⁺ and CytR¯ V. cholerae strains.  

80% confluent Caco2 cells were infected with 1:100 MOI of bacterial strains. 

The study was done at different time points from 2 h to 12 h. After 2 h onwards an 

increase in IL-8 concentration was observed with increasing time for wild type V. 

cholerae. At 12 h incubation with wild type V. cholerae, the amount of IL-8 secretion 

was maximum and the concentration measured was 220 pg/ml (Fig. 6.3A). In contrast 

to the wild-type strain, infection with the CytR¯  strain produced a significantly lower 

amount of IL-8. At 12 h, the IL-8 production from the Caco2 cell line in CytR¯  strain 

measured 62 pg/ml, showing about a 3.5-fold reduction.  

On the other hand, we did not notice significant production of TNF from the 

Caco2 cell line. Even after 12 h of incubation, the secretion measured was 1.9 pg/ml 

from the wild-type CytR⁺ strain (Fig. 6.3B). The CytR¯  strain did not cause any 

significant reduction in the secretion of the TNF.  



Chapter 7 

Discussion 
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Discussion 

 

hroughout human history, cholera has remained one of the deadliest 

diseases, inflicting significant mortality. Since 1817, scientists have 

been aware of cholera outbreaks (Pollitzer, 1954). Later, in 1849, Sir John Snow 

demonstrated the link between cholera and contaminated water. The causative agent 

of the waterborne disease cholera is now well recognized as being acquired through 

environmental sources and persisting between outbreaks of the disease. 

Recent developments in molecular biology have shown that this bacterium 

may be found in locations where it has not been previously isolated (Sack et al., 

2004), suggesting that this bacterium has a much greater distribution outside of the 

endemic zone (Tall et al., 2013; Vezzulli et al., 2010). V. cholerae has been found in a 

wide range of environments, from the tropics (Bay of Bengal) to temperate regions of 

different parts of the world specifically Africa, Australia, North America, and South 

America (Albert, 1992; de Magny et al., 2011; Anwar Huq et al., 2005). This 

pathogen lives in the aquatic environment and infects humans via contaminated food 

or water (Hsiao & Zhu, 2020). In the aquatic environment, the surface of different 

zooplankton, copepods, mollusks, arthropods, and crustaceans are widely colonized 

by this pathogen (R. R. Colwell, 1996; A Huq et al., 1983; Pruzzo et al., 2008). 

Chitin, which is made up of β-1,4-linked GlcNAc residues, is nature's second most 

abundant polysaccharide after cellulose. Every year, 1011 metric tonnes of chitin are 

produced in the aquatic biosphere alone. This massive volume of insoluble, carbon-

containing material is primarily recycled by chitinolytic bacteria, including members 

of the Vibrionaceae family. Chitin is found in all kingdoms and is the primary 

component of fungus cell walls and crustacean exoskeletons. Each year, copepods are 

believed to create billions of tonnes of chitin.  

The survival and association of V. cholerae with zooplanktons are most likely 

regulated by abiotic environmental variables (Rudra Bhowmick et al., 2008; Islam et 

al., 2020; Lipp et al., 2002). In this study, we aim to understand how environmental 

parameters like temperature, pH, salinity, and chitin as a nutrient source of V. 

cholerae affect the expression of CytR. V. cholerae feeds on the exoskeletal chitinous 

coating in the aquatic environment (A. Huq et al., 1983). V. cholerae releases 

T 
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extracellular chitinases like ChiA1 and ChiA2 and helps in breaking down the 

chitinous exoskeleton, thus releasing N-acetyl glucosamine (GlcNAc) residues, which 

are detected and internalized as a source of nutrition for V. cholerae. ChiS, a 

periplasmic two-component sensor histidine kinase of V. cholerae, is required for 

both sensing and chitinase secretion. Insoluble chitin recycling is extremely important 

for the environment. Another regulator of chitinases, the cytoplasmic repressor CytR 

(VC_2677), was recently found in V. cholerae (Meibom et al., 2004; Watve et al., 

2015). These new studies on the regulation of chitinases and the chitin utilization 

pathway of V. cholerae opened up a wide range of research possibilities, driving us to 

dig more into the new chitinase regulator, CytR. So, here we aim to understand the 

function of CytR in presence of different environmental factors.  

We found CytR expression to be affected significantly by a wide variety of 

environmental factors. Similarly, we found a Gaussian pattern of RNA and protein 

level expression of CytR in presence of chitin. With temperatures varying between 

16°C to 42°C, we found the highest CytR expression at 25°C. The optimum 

temperature for CytR protein expression was in accordance with the RNA expression 

i.e., 25°C. The effect of different temperatures on V. cholerae growth has been 

studied earlier (R. Bhowmick et al., 2007; Escobar et al., 2015; Singleton et al., 1982). 

Rita Colwell and colleagues previously discovered a relationship between the cholera 

bacterium, sea surface temperature, and phytoplankton (Constantin de Magny & 

Colwell, 2009). Warmer surface temperatures increase the abundance of 

phytoplankton, which supports a large population of zooplankton and serves as a 

reservoir for cholera bacteria. Cholera is not only associated with climate change, but 

it also has an El Niño (unusual warming of the ocean's surface water on a regular 

basis) aspect. For instance, Papua New Guinea, a Pacific Ocean Island state, recorded 

its first cholera cases in 50 years in 2009, which also happened to be an El Niño year. 

When these conditions are combined with the rise in temperature and heavy rainfalls 

caused by climate change, ideal conditions for the bacterium that causes cholera to 

multiply are created, resulting in a global resurgence of the disease. Another study has 

linked cholera outbreaks to oceanographic variables such as water temperature, pH, 

salinity, and phytoplankton blooms, implying the possibility of predicting disease 

outbreaks (Jutla et al., 2011). Therefore, temperature appears to be an important factor 

not only for the growth of the marine bacterium but also for optimal chitinase activity. 
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We found pH 7.5 to be optimum for CytR expression both at the RNA and 

protein levels. However, the expression of CytR at pH 9 showed almost similar 

expression to pH 7.5. Studies have shown that higher pH results in improved 

colonization of V. cholerae on the chitinous surface of copepods in aquatic 

environments (Lipp et al., 2002). 

Another important abiotic factor in V. cholerae growth and survival in aquatic 

environments is salinity (R. K. Colwell et al., 2008). V. cholerae can grow in a 

medium without NaCl, however, its growth is stimulated in the presence of NaCl 

(Reichelt & Baumann, 1974). MacLeod and his colleagues have extensively studied 

the basis for the salt requirement in a marine bacterium known as strain B-16, which 

has been described and identified as Alteromonas haloplanktis (Baumann et al., 

1972). We observed that 300 mM salinity was optimum for maximum cytR 

expression but a very high salt concentration such as 600 mM salt caused decreased 

expression of CytR.  

Furthermore, we found that 0.8% chitin was optimal for maximal CytR 

expression at both the RNA and protein levels. CytR expression was four times higher 

in the presence of 0.8% chitin. Indicating, when chitin is present, CytR is activated 

and expressed. The previous study has shown that V. cholerae grows and expresses its 

chitinase gene optimally in the presence of 0.8% chitin (Mondal et al., 2014). These 

data collectively indicate that among the three different conditions tested here, we 

found 25°C, pH 7.5 and 300mM salinity is ideal for successful growth and survival in 

the aquatic environment. This temperature, alkaline pH, and high salt concentration 

are also optimal for CytR expression, and because CytR governs chitinase gene 

expression, this resulted in maximum chitinase expression and activity under the same 

conditions that encourage V. cholerae development in aquatic habitats. The survival 

of V. cholerae in the environment is speculated to be regulated by CytR expression 

and chitinase activity. 

Our lab has earlier established the importance of chitinase, ChiA2 in the 

survival of V. cholerae (Mondal et al., 2014). Therefore, it is likely that host factors 

would also affect CytR and its downstream-regulated enzymes, i.e., chitinases. So, we 

monitored the effect of host factors on the activity of sensor histidine kinase ChiS and 

chitinases. Significant upregulation of V. cholerae chitinase genes and the chitinase 

activity was observed in presence of 0.8% chitin in the optimum condition of abiotic 
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factors. Studies showed that high salt concentration is required for higher level of 

chitinase gene expression of V. cholerae (R. Bhowmick et al., 2007).  

 

 
 

Fig.7.1. Proposed model of chitin-dependent signaling pathways in V. 

cholerae (Modified from Sun et al., 2013). Extracellular chitinases 

degrade chitin into oligosaccharide fragments, which enter the periplasm 

via a chitoporin. The sensor kinase ChiS detects the presence of chitin 

oligosaccharides and activates the TfoR sRNA with the help of CBP 

(chitin oligosaccharides binding protein). TfoR initiates translation of 

TfoX, the master regulator of competence in Vibrionaceae, via the RNA 

chaperone Hfq. As a result, TfoX increases the expression of several 

competence genes (such as pilA, comEA, and comEC) as well as two 

transcription factor genes (cytR and qstR). CytR, in turn, regulates the 

expression of chitinase genes, natural transformation genes and T6SS 

gene clusters, and sensor kinase ChiS. The lines connecting components 

of the signaling cascade represent positive regulation, but no direct 

interaction. The dashed line represents the proposed regulation of CytR. 

IM, inner membrane; OM, outer membrane. 

 

The ability of V. cholerae to thrive in brackish water is probably due to 

increased chitinase gene expression under higher salt concentrations (R. Bhowmick et 

al., 2007). This finding was consistent with previous findings showing V. cholerae has 

higher levels of chitinase gene expression at alkaline pH than at acidic pH (R. 

Bhowmick et al., 2007). Serratia marcescens chitinase has been proven to have the 

highest activity on chitin at pH 7-8. Our study further confirmed the role of CytR in 

chitinase gene expression. A previous study led by another research group showed 
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that CytR positively regulates chitinases chiA1, chiA2, vc0769, and a chitodextrinase 

vca0700 along with tfoX (Watve et al., 2015). Consistent with this finding, our study 

showed that deletion of CytR severely downregulates the expression of four chitinase 

genes (chiA1, chiA2, vc0769, and vc1073). Further, the expression of tfoX and chiS 

got downregulated in CytR ablated strain. A proposed model of regulation of CytR 

with respect to chitin utilization is depicted in Fig. 7.1.  

We compared the growth patterns of CytR ablated V. cholerae strains in the 

presence or absence of chitin to those of wild-type V. cholerae to determine the 

involvement of CytR in V. cholerae chitin breakdown and utilization. In chitin 

supplemented media CytR ablated V. cholerae showed a reduced growth rate than the 

wild type V. cholerae. This corroborates with the proposed hypothesis that CytR is 

important for chitinase production thus helping degradation of chitin in the media.    

The dynamic lifestyle of V. cholerae includes two different habitats (Chac et al., 

2021; Islam et al., 2020). V. cholerae primarily lives in the aquatic environment and it 

also colonizes in the intestinal epithelium of the human gut, where the mucus layer 

provides a niche for colonization because it harbors attachment sites like glycans. 

Mucus glycans also act as a direct source of nutrients for the bacteria (Reddi et al., 

2018). V. cholerae chitinases act on mucus glycans to produce GlcNAc like residues 

which act as a nutrient source.  Reports have also indicated the involvement of 

bacterial chitinases in pathogenesis (Frederiksen et al., 2013; Mondal et al., 2014; 

Tran et al., 2011). Our previous studies have shown that chitinase ChiA2 (VCA0027) 

is important for V. cholerae survival and pathogenesis (Mondal et al., 2014). V. 

cholerae ChiS (VC_0622) regulates the expression of chitinases as well as plays an 

important role in pathogenesis (Chourashi et al., 2016). ChiS is activated in the human 

intestine when mucin is present. The active ChiS helps V. cholerae survive in the 

intestine by facilitating the utilization of mucin. In the intestinal environment, ChiS 

promotes motility, mucin layer penetration, adhesion, and survival. Furthermore, ChiS 

mutant V. cholerae is hypovirulent, as it secretes less cholera toxin in the intestine, 

resulting in decreased fluid accumulation and virulence (Chourashi et al., 2016). 

 CytR (VC_2677) is another regulator of chitinases [like ChiA1 (Antonova 

et al., 2012) and ChiA2 (Mondal et al., 2014)] found in V. cholerae (Watve et al., 

2015). Since chitinases play a role in pathogenesis, we hypothesize that CytR is also 



D i s c u s s i o n  | 135 

 

involved in regulating the virulence cascade, which contributes to the pathogenicity 

of V. cholerae and causes disease.  

 CytR has an N-terminal domain that contains a helix-turn-helix (HTH) 

motif for DNA binding and a C-terminal domain for dimerization, inducer binding, 

and protein contact with cAMP Receptor Protein (CRP). Its role in the transport and 

utilization of nucleosides has long been studied in Escherichia coli (Antonova et al., 

2012; Hammer-jespersen & Nygaard, 1976). In E. coli CytR negatively regulates a 

small set of nucleoside scavenging and metabolism genes including udp, cdd, ompK, 

and cytR itself via cAMP receptor protein (CRP)- dependent anti-activation 

mechanism (Valentin-Hansen et al., 1996). V. cholerae CytR is a functionally diverse 

protein and a global regulator. It represses multiple nucleoside catabolism and 

scavenging genes, positively regulates competence and a majority of natural 

transformation genes, bacterial killing by inducing Type VI secretion system (T6SS) 

gene clusters, and co-regulates chitinase genes along with TfoX (Watve et al., 2015).  

 The pathogenesis of V. cholerae within the human host is controlled by a 

complex signaling cascade of virulence genes and regulatory factors that have been 

the subject of intense research for several decades. During pathogenesis, V. cholerae 

has to survive in the intestinal environment, penetrate through the mucus layer, adhere 

to the intestinal epithelium, form colonies to secrete cholera toxin. To define the role 

of CytR in V. cholerae pathogenesis we explored the impact of CytR deletion and 

studied the growth of bacteria in presence of mucin, its motility due to flagellar 

movement in mucin, virulence genes expression, and fluid accumulation as a marker 

of CT production. We demonstrated that CytR positively regulates activation of 

sensor histidine kinase ChiS in the mucinous environment, thus affecting the secretion 

of chitinases and degradation of mucin. CytR deletion resulted in no flagellar 

synthesis which leads to reduced motility and mucin penetration.  

 CytR is engaged in several regulatory mechanisms in V. cholerae, with 

varying mechanisms in each case (Watve et al., 2015). A complicated signaling 

cascade involving numerous regulatory variables regulates V. cholerae pathogenesis 

inside the human body. CytR is also a regulator, but its role in pathogenesis is 

unknown. For the first time, we aimed to understand the involvement of this 

multifunctional transcription factor in the pathogenesis of V. cholerae. 
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Our experimental results suggest that the CytR¯  V. cholerae showed 

inefficient growth in presence of mucin supplemented M9 minimal media. It is known 

that CytR upregulates four chitinase genes including chiA1 and chiA2(Antonova et al., 

2012; Watve et al., 2015) in presence of chitin. We showed that CytR mutant V. 

cholerae produced a significantly lower amount of RNA for both extracellular 

chitinase genes chiA1 and chiA2 in mucin which might result in decreased synthesis 

of the chitinase enzymes. Low levels of these chitinases result in an inefficient 

breakdown of complexly polymerized O-linked glycans of mucin.  

As a result, the generation of GlcNAc as a nutrient is low, and the growth 

of CytR¯  strain in mucin-supplemented media is hampered. Mucin has a number of 

GlcNAc residues on its side chains, which can be used as a source of carbon and 

nitrogen (Bjork et al., 1987). Depending on the environment in which it grows, V. 

cholerae can use a variety of carbon sources, including intestinal mucus. The 

extracellular chitinase ChiA2 cleaves the oligosaccharide moieties of mucin, releasing 

GlcNAc, as we previously observed (Mondal et al., 2014). 

V. cholerae transports and assimilates the GlcNAc residues as nutrients 

(Meibom et al., 2004, 2005). It has also been observed that few pathogens can 

effectively use GlcNAc as a nutrition source (Chen et al., 2002). Gut mucus is used as 

a source of carbon and energy by a subset of intestinal microbiota in terms of 

nutrition. Few enteric pathogens, including C. jejuni (Alemka et al., 2012), 

enterohemorrhagic E. coli (EHEC) (Fabich et al., 2008), C. difficle, and Salmonella 

enterica serotype Typhimurium, efficiently utilise mucus derived monosaccharides. 

As previously indicated, V. cholerae mucin utilization occurs only after the sensor 

kinase ChiS detects GlcNAc residues in the environment, turning on downstream 

mucin utilization cascade components such as periplasmic -N-acetylhexosaminidases 

(Meibom et al., 2004). For the first time, our findings demonstrate that CytR regulates 

hexosaminidase activity in V. cholerae in the presence of mucin in vitro and the 

intestinal environment. The qRT-PCR findings demonstrated that the expression of 

chiS RNA is also CytR dependent. As a result, CytR appears to positively regulate 

both chiS expression and activity. As a result, we suggest CytR aids V. cholerae in 

breaking down the thick mucus layer using chitinases in a ChiS-dependent way, 

releasing primarily the GlcNAc residues from the mucus component. ChiS is also 

required for GlcNAc internalization and transport from the intestinal environment 
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(Meibom et al., 2004).  We believe that in the CytR¯  strain, GlcNAc is less 

transported, and to produce the clinical symptoms of cholera V. cholerae needs to 

transport sufficient titer of GlcNAc from the intestine (Ghosh et al., 2011; Naseem & 

Konopka, 2015; Reddi et al., 2018).  However, more research into how CytR 

regulates ChiS expression and activity is further needed for complete understanding. 

Flagella-driven motility is required for effective mucin layer penetration and 

colonization of intestinal epithelial cells in V. cholerae (Z. Liu et al., 2015). A 

previous study has shown that the movement of V. cholerae through the viscous 

mucus layer is promoted by mucin (Z. Liu et al., 2015).   Additionally, the presence 

and internal degradation of N-acetylneuraminic acid and N-acetylglucosamine 

(GlcNAc) promote motility (Reddi et al., 2018). Our study here indicates that under 

experimental conditions, motility is positively regulated by CytR. 

V. cholerae must simultaneously break down and remove the thick mesh of 

mucin side chains with the help of chitinases and proteases, as well as generate 

propulsion by rotation of whip-like, monotrichous polar flagella to penetrate through 

the mucus layer (Fleckenstein & Kopecko, 2001). The activity of chitinase ChiA2 in 

mucin deglycosylation in V. cholerae does not require any proteolytic help (Mondal et 

al., 2014). So, the inability to penetrate mucin by the CytR¯  strain can be explained 

by the reduced expression of chitinases ChiA1 and ChiA2. Furthermore, electron 

microscopy demonstrated that the CytR¯  V. cholerae strain does not have a polar 

flagellum, which explains why the CytR¯  V. cholerae strain is less motile than the 

wild type. In V. cholerae, more than fifty genes are involved in the synthesis and 

regulation of flagella (Echazarreta & Klose, 2019). Protein synthesis and structural 

component assembly of the major flagellar units happened hierarchically. The 

transcriptional hierarchy of flagella synthesis genes in V. cholerae is divided into four 

levels (Klose & Mekalanos, 1998). The σ54 – dependent transcriptional activator 

FlrA is the only Class I gene in this hierarchy (Prouty et al., 2001; Syed et al., 2009). 

FlrA is the master regulator of the V. cholerae flagellar transcription hierarchy 

because it is important for the expression of the rest of the flagellar genes. FlrA, along 

with the RpoN (sigma factor σ54), activates Class II flagellar genes. Class II flagellar 

protein histidine kinase FlrB and its response regulator FlrC regulates the synthesis of 

Class III flagellar genes which encodes the different structural components of flagella 
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including the major flagellin subunit (FlaA), proximal and distal transmembrane 

helical rod (FlgB/G), H-ring protein (FlgT), H-ring associated protein (FlgP), flagellar 

hook associated protein (FlgK) and T-ring motor protein (MotY). CytR¯  strain 

showed reduced expression of Class II flagellar genes flrB, flrC, and several Class III 

genes tested. This suggests that CytR is important for the expression of flrB and flrC, 

except for which no other structural components of flagella in V. cholerae is 

synthesized (Fig.7.2). The previous study has also shown that flrC mutant is defective 

in flagella synthesis thereby reducing motility as well as intestinal colonization of V. 

cholerae (Correa et al., 2000). Although we have observed decreased expression of 

flrBC and Class III flagellar genes in CytR¯  strain, further study is still needed to 

complete the understanding of this process.  

 
 

Fig. 7.2. Hierarchical regulation of V. cholerae flagellar gene 

synthesis. Down arrow (red) indicates downregulation of the respective 

genes in the CytR¯  V. cholerae strain. uc, unchanged   

 

Our findings further indicate that the V. cholerae CytR¯  strain has a reduced 

ability to adhere to intestinal cells than the wild-type strain, showing a colonization 

defect.  Colonization of V. cholerae in the small intestine requires the stringent 

activity of TcpA (Toxin Coregulated Pilus A) that also promotes adherence to 

intestinal cells (Krebs & Taylor, 2011). In support of this, we found that CytR¯  V. 

cholerae express less tcpA during colonization. Bacterial attachment to the protective 

mucus layer can also be facilitated by flagellar motility in cooperation with N-

acetylglucosamine binding protein A (GbpA) (Rudra Bhowmick et al., 2008). GbpA 

expression, on the other hand, was unaffected during colonization of the CytR¯  strain. 
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The lack of flagella in CytR¯  V. cholerae supports the rationale behind the 

colonization defect in the mutant strain. Taken together, CytR of V. cholerae 

positively regulates mucin layer penetration as well as colonization to the intestinal 

epithelium. After successfully colonizing the brush border lining of the intestinal 

epithelium, V. cholerae expresses CT and causes efflux of chloride ions (Cl¯ ) from 

the cell, causing osmotic imbalance and ultimately leading to fluid loss into the 

intestinal lumen, which serves as one of the major aspects of V. cholerae virulence 

(Hsiao & Zhu, 2020; Kaper et al., 1995; Matson et al., 2007). 

To examine the role of CytR in pathogenesis, we studied the intestinal fluid 

accumulation assay in the adult rabbit model. The results demonstrated that the 

CytR¯  strain had less fluid buildup than the wild-type strain, which was attributed to 

lower cholera toxin production. Most virulence factors in V. cholerae, including ctx 

and tcp, are known to be controlled by a ToxT-dependent pathway in response to 

intestinal stimuli (Childers & Klose, 2007; Matson et al., 2007). Consistent with this, 

we found reduced expression of toxT, ctxB, and tcpA in the CytR¯  strain.   This could 

imply that the ToxT virulence regulation mechanism is affected in the CytR¯  strain. 

Furthermore, toxR/S and tcpP/H control the expression of toxT in V. cholerae (Matson 

et al., 2007). Expression of ToxR is downregulated in the CytR¯  strain, implying that 

CytR may regulate the master virulence regulator toxT in a toxR-dependent manner by 

a mechanism presently unknown. The expression of tcpP, on the other hand, was 

unaffected in the CytR¯  strain. AphA/B regulates TcpP expression in wild type V. 

cholerae. As a consequence, we assume that aphA/B expression remained unaffected 

in the CytR¯  strain. 

Furthermore, the CytR¯  strain is unable to use mucin in the intestine, which 

reduces GlcNAc residues within V. cholerae and may activate cyclic AMP (cAMP) 

receptor protein (CRP) (Kovacikova et al., 2004), which negatively controls the ToxR 

virulence regulon via the cAMP-CRP pathway (Skorupski & Taylor, 1997). However, 

more research is required to establish a relationship between CytR and the virulence 

cascade. Furthermore, effective colonization of the small intestine by V. cholerae is 

required for cholera toxin delivery to enterocytes (Ritchie et al., 2010; Taylor et al., 

1987). The histology analysis confirms that the intestinal epithelium undergoes less 

damage when infected with the CytR¯  strain. The CytR¯  strain produces less CT in 

the ileal loop, resulting in less osmotic imbalance and less damage to the structure of 
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crypts and villi compared to the damage caused by the wild type strain during 

infection. 

 

 
 

Fig. 7.3. Proposed model and mode of regulation of virulence cascade 

and pathogenesis by CytR in V. cholerae. The left panel shows the 

virulence regulation in wild type V. cholerae and the right panel indicates 

the effect of isogenic deletion mutation of CytR in V. cholerae (Please 

refer to the text for detailed discussion).  

 

Our findings show that V. cholerae CytR positively regulates flagellar 

motility, adhesion, and pathogenicity in all conditions studied. Several studies have 

connected motility to adhesion in different Vibrios (Kim et al., 2014; Lee et al., 2002; 

McGee et al., 1996; Meron et al., 2009; Ormonde et al., 2000). In all the cases non-

motile, non-flagellate mutants are all incapable of adhering to the host. The 

relationship between motility and virulence has also been studied. It was shown that 

the CytR homolog positively influences flagella synthesis and virulence gene 

production in Erwinia carotovora, the causal agent of soft-rot disease in plants, and 

plays an essential role in pathogenicity (Matsumoto et al., 2003). Similar observations 

were also made in our case.  
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Fig. 7.4. Proposed model of mucin-dependent signalling pathways in 

V. cholerae. Mucin is degraded by extracellular chitinases into 

oligosaccharide fragments that enter the periplasm via a chitoporin. ChiS, 

a sensor kinase, recognises the presence of mucin oligosaccharides and 

eventually activates TfoX, which promotes the expression of several 

downstream genes including transcription factor CytR. In turn, CytR 

regulates the expression of sensor histidine kinase ChiS, chitinases, 

flagella synthesis genes, and other virulence regulatory genes.  

 

To summarize the role of V. cholerae CytR during pathogenesis, it is 

important for the activity and expression of sensor histidine kinase ChiS and its 

downstream chitinases like ChiA1 and ChiA2. As a consequence, the CytR¯  strain 

showed reduced mucin degradation and nutrient acquisition. CytR is also important 

for the expression of the Class II flagellar regulatory gene flrB and flrC. Deletion of 

CytR resulted in aflagellation of the bacteria. This results in reduced motility and 

penetration through the mucus layer by CytR¯  strain (Fig. 7.3). CytR mutation affects 

the expression of the virulence cascade gene toxR, resulting in reduced expression of 

the master virulence regulator toxT. During pathogenesis, ToxT modulates all 

virulence attributes, including the expression of toxin-coregulated pilus A, tcpA, and 

ctxAB. Reduced adherence to the epithelial cell in the CytR¯  strain is correlated with 
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reduced expression of tcpA, and less CT synthesis resulted in reduced fluid 

accumulation. Furthermore, lower nutrition intake (in the form of GlcNAc) may result 

in reduced pathogenesis, either directly or indirectly through some undiscovered 

mechanisms involving the cAMP-CRP system. As a result, various regulatory 

pathways may exist, and CytR may be involved in this regulation directly or 

indirectly. Future research is needed to understand the complete regulation of 

virulence involving CytR in the host intestine (Fig. 7.4). 

Throughout the last decade, public awareness and campaigning in developing 

countries on the importance of adequate hygiene and sanitation, as well as the 

availability of safe drinking water, has helped to reduce the global prevalence of 

cholera. According to WHO, cholera infects about 1 million to 4 million people 

worldwide each year, claiming up to 21000 to 143000 lives (Ali et al., 2015). Total 

cholera cases were reduced by 60% in 2018 compared to the previous year (WHO, 

2019). Typically, cholera treatment comprises electrolyte replacement therapy and, in 

certain cases, antibiotics. 

However, the inappropriate and excessive use of antibiotics as a result of self-

medication and indiscriminate access to medicines without a prescription has resulted 

in the emergence of multidrug-resistant (MDR) epidemic strains of bacteria. 

Antibiotic-resistant V. cholerae is becoming increasingly frequent among bacteria 

around the world (Verma et al., 2019). Kitaoka et al. performed an extensive review 

of countries reporting major drug-resistant V. cholerae strains (Kitaoka et al., 2011). 

V. cholerae develops drug resistance due to the frequent acquisition of 

extrachromosomal mobile genetic elements from other bacterial species through 

horizontal gene transfer (Das et al., 2020; Narendrakumar et al., 2019; Verma et al., 

2019). Traditional antimicrobials are often bacteriostatic or bactericidal, which can 

promote the formation of MDR strains. As a result, novel therapeutic techniques such 

as the use of plant or herb extracts, bioactive phytochemicals, or the use of small 

molecules are urgently needed to combat these diseases by specifically targeting 

bacterial virulence factors. 

Furthermore, probiotic treatment with Bdellovibrio bacteriovorus or 

Micavibrio aeruginosavorus has been shown to reduce the spread of antibiotic 

resistance in V. cholerae (Duncan et al., 2018; Dwidar et al., 2012). The usage of 
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bioactive chemicals derived from natural items such as herbs, spices, fruits, and seeds 

has numerous health benefits and has fewer adverse effects. Since ancient times, 

various plant parts and their derivative components have been utilized as Ayurvedic 

medicine in India to treat a variety of ailments, including diarrhoea. Plant-derived 

essential oils contain significant volatile components that have a variety of 

bioactivities, including antibacterial potential. The usage of essential oils such as 

cinnamon, cardamom, red chilli, white pepper, sweet fennel, and ginger has been well 

documented in recent years (Aminzare et al., 2018). 

These bioactive compounds act against V. cholerae in various ways mainly by 

controlling virulence regulatory gene toxT (Virstatin) (Hung et al., 2005; Shakhnovich 

et al., 2007), inhibiting the binding of CT to GM1 (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. A few 

carbohydrates have also been shown to suppress the cholera toxin (Kumar & 

Turnbull, 2018). Chitinase inhibitors have the potential to be chemotherapeutic 

against fungi, insects, and malaria transmission. Chitinase inhibitors have recently 

been suggested to have anti-inflammatory properties against asthma and allergic 

diseases such as atopic dermatitis and allergic rhinitis (Andersen et al., 2005). 

In this study, we have screened different bioactive phytochemicals, sugar 

molecules (Wang et al., 2015), and enzyme inhibitors with varying functions on the 

growth, motility, adhesion, and cholera toxin (CT) production of V. cholerae. The 

molecules were selected as screening compounds after a literature survey.  We found 

that phytochemical Carvacrol, an essential oil fraction of Oregano, was able to inhibit 

V. cholerae virulence both in-vitro and in-vivo. It also inhibited V. cholerae growth. 

We have done a detailed study with carvacrol and its effect on different virulence 

attributes during V. cholerae pathogenesis.  Cinnamaldehyde also reduced growth and 

adhesion to some extent.  However, Curcumin, from Curcuma longa, did not show 

much effect on V. cholerae.  Sugar molecules like Xylose, Xylitol, Cellobiose, d-

Allose, and Na-3-hydroxy butyrate mainly reduced CT production in vitro. 3-hydroxy 

butyrate distinctly reduced cellular adhesion of V. cholerae. Chitinases in V. cholerae 

have been demonstrated to be important for pathogenesis. Therefore, chitinase 

inhibitors Dequalinium chloride, Pentoxifylline, Theophylline, and Caffeine were 

tested for their role as anti-virulence compounds (Rao et al., 2005). The cholera toxin 
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was found to be 5.5-fold, 13.5-fold, 6.9-fold, and 17.5-fold less produced in presence 

of pentoxifylline, caffeine, dequalinium chloride, and theophylline respectively, 

compared to the wild type as control. These results suggest that these chitinase 

inhibitor molecules might prevent growth, adhesion, motility, and cholera toxin 

production which might ultimately reduce the pathogenicity of V. cholerae. The 

identified effective inhibitors may act as dietary additives to reduce the risk of V. 

cholerae infection. Therefore, further studies may be carried out to formulate the use 

of these chitinase inhibitor molecules alone or in combination at the lowest possible 

doses to combat V. cholerae pathogenesis.  

Carvacrol (CV) is a naturally occurring essential oil fraction of Oregano 

(Origanum vulgare) that has antimicrobial activity against a variety of foodborne 

pathogens including E. coli O157: H7 (Obaidat & Frank, 2009), Bacillus cereus 

(Annemieke Ultee et al., 2000), Shigella sp. (Bagamboula et al., 2004), Salmonella sp. 

(Miladi et al., 2016), Clostridium difficile (Mooyottu et al., 2014), and also V. 

cholerae (Rattanachaikunsopon & Phumkhachorn, 2010). Studies indicated that CV 

possesses a variety of characteristics (Ahmad et al., 2011; Arunasree, 2010) including 

anti-oxidant (Aristatile et al., 2009; Slamenova et al., 2008; Slameňová et al., 2007), 

anti-bacterial (Nostro et al., 2009; Pérez-Conesa et al., 2011; Rattanachaikunsopon & 

Phumkhachorn, 2010) and anti-inflammatory properties (Hotta et al., 2010; Landa et 

al., 2009).  

The majority of studies on the effects of carvacrol on bacteria have focused on 

determining the Minimum Inhibitory Concentration (MIC) at which bacterial growth 

is inhibited or the Minimum Bactericidal Concentration (MBC), i.e., the concentration 

at which > 99.9% of the bacterial population is killed (van Alphen et al., 2012). 

Despite considerable research on carvacrol in recent years, no report on carvacrol's 

anti-virulence capabilities against V. cholerae has been published. In this study, we 

have explored the impact of sub-inhibitory (sub-MIC) carvacrol concentrations on the 

pathogenic potential of V. cholerae. In this context, we evaluated carvacrol's activity 

on V. cholerae motility, transcriptional regulation of flagella synthesis genes, in vitro 

mucin penetration, adhesion to epithelial cells, and in vivo anti-virulence activity 

using rabbit ileal loop models. Traditional knowledge of herbal extracts was widely 

practiced as therapies to treat certain diseases around the world before the age of 

antibiotic discovery. However, in this antibiotic era, bacteria with resistance to 
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various antibiotics are becoming more common, and the slow rate of development of 

new medicines over the last decade has prompted researchers to seek alternative 

techniques to treating pathogenic diseases (Bassetti et al., 2013; Sharifi-Rad et al., 

2018). After an extensive literature 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 looked at how the sub-inhibitory concentration of CV 

affected the ability of V. cholerae to access a wide range of biological activities under 

pathogenic conditions. The current experimental study results indicate that CV has a 

bacteriostatic as well as a bactericidal effect on V. cholerae at MIC. These findings 

are consistent with the prior investigation, although a subtle difference in MIC was 

also observed (Magi et al., 2015; Rattanachaikunsopon & Phumkhachorn, 2010). To 

assess the anti-pathogenic activity of CV against V. cholerae, we determined that 

½ MIC is the highest concentration of CV that does not inhibit V. cholerae growth 

and remains viable. As a result, concentrations of ½ MIC and lower were employed to 

evaluate the inhibitory effect of carvacrol on the various virulence and pathogenic 

attributes of V. cholerae. We also ensured that at a particular optical density, CV-

treated and untreated V. cholerae cultures had the same number of viable bacteria, 

eliminating the possibility of unfair analysis of the experimental results. The fecal-

oral pathway is used during the transmission of V. cholerae in humans. V. cholerae 

must penetrate the thick mucus layer in the small intestine to colonize the underlying 

enterocytes (Jordan et al., 1998). CV at sub-MIC levels decreased V. cholerae mucin 

penetrating capacity in a dose-dependent manner. The rotation of the monotrichous 

polar flagellum of V. cholerae mediates motility and mucin penetration, which is 

considered a crucial pathogenicity component for the bacteria (Mewborn et al., 2017; 

Silva et al., 2003). 

Our findings are also in line with previous studies where various bioactive 

phytochemicals or their derivatives produce anti-virulence effects against different 

pathogenic microorganisms by diminishing bacterial motility and flagellar protein 

expression (Y. Liu et al., 2017). It was previously observed that the polyphenolic 

fraction of Kombucha was capable of inhibiting V. cholerae motility because of a 

defect in flagellar gene biosynthesis (Bhattacharya et al., 2020). Furthermore, two 

separate studies showed that tea polyphenols and cranberry proanthocyanidins 
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decreased P. aeruginosa swarming motility (O’May & Tufenkji, 2011; Yin et al., 

2015). 

Transmission electron microscopy demonstrates that sub-MIC treatment of 

CV causes V. cholerae to become aflagellate, which explains the rationale behind the 

reduced motility. As per the RT-PCR data, the sub-inhibitory concentrations of CV 

had a significant (P < 0.05) downregulatory influence on flrC, a cytosolic response 

regulator that belongs to the Class II flagellar synthesis genes. Together with the 

histidine kinase flrB, flrC regulates the synthesis of Class III flagellar genes, which 

are largely involved in the production of flagellin proteins as well as structural units 

of the flagellar basal body (Echazarreta & Klose, 2019; Klose & Mekalanos, 1998). 

We have also found that sub-MIC of CV downregulates the expression of class III 

genes. These genes primarily include motY, flaA, flgP, flgT, flgK, flgG, flgB. 

Therefore, we speculate CV at sub-MIC inhibits the synthesis of class III genes 

directly by regulating their expression or by specifically modulating the expression of 

class II component flrC. 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.   

V. cholerae attaches to the brush borders of epithelial cells after penetrating 

the thick mucus layer. We found that CV inhibited V. cholerae adhesion to 

the epithelial cells. Although, due to the lower bioavailability, a greater dose of CV 

was required to achieve a significant effect in vivo. Furthermore, reduced expression 

of toxin co-regulated pilus A (tcpA), one of the major adhesins of V. 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 cholera toxin (CT). The fundamental determinant of cholera pathogenesis is 

fluid accumulation as a result of CT generation. In the rabbit ileal loop model, we 

have found a significant reduction in fluid accumulation upon CV treatment. This 

finding is also consistent with previous studies in which CV administration at 60 

µg/ml was shown to inhibit diarrhoeal toxin generation by Bacillus cereus by 80% (A. 

Ultee & Smid, 2001). To investigate the inhibitory mechanisms of CV on CT 

production in V. cholerae, quantitative RT-PCR of major virulence genes such as 

toxT, ctxB, tcpA, and hlyA were performed. In this context, we found a significant 
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decrease in all virulence genes by more than 2-fold at sub-MIC levels. The expression 

of CT and TCP in V. cholerae is activated by the expression of toxT, the master 

virulence regulator, which is controlled by upstream regulators such as TcpP/TcpH 

and ToxR/ToxS (Matson et al., 2007). 

Therefore, we assume that the reduction in transcription 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 understanding of this 

process. The phenolic group of CV damages bacterial membranes, resulting in 

increased membrane fluidity and loss of protons and larger ions (Langeveld et al., 

2014; Weber & De Bont, 1996). TEM micrograph demonstrated that CV at MIC 

produced substantial damage to the surface of V. cholerae and affected the bacterial 

morphology. At sub-MIC, membrane impairment was not noticed but as stated earlier 

it lacks the presence of flagella. CV causes membrane disruption and inhibits V. 

cholerae survival and growth at MIC, however V. cholerae retain its membrane 

integrity and shape at sub-MICs. This also supports the previous report where B. 

cereus was found to adapt to the non-lethal concentrations of CV (Annemieke Ultee 

et al., 2000).  Overall, these results indicated that CV inhibited V. cholerae virulence 

in a dose-dependent manner. Bioactive phytochemicals have a wide range of health 

benefits. Apart from these properties, they may have cytotoxic effects on the host 

cells (Llana-Ruiz-Cabello et al., 2015), which should be studied. We have tested the 

cytotoxic activity of CV on the human cell line HT-29 and CV showed minimum 

membrane damage.   Even after 48 hours, the ½ MIC of CV exhibited 5.12% 

cytotoxicity. As a result, it is thought that using CV at sub-MIC levels won't affect 

human intestinal cells. This is also supported by fluorescence microscopy. 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). 

Therefore, the present study demonstrates for the first time that CV at sub-

inhibitory concentrations inhibits V. cholerae growth and virulence. V. cholerae 

flagellar synthesis was suppressed by CV treatment, which inhibited bacterial motility 

through the thick mucus layer. This was followed by reduced adherence to the 
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intestinal epithelium and subsequently lower expression of CT and other virulence-

associated genes. Finally, these events result in less fluid accumulation in the rabbit 

intestine. It is plausible that CV acts on a global regulator to describe the pleiotropic 

effect of CV on such a wide range of virulence genes. Repression of the CT 

production and virulence gene transcription is affected by natural compounds 

(Fig.7.5). 

One such example includes capsaicin, a red chili extract that reduced the virulence of 

V. cholerae by regulating the expression of hns (Yamasaki et al., 2011). Future 

research is required to discover the global regulator and comprehend the cascade 

of the inhibitory mechanism. A previous study revealed CV to be safe for human use, 

and we discovered that it has a minimal cytotoxic effect at sub-MIC levels for up to 

12 hours. We have also tested the long-term cytotoxicity of CV against the HT-29 cell 

line, and it exhibited roughly 5% cytotoxicity at ½ MIC after 48 hours (Preliminary 

observation). The finding of the current study emphasizes the intriguing role of CV as 

a novel anti-virulent chemical that can be promoted as a therapeutic agent to treat V. 

cholerae infection. 

The finding of the present study highlights the potential role of CV as a novel 

anti-virulent compound that can be promoted as a therapeutic agent to treat V. 

cholerae infection. Further experiments on the detailed pharmacokinetics relating to 

human evidence may be worthy of evaluation before CV administration.   Despite the 

fact that CV has been classified as a Generally Recognized As Safe (GRAS) 

substance and is allowed for usage (Hyldgaard et al., 2012), its poor solubility and 

bioavailability remain a concern (Suntres et al., 2015). As a result, advancements in 

delivery systems must be made concurrently to improve the solubility, stability, and 

bioavailability of this compound. 

We earlier established the importance of CytR in the survival and 

pathogenicity of V. cholerae. Therefore, it is likely that host factors would also affect 

CytR. So, we monitored the effect of host factors on CytR. We found that at an 

optimum concentration of 1% mucin the CytR expression was maximum. Previous 

research from other laboratories has suggested that pathogenic bacteria's chitinases 

and chitin-binding proteins interact with the carbohydrate moiety of glycoproteins that 

have a chemical resemblance to chitin (Chaudhuri et al., 2010; Debroy et al., 2006). 
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Our findings suggest that V. cholerae chitinases can hydrolyze the β-1, 4- 

linkages that connect the GlcNAc moieties present in mucin.  

 
 

Fig. 7.5. Schematic diagram showing a proposed model for the mode 

of action of Carvacrol. In the intestinal environment, carvacrol inhibits 

the synthesis of flagella in V. cholerae, resulting in reduced motility and 

mucin penetration. This further leads to reduced adhesion to the brush 

border epithelial cells and less cholera toxin (CT) production. That 

ultimately results in reduced loss of electrolytes and body fluids, hence 

less pathogenesis.  

 

When CytR is expressed in the presence of mucin, it triggers the expression of 

chitinases, which actively hydrolyze the GlcNAc moieties in mucin. This 

demonstrates that there is a mucolytic activity of bacterial chitinases, which has 

previously been documented but only with the assistance of proteases (Sanders et al., 

2007). 
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Bacterial pathogens are distinguished by their ability to detect host metabolites 

and effectively coordinate the expression of numerous virulence factors (Elmi et al., 

2018; Olive & Sassetti, 2016). Bile is a well-known host metabolite that is 

biosynthesized from cholesterol by hepatocytes in the liver (Joyce & Gahan, 2016). 

The gallbladder secretes bile into the small intestine, particularly the duodenum, 

jejunum, and proximal ileum (Urdaneta & Casadesús, 2017). The physiological 

concentration of bile in the gut can be as high as 20 mM in the duodenum, then 

gradually decreases to 10 mM in the jejunum, and finally drops to 4 mM in the ileum 

(Hofmann & Hagey, 2008; Maldonado-Valderrama et al., 2011). Bile emulsifies 

dietary fats and aids in the absorption of lipid elements in the intestine. Furthermore, 

because of the diverse composition of bile salts, bilirubin, phospholipids, cholesterol, 

and enzymes, bile has detergent-like toxicity and works as a potent antibacterial 

agent, solubilizing membrane lipids and dissociating bacterial membrane proteins 

(Boyer, 2013; Hofmann & Small, 1967). Bile acts as a signal for several enteric 

pathogens, including E. coli O157:H7, Vibrio cholerae, Shigella flexneri, and Vibrio 

parahaemolyticus, to modulate global gene expression of virulence components 

(Alam et al., 2010; Bachmann et al., 2015; Sistrunk et al., 2016). CytR expression is 

not significantly up-regulated when crude bile is present. We also did not find any 

significant change in CytR expression for individual bile salt supplements. Our 

experimental data also suggests CytR expression is not affected by the dose of 

different bile salt components. We can conclude that CytR is not directly involved in 

bile-induced virulence modulation in V. cholerae.  

It has long been said that cholera is a noninflammatory diarrhoeal disease, 

however recent study (Rodríguez et al., 2001) have shown that V. cholerae upon 

binding with the intestinal epithelial cell lines produces pro-inflammatory cytokine 

(Jung et al., 1995) Interleukin-8 (IL-8), which is a potent chemoattractant for 

polymorphonuclear leukocytes and T lymphocytes, which further causes 

inflammation (Bandyopadhaya et al., 2007). Our study showed that infection with 

CytR¯  V. cholerae reduces the production of IL-8 during ex-vivo infection.  

Tumor necrosis factor (TNF) another regulator of inflammatory responses, is a potent 

lymphoid factor that is produced by a wide number of cells. TNFs play a critical role 

in the body's resistance to infection by inducing fever and activating macrophages and 

the destruction of certain tumors. However, over-production of TNF has been 
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associated with cytotoxic effects such as cachexia (Andrews et al., 2018). Our study 

showed no significant production of TNF by CaCo2 cell-line. Deletion of CytR in V. 

cholerae also did not possess any effect on the production of TNF. We conclude from 

our research that CytR, a transcriptional regulator, promotes V. cholerae survival in 

the natural environment as well as the host intestine, thereby favouring its existence 

and transmission between its dual life cycle, which includes the aquatic environment 

as well as the host intestine. 
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Conclusion 

 

his thesis work deals with the functional characterization of V. cholerae 

cytoplasmic regulatory protein CytR in chitin utilization and disease 

pathogenesis in animal models. The conclusions of the thesis are as follows –  

 

▪ We studied the expression of CytR at RNA and protein levels under varying 

temperatures, pH, salinity, and chitin amount. We found the optimum 

environmental conditions for maximum CytR expression are around 

temperature 25°C, pH 7.5, salinity 300 mM, and chitin 0.8 %. 

▪ V. cholerae CytR positively regulates the expression of all four known 

chitinase genes (chiA1, chiA2, vc0769, and vc1073). These chitinase helps V. 

cholerae to utilize chitin as a nutrient source from the environment.  

▪ The expression of ChiS, which is a periplasmic sensor histidine kinase, is 

significantly reduced in the CytR¯  strain of V. cholerae. ChiS is important for 

the detection and sensing of chitin oligosaccharides and plays an important 

role in the chitin utilization pathway by regulating the downstream genes like 

tfoR and tfoX. The activity of β-hexosaminidase (which is a measure of ChiS 

activity) also reduced greatly in the CytR ablated strain. We hypothesize that 

CytR controls the V. cholerae chitin utilization pathway by regulating ChiS. 

▪ CytR is involved in regulating the growth of V. cholerae both in the chitin and 

mucin supplemented media. The absence of CytR in V. cholerae genome 

caused reduced production of chitinases and hence lesser breakdown of chitin 

or mucin occurs. 

▪ CytR plays an important role in the adhesion of V. cholerae to the epithelial 

cells by regulating the expression of tcpA, one of the major adhesions of V. 

cholerae. 

▪ In V. cholerae, CytR is responsible for flagella synthesis. CytR may regulate 

the Class II flagellar synthesis genes flrB and flrC, leading to the 

downregulation of downstream Class III flagellar synthesis genes. The lack of 

T 
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flagella in the CytR mutant V. cholerae reduces the bacteria's ability to move 

in the thick mucinous environment. 

▪ Deletion of CytR significantly reduced the virulence of V. cholerae in the 

rabbit ileal loop model. CytR controls the cholera toxin production by 

regulating the toxR-toxT-ctxAB virulence axis. Reduced cholera toxin 

production in the CytR mutant V. cholerae leads to reduced fluid accumulation 

in the rabbit intestine. 

▪ We have mentioned previously that CytR regulates ChiS in presence of chitin. 

We further showed that V. cholerae requires CytR for the regulation of ChiS 

dependent utilization of mucin in the intestinal environment. 

▪ Further, we have tested a few bioactive phytochemicals for their potential role 

as anti-virulence agents. We found that Carvacrol, Allose, Sodium-3-hydroxy 

butyrate, and Dequalinium chloride acts as potent inhibitor of cholera toxin 

production, adhesion to gastro-epithelial cells, and motility which ultimately 

reduces the pathogenicity of V. cholerae. 

▪ The host factor mucin with a concentration of 1% - 1.5 % is optimum for CytR 

expression. 

▪ Bile acts as a signal for several enteric pathogens, including V. cholerae, to 

modulate the global gene expression of virulence components. Bile salts do 

not have much significant effect on the expression of CytR. We conclude that 

CytR does not play a direct role in bile-induced virulence modulation in V. 

cholerae. 

▪ CytR deletion in V. cholerae has no effect on TNF release from the CaCo2 

cell line, but it reduces IL-8 production by 5.5-fold. When V. cholerae binds to 

intestinal epithelial cell lines, it produces the pro-inflammatory cytokine 

Interleukin-8 (IL-8), which is a powerful chemoattractant for 

polymorphonuclear leukocytes and T lymphocytes, causing inflammation. To 

summarise, V. cholerae CytR may play a role in causing gastrointestinal 

inflammation. 
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Appendix 
 

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

Strain Relevant genotype and /or phenotype Source / Reference 

 
Wild Type V. cholerae 
N16961 or CytR⁺ 

 
Wild-type, lacking hapR function, O1 
serogroup, biotype El Tor, StrR 

 
Heidelberg et al., 2000 

ΔCytR or CytR¯ N16961 Δvc2677, StrR This study 

CytRc N16961 Δvc2677, StrR + cytR in pBAD-TOPO 
vector, ampR (complemented strain) 

This study 

E. coli JM109 endA1 glnV44 thi-1 relA1 gyrA96 recA1 
mcrB+ Δ(lac-proAB) e14- [F' traD36 
proAB+ lacIq lacZΔM15] hsdR17(rK-mK+) 

Promega™ 

E. coli Top10  F- mcrA Δ( mrr-hsdRMS-mcrBC) lacZΔM15 
Δ lacX74 recA1 (StrR) endA1 nupG 

Invitrogen™ 

E. coli DH5α λpir endA1 hsdR17 glnV44 (= supE44) thi-1 recA1 
gyrA96 relA1 Δ(lacZ)M15::Tn10 uidA::pir+ 

Lab stock 

E. coli SM10λpir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu pir 
R6K; KanR  

Skorupski and Taylor, 
1996 

E. coli BL21 (DE3) F– ompT hsdSB(rB– mB–) gal dcm (DE3)   Skorupski and Taylor, 
1996 

pCVD442 Suicidal conjugation vector carrying sacB, 
AmpR 

Lab stock, Gift from 
Dr. Sun Nyunt Wai 
and Dr. Sridhar Elluri, 
Department of 
Molecular Biology, 
Umea University, 
Sweden 

pGEM®T-Easy 
vector 

pUC/M13 T7 RNA pol transcription initiation 
site, lac operon, AmpR 

Promega™ 

pBAD-TOPO TA-cloning vector, AmpR Promega™ 

pET-151 pBR322 ori, directional TOPO™, His Tag 
(6X), TEV protease recognition site, AmpR  

Invitrogen™ 

pGFPuv GFP expressing plasmid, AmpR Clontech™ 

 

Table 10.2. Different media used in this study. 

Media Constituents pH 

 
Luria broth (LB) 

 
1 % Bactopeptone (Difco, USA), 0.5 % Yeast Extract (Difco, 
USA), and 0.5 - 1.0 % NaCl dissolved in distilled water 
followed by sterilization at 15 psi for 15 min. 

 
7.2 

Luria Agar or LA 
(for plate) 

LB containing 1.5 % Bactoagar (Difco, USA), sterilization was 
done at 15 psi for 15 min. 

7.2 
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M9 minimal (M9M) 
medium 

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

7.4 

Thiosulphate-
Citrate-Bile salt-
Sucrose (TCBS) 
agar 

Dehydrated medium from Difco containing 0.5 % Yeast 
Extract, 1 % Peptone, 1 % Sodium Citrate, 0.7 % Sodium 
Thiosulphate, 0.5 % Oxgall, 0.3 % Sodium Cholate, 0.2 % 
Saccharose, 1 % Sodium Chloride, 0.1 % Ferric Citrate, 0.004 
% Bromothymol blue, 0.004 % Thymol blue, 1.5 % Agar. To 
prepare TCBS agar 89 g was dissolved in distilled water 
followed by boiling and pouring in plates. 

8.6 

AKI medium 1.5 % Bactopeptone (Difco), 0.4% Yeast Extract (Difco), 0.5 % 
NaCl and 0.3 % NaHCO3 dissolved in distilled water. 

7.2  
 

Defined Artificial 
Sea Water (DASW) 
media  

460 mM NaCl, 10 mM KCl, 9 mM CaCl2, 36 mM MgCl2, 
17 mM MgSO4, 10 mM HEPES-NaOH. 
 

8.2 

Sucrose Selection 
plate 

1% Tryptone, 0.5% Yeast extract, 1.8% Bacto Agar followed by 
autoclaving at 15 lb for 15 min. 10% Sucrose was added to the 
autoclaved media before plate pouring. 

 

SOC Medium Tryptone 2%, Yeast extract 0.5%, NaCl (1M) 1%, KCl (1M) 
0.25%, Mg+2 stock [(2M) filter sterile - 20% MgCl2, 25% 
MgSO4] 1%, filter sterile 20 mM Glucose  

- 

 

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

For isolation of bacterial genomic DNA 

Proteinase K  Proteinase K was dissolved at a concentration of 20 mg/ml in 
sterile 50 mM Tris (pH 8.0), 1.5 mM calcium acetate. 

CTAB (Cetyltrimethyl 
ammonium bromide)/NaCl 
(S buffer)  

10 % CTAB in 0.7 M NaCl; 4.1 g NaCl was dissolved in 80 ml 
water followed by slow addition of 10 g CTAB while heating 
and constant stirring. The volume was finally adjusted to 100 
ml.   

1X TE   0.01 M Tris-HCl (pH 8.0), 0.001 M ethylenediaminetetraacetic 
acid (EDTA; pH 8.0); the solution was sterilized at 15 psi for 
15 min. 

Normal saline  0.9% NaCl; 9g/L of distilled water and sterilization at 15 psi 
for 15 min.  

5 N NaCl  292.5 g NaCl in distilled water and volume made upto 1 L. 

10 % Sodium dodecyl sulfate 
(SDS)  

10 % (w/v) SDS solution prepared in distilled water. 
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RNaseA solution (20 mg/ml)  Pancreatic RNase (RNase A) was dissolved in 10 mM sodium 
acetate (pH 5.4), the solution was heated to 100°C for 15 min 
and allowed to cool slowly to room temperature, pH was 
adjusted to 7.4 and then stored at -20°C. 

 

For isolation of plasmid DNA from bacterial cells  

Cell Resuspension Solution 
(CRS) 

50 mM Tris-HCl (pH 7.5), 10 mM EDTA,  
100 µg/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 – HCl (pH 7.5), 40 µM 
EDTA, 55% 95% Ethanol 

 

For agarose gel electrophoresis of DNA  

50X TAE 242 g Tris base in double-distilled H2O, 57.1 ml Glacial acetic 
acid, 100 ml 0.5 M EDTA solution (pH 8.0). Adjust 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 distilled 
water. 

Gel staining solution Ethidium bromide stock solution (10 mg/ml) in distilled 
water. The final working solution was of 0.5 µg/ml 
concentration, which was used for staining DNA fragments. 

 

For transformation of E. coli cells with plasmid DNA  

Transformation buffer 
 

10 mM Tris-HCl, 100 mM CaCl2.2H2O (pH 7.6); sterilized at 
15 lb for 15 min    

 

For electroporation of V. cholerae cells with plasmid DNA  

Electroporation buffer 272 mM sucrose, 1 mM HEPES (pH 8.0), 10% Glycerol in 
Milli-Q water; sterilized at 15 psi for 15 min  
 

 

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’- dimethyl formamide 
(DMF) and stored at -20°C in a dark container. 
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LA plate with antibiotics/IPTG/X-Gal 
 
1.5% of LA plate was incubated at 37 °C for 30 min and 100 μl of 100 mM IPTG and 
20 μl 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  
 

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

 

For SDS-PAGE  

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

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

Solution C 0.5 M Tris HCl (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 

5X Gel loading Dye 100 mM Tris-HCl pH 6.8, 4% (w/v) SDS, 0.2% (w/v) 
Bromophenol blue, 20% (v/v) Glycerol, 200 mM β-
mercaptoethanol. 

Staining Solution 0.25 % (w/v) Coomassie Blue (R-250) was dissolved in a 
solution of 50 % methanol (v/v), 40 % water and 10 % acetic 
acid (v/v) and the solution was filtered through Whatman 
filter paper (No. 1). 

Destaining Solution  
 

40 % methanol (v/v), 10 % acetic acid (v/v) and 50 % (v/v) 
water. 

 

For Western blotting 

Transfer Buffer  25 mM Tris, 192 mM glycine, 0.05% Glycine, 20 % (v/v) 
methanol. 

Washing Buffer (TBS and TBS-
T 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 Buffer   5 % (w/v) BSA dissolved in TBST buffer. 

Bicarbonate buffer 168 mg NaHCO3, 4.06 mg MgCl2 for 20 ml, pH adjusted to 
9.8 with NaOH 

Ponceau S  

  

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

 

For M9M medium preparation  

1 M MgSO4 24.65 g of MgSO4.7H2O was dissolved in 100 ml of water and 
filter sterilized. 

0.1 M CaCl2  0.11 g CaCl2 was dissolved in 100 ml of water and filter 
sterilized. 
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For AKI medium preparation  

3% NaHCO3  
 

3% (w/v) NaHCO3 in distilled water and filter sterilized. 

 

For ELISA 

1X PBS buffer 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 
KH2PO4  (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-HCl, 50 mM NaCl, 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-HCl, 50 mM NaCl, 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-HCl, 0.2 M NaCl, 20 mM EDTA, 8 M Urea, pH 
8.0 

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 K2HPO4 from their respective 1 M stock], 400 mM NaCl, 
100 mM KCl, 10% Glycerol, 0.5% Triton X-100, 10 mM 
Imidazole  

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

 

For Bacterial periplasmic fraction extraction  

Periplasmic extraction buffer 30 mM Tris-HCl pH 7.4, 5 mM EDTA, 25% Sucrose, 1.5 
mg/ml Lysozyme 

 

For maintenance of tissue culture cells 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) Complete 
media 

13.5 g/L DMEM, 3.7 g/L Sodium Bicarbonate, 100 ml FBS, 
10 ml Antibiotics (Penicillin-Streptomycin), 10 ml Non-
Essential Amino Acid, volume adjusted to 1 L with MilliQ 
water, pH 7.4  

Dulbecco’s Modified Eagle’s 
Medium (DMEM) Incomplete 
media 

13.5 g/L DMEM, 3.7 g/L Sodium Bicarbonate, 5 ml FBS, 10 
ml Non-Essential Amino Acid, volume adjusted to 1 L with 
MilliQ water, pH 7.4 
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For Purification of DNA from Agarose gel  

Membrane Wash Solution 
(MWS) 

10 mM Potassium acetate (pH 5.0), 80% 95% Ethanol, 16.7 
µM EDTA (pH 8.0) 

Membrane Binding Solution 
(MBS) 

4.5 M Guanidine Isothiocyanate, 0.5 M Potassium acetate (pH 
5.0) 

 

Table 10.4. Sequence of oligonucleotides used in this study 

Primer 
Name 

Primer Sequence (5’ - 3’) Tm (ºC) 
Amplicon 
Length (bp) 

CytR Internal 
FP 

TTGCGCCGTAATGAATCG 54 

653 
CytR Internal 
RP 

CCGACCACAGAGAGATCT 56 

CytR RT FP GGACAGATTTGCCGTTTGATG 62 
158 

CytR RT RP CCCAAGCTGAGTGAGATAGTTT 62 

RecA RT FP GTCGCAAGCAATGCGTAAAC 63 
158 

RecA RT RP CCAAACGAACAGAAGCGTAGA 62 

 

Table 10.5. Sequence of oligonucleotides used for CytR deletion and 

Complementation 

Primer 

Name 
Primer Sequence (5’- 3’) Tm 

(ºC) 

Amplic

on 

Length 

(bp) 

CytR FP XbaI 
(A) 

CAGCTCTAGAGCAAAGCGCACGTCCAGC 
               XbaI 

60 ºC 
450 

CytR RP 
Fusion (B) 

CCCATCCACTATAAACTAACAAGACACGGTCGCGG
TTGA 

58 ºC 

CytR FP 
Fusion(C) 

TGTTAGTTTATAGTGGATGGGGTACGTGCTGGAT
CGCGT 

58 ºC 

483 
CytR RP SacI 
(D) 

GAATCGAGCTCGGGCGGTAGCGTTTCTGT 
                  SacI 

58 ºC 

CytR comp 
pBad FP 

ATGGCGACAATGAAGGATGT 58 ºC 
1008 

CytR comp 
pBad RP 

TTACTTCTTGCTTGGCGGCG 62 ºC 
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Table 10.6. Sequence of oligonucleotides used for CytR recombinant 

protein expression 

Primers Sequence (5’ – 3’) Tm 

pET151 d-TOPO Forward Primer CACCATGGCGACAATGAAG 58°C 

pET151 d-TOPO Reverse Primer CTTCTTGCTTGGCGGCGC 60°C 

 

Table 10.7. Sequence of oligonucleotides used for Real time PCR 

Primers Sequence (5’ – 3’) Gene 
Locus¹ 

FlrA RT FP GAGCGTATGGTCATCCTGTATC 
VC2137 

FlrA RT RP AAATGCCTTCCAACACATCAC 

FlrB RT FP CCTATTGCAGTCACGGATCA 
VC2136 

FlrB RT RP CGAGTAGCAGGCGGTAAAT 

FlrC RT FP CACAATGCCTCTCCTCGTAAA 
VC2135 

FlrC RT RP CCTTGGGCTTGTTCAAACTTAC 

RpoN RT FP ATGCGGAGAGCAACTACATC 
VC2529 

RpoN RT RP CTTCATCGCCTCTTCTCCATAC 

FliA RT FP GATAGAGGATCTCGGTGTTTCTG 
VC2066 

FliA RT RP GCGAAAGTACCAAAGCTTCAC 

MotY RT FP CAACCAATACTCCGTTGGAATG 
VC1008 

MotY RT RP CTAGGCTGACATTACGGGTATC 

FlaA RT FP GGGTGGCCAATCCTTTATT 
VC2188 

FlaA RT RP TCTTCAATGTCATCACCATCTT 

FlgP RT FP CTGAGCAGGTGTATGGTATG 
VC2206 

FlgP RT RP GTTCAGTGACATAGCTGTCC 

FlgT RT FP CCTTAGAAGATGCGCTGTATAA 
VC2208 

FlgT RT RP CGCTTTGCGTTCTTCAATC 

FliF RT FP CAGTAGAGCAGACACGTAAAG 
VC2133 

FliF RT RP TACATCTTGCGGAATTGAGG 

FlgM RT FP CACCAATGTGCGTTCTTCT 
VC2204 

FlgM RT RP CTGGGTCTTGAAGCCATTT 

FlgK RT FP ACCTTACAGTCACAAGGTTTAG 
VC2191 

FlgK RT RP AGCTGGCTAACATCTTCAATAA 

FlgG RT FP AGCACTATGGGTCAGTAAGA VC2195 
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FlgG RT RP CCCGGCTGGTTAATGTTT 

FlgB RT FP CAATACGCCGGGATTTAAGG 
VC2200 

FlgB RT RP CGGTACGCGGTAAAGAATTT 

ToxT RT FP TTACTGATGATCTTGATGCTATGGA 
VC0838 

ToxT RT RP ATTCTCTAAACTTTACTCCTCGAGAC 

ToxR RT FP GACGAATAAATCGGCTCCAAAC 
VC0984 

ToxR RT RP AGGGTGGTTATTCGGCATATT 

CtxB RT FP TGTGCAGAATACCACAACAC 
VC1456 

CtxB RT RP TGTGAATCTATATGTTGACTACCT 

TcpA RT FP CGAAACTCTGCAGCGAATAAAG 
VC0828 

TcpA RT RP CGTTTCGAAATCACCAAGATCAG 

ChiA1 RT FP GCCGAGCATTGAAGCAAATC 
VC1952 

ChiA1 RT RP ATTCCACTGTAGGCAACCATAC 

ChiA2 RT FP CTACCGCCCAGTTTACTTATCC 
VCA0027 

ChiA2 RT RP AACCATCGGTATCCGCAATAG 

VC0769 RT FP GTGGGAAGTGGGTAAGGTTTAT 
VC0769 

VC0769 RT RP TTGGCGTTGGCTCAGTT 

VC1073 RT FP GGAAAGCCAGTGGTGGAATA 
VC1073 

VC1073 RT RP TAAAGCTCATGCTTGGGTAAGA 

ChiS RT FP CGGATCGGGTGACCAAATAA 
VC0622 

ChiS RT RP GTTCTAAGTAAGCCCAGTGGTAG 

TfoX RT FP GCCTTAGGGTGCGAGAAATA 
VC1153 

TfoX RT RP CGTTGAAATTCCCGCTGATTC 

GbpA RT FP GATACCGCAGCTTCCTTCTAC 
VC0811 

GbpA RT RP GCCAATGCTGAGATCCATACT 

TcpP RT FP CAGCTCTGAAAGTCTAACTCAGG  

VC0826 

TcpP RT RP GACTACAGTCAGCTTCATCAACA  

ToxR RT FP GACGAATAAATCGGCTCCAAAC 
VC0984 

ToxR RT RP AGGGTGGTTATTCGGCATATT 

RecA RT FP  GTCGCAAGCAATGCGTAAAC 
VC0543 

RecA RT RP CCAAACGAACAGAAGCGTAGA 

 

* The amplicon length of all of these above oligos for Real time PCR lies within 158  4 bp range. 

¹ Locus number of specific gene specified here according to Heidelberg et al., 2000. 
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Cloning vectors used in this study 

 

A 

 
B 

 
 

Fig.10.1. (A) pGEM
®
-T Easy Vector (Promega) Map, (B) The 

promoter and multiple cloning sequence of the pGEM®-T Easy 

Vector. The top strand shown corresponds to the RNA synthesized by 

T7 RNA polymerase. The bottom strand corresponds to the RNA 
synthesized by SP6 RNA polymerase. 
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Fig.10.2. Suicidal vector pCVD442 (addgene) map. This suicide vector 

was created to engineer mutations in host strains via allelic exchange. 

The important properties of this vector are:  
1) a pir dependent origin of replication from plasmid R6K,  

2) the bla gene encoding resistance to ampicillin,  

3) the mob region allowing efficient transfer by conjugation from strains 

containing the tra locus, and  
4) the sacB gene conferring sensitivity to sucrose in Gram-negative 

bacteria.  

Plasmid pCVD442 was created by cloning the sacB gene on a PstI 
fragment from plasmid pUM24 (Ried and Collmer. Gene 57:239-46, 

1987) into plasmid pGP704 (Miller and Mekalanos. J.Bacteriol. 

170:2575-83, 1988) that had been partially digested with PstI. Plasmid 
pCVD442 and its derivatives can only grow in strains that have the pir 

gene encoding the Pi protein, which is necessary for replication of R6K 

plasmids. The pir gene is usually supplied by a lambda lysogen. Such 

strains include DH5alpha-lambdapir, SY327-lambdapir, SM10-
lambdapir, and S17-lambdapir. The last two strains supply the tra genes 

for efficient conjugation. Sucrose sensitivity is far from absolute. The 

strain carrying the plasmid grows well on sucrose plates. To detect 
sucrose sensitivity make serial dilutions of the bacteria and plate both on 

plates containing and lacking 5% sucrose. There should be substantially 

fewer colonies and the colonies are smaller on the sucrose plates. 
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A 

 
 

B                                                                        C 

             
 

Fig.10.3. (A) Vector map of pBAD TOPO
®
 (Invitrogen). (B) TOPO

®
- 

cloning reaction. (C) Regulation by L-arabinose. The araBAD 
promoter used in pBAD-TOPOR is both positively and negatively 

regulated by the product of the araC gene (Ogden et al., 1980; Schleif, 

1992). AraC is a transcriptional regulator that forms a complex with L-
arabinose. In the absence of L-arabinose the AraC dimer contacts the O2 

and I1 half sites of the araBAD operon, forming a 210 bp DNA loop.  

First, L-Arabinose binds to AraC and causes the protein to release the O2 

site and bind the I2 site which is adjacent to the I1 site. This releases the 

DNA loop and allows transcription to begin and second, The cAMP 

activator protein (CAP)-cAMP complex binds to the DNA and stimulates 

binding of AraC to I1 and I2. 
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Fig.10.4. Vector map of pET-151/D-TOPO
®
 (Invitrogen). This 

vector is used for recombinant protein expression. 

 

 

 
 

Fig.10.5. Vector map of pGFPuv (Snapgene). This vector is used for 
expressing GFP in bacteria. 
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Abstract

Vibrio cholerae, the Gram- negative facultative pathogen, resides in the aquatic environment and infects humans and causes 

diarrhoeagenic cholera. Although the environment differs drastically, V. cholerae thrives in both of these conditions aptly and 

chitinases play a vital role in their persistence and nutrient acquisition. Chitinases also play a role in V. cholerae pathogenesis. 

Chitinases and its downstream chitin utilization genes are regulated by sensor histidine kinase ChiS, which also plays a sig-

nificant role in pathogenesis. Recent exploration suggests that CytR, a transcription factor of the LacI family in V. cholerae, also 

regulates chitinase secretion in environmental conditions. Since chitinases and chitinase regulator ChiS is involved in patho-

genesis, CytR might also play a significant role in pathogenicity. However, the role of CytR in pathogenesis is yet to be known. 

This study explores the regulation of CytR on the activation of ChiS in the presence of mucin and its role in pathogenesis. There-

fore, we created a CytR isogenic mutant strain of V. cholerae (CytR¯) and found considerably less β-hexosaminidase enzyme 

production, which is an indicator of ChiS activity. The CytR¯ strain greatly reduced the expression of chitinases chiA1 and chiA2 

in mucin- supplemented media. Electron microscopy showed that the CytR¯ strain was aflagellate. The expression of flagellar- 

synthesis regulatory genes flrB, flrC and class III flagellar- synthesis genes were reduced in the CytR¯ strain. The isogenic CytR 

mutant showed less growth compared to the wild- type in mucin- supplemented media as well as demonstrated highly retarded 

motility and reduced mucin- layer penetration. The CytR mutant revealed decreased adherence to the HT-29 cell line. In animal 

models, reduced fluid accumulation and colonization were observed during infection with the CytR¯ strain due to reduced 

expression of ctxB, toxT and tcpA. Collectively these data suggest that CytR plays an important role in V. cholerae pathogenesis.

InTRoduCTIon

Cholera is an acute diarrhoeal disease caused by facultative, 

Gram- negative pathogenic bacteria Vibrio cholerae [1, 2]. The 

world has witnessed seven pandemics of cholera to date. The 

current seventh cholera pandemic started in 1992 and still, 

outbreaks are reported mainly from Africa, Asia, America, 

and it is predominantly caused by the O1 El tor biotypes of 

V. cholerae [3].

The dynamic lifestyle of V. cholerae includes two different 

habitats. They live primarily in the aquatic environment 

either as a free- living bacterium or in association with phyto-, 

zooplanktons, mollusks, crustaceans and arthropods. In the 

aquatic environment, V. cholerae feeds on their exoskeletal 

chitinous covering [4]. V. cholerae releases extracellular 

chitinases ChiA1 and ChiA2 to degrade the chitinous exoskel-

eton by breaking the β−1,4 glycosidic linkage of the chitin 

polymer releasing N- acetyl glucosamine (GlcNAc) residues, 

which are sensed and internalized by V. cholerae as a source of 

the nutrient. The regulation of sensing and chitinase secretion 

is ChiS dependent, which is a periplasmic two- component 

sensor histidine kinase [5, 6]. V. cholerae also colonizes in 

the intestinal epithelium of the human gut, where the mucus 

layer provides a niche for colonization because it harbours 

attachment sites like glycans [7]. Mucus glycans also act as a 

direct source of nutrients for the bacteria [8].

http://mic.microbiologyresearch.org/content/journal/micro/
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V. cholerae chitinases act on mucus glycans to produce 
GlcNAc- like residues, which act as a nutrient source. Reports 
have also indicated the involvement of bacterial chitinases 
in pathogenesis [9–11]. Our studies have shown that the 
chitinase ChiA2 (VCA0027) is important for V. cholerae 
survival and pathogenesis [11, 12].

V. cholerae ChiS (VC0622) regulates the expression of 
chitinases and it plays an important role in pathogenesis [12]. 
In the host intestine, ChiS gets activated in the presence of 
mucin. The activated ChiS contributes to the utilization of 
mucin and helps V. cholerae to survive in the intestine. ChiS 
also promotes motility, mucin- layer penetration, adherence 
and survival in the intestinal environment. Moreover, ChiS 
mutant V. cholerae shows hypovirulent characteristics as it 
secretes less cholera toxin (CT) in the intestine, and hence 
shows less fluid accumulation and less virulence [12].

There is another regulator of chitinases in V. cholerae known 
as CytR (VC2677) [13]. Since chitinases play a role in patho-
genesis, we speculate that CytR might also be involved in 
controlling virulence cascade, which is ultimately attributed 
to the pathogenicity of V. cholerae and causes the disease. CytR 
is a 37 KDa cytoplasmic protein belonging to the LacI family 
transcriptional regulator present in some gamma proteobac-
teria including V. cholerae [14, 15]. CytR has an N- terminal 
domain that contains a helix- turn- helix (HTH) motif for DNA 
binding and a C- terminal domain for dimerization, inducer 
binding and protein contact with cAMP Receptor Protein 
(CRP). Its role in transport and utilization of nucleosides have 
long been studied in Escherichia coli [16, 17]. In E. coli CytR 
negatively regulates a small set of nucleoside scavenging and 
metabolism genes including udp, cdd, ompK and cytR itself 
via cAMP receptor protein (CRP)- dependent anti- activation 
mechanism [18]. V. cholerae CytR is a functionally diverse 
protein and a global regulator. It represses multiple nucleo-
side catabolism and scavenging genes, positively regulates 
competence and a majority of natural transformation genes, 
bacterial killing by inducing type VI secretion system (T6SS) 
gene clusters, and co- regulates chitinase genes along with 
TfoX [13].

Recently it has been discovered that among many other roles, 
CytR is involved in the regulation of V. cholerae extracellular 
chitinase ChiA1 (17) and ChiA2 (13). Therefore, it is possible 
that CytR might be involved in V. cholerae pathogenesis.

The pathogenesis of V. cholerae within the human host is 
controlled by a complex signalling cascade of virulence 
genes and regulatory factors that have been the subject of 
intense research for several decades. During pathogenesis, 
V. cholerae has to survive in the intestinal environment, 
penetrate through the mucus layer, adhere to the intestinal 
epithelium, form colonies to secrete CT [1, 19–21]. To define 
the role of CytR in V. cholerae pathogenesis we explored the 
impact of CytR deletion and studied the growth of bacteria 
in the presence of mucin, its motility due to flagellar move-
ment in mucin, virulence- gene expression and fluid accu-
mulation as a marker of CT production. We demonstrated 
that CytR positively regulates activation of sensor histidine 

kinase ChiS in the mucinous environment, thus affecting 
the secretion of chitinases and degradation of mucin. CytR 
deletion resulted in no flagellar synthesis, which leads to 
reduced motility and mucin penetration. Furthermore, CytR 
not only has a marked effect on the adhesion to the intestinal 
epithelial cells but also positively controls CT secretions 
and other virulence traits. Therefore, a distinct regulatory 
pattern may exist, which leads to the reduced pathogenicity 
in the CytR- ablated strain.

METHodS

Ethics statement

Animal experiments were conducted following the standard 
operating procedure framed by the Committee for the 
Purpose of Control and Supervision of Experiments on 
Animal (CPCSEA), Government of India. All the animal 
experiments performed here were approved by the Insti-
tutional Animal Ethics Committee of National Institute of 
Cholera and Enteric Diseases (registration no: PRO/120/April 
2016–March 2019). Intestinal colonization competitive index 
assay was performed using 4- to 5- day- old infant Swiss mice. 
For fluid accumulation and other in vivo studies, New Zealand 
white rabbits weighing about 2.5 kg were used. Animals were 
euthanized in a CO₂ chamber assuring minimum pain to the 
animals during the intestinal harvest.

Bacterial strains culture conditions and dnA 
manipulations

Streptomycin- resistant V. cholerae (O1 El Tor Inaba) N16961 
was used in all the experiments performed here [22]. The 
V. cholerae strain N16961 used is denoted as the wild- type 
(WT or CytR+); the CytR- deleted N16961 strain is denoted 
as the CytR mutant (CytR⁻) and the complemented CytR⁻ as 
strain CytRc. These strains were cultured in Luria–Bertani 
(LB) medium (BD, Difco) at 37 °C under constant shaking 
at 180 r.p.m. or under the static condition on Petri plates 
containing LB agar supplemented with suitable antibiotics 
streptomycin (100 µg ml−1) or ampicillin (100 µg ml−1) 
whenever necessary. For enzymatic assay and in vitro 
RNA analysis, bacteria were also grown in minimal- lactate 
media containing M9 minimal medium (BD Difco), 50 mM 
HEPES (pH 7.5) (Sigma), filter sterile 0.2 % MgSO

4
 (Merck) 

and 0.01 % CaCl
2
 (SRL) with or without 1 % porcine mucin 

(sigma) as a sole source of carbon [12]. Sodium lactate 
(Sigma) at 0.5 % was also added to support equal growth 
of wild- type and mutant strains during RNA analysis and 
enzymatic assay [12]. Bacteria were also cultured in AKI 
media containing 0.4 % yeast extract (BD Difco), 1.5 % Bacto 
peptone (BD Difco), 0.5 % NaCl and 0.3 % freshly prepared 
NaHCO

3
 (Merck) pH 7.2 at 37 °C under static condition for 

CT analysis. Plasmid DNA was isolated by plasmid DNA 
purification kit (Promega). DNA manipulations were done 
using restriction enzymes (New England Biolabs), DNA liga-
tion kit (Promega) and Taq DNA polymerase (Promega) for 
PCR amplification.
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Construction of the deletion mutant of CytR and its 
complement

The isogenic deletion mutant of cytR was constructed as 
described previously [23]. In brief, genomic DNA was first 
isolated from N16961 V. cholerae. The 500 bp fragment 
upstream and downstream of the cytR gene (VC_2677 of 
NCBI reference sequence, NC_002505.1) was PCR- amplified 
using primer pairs cytR Ext Xba1 FP (A) and cytR Fus RP 
(B) cytR Fus FP (C) and cytR Ext Sac1 RP (D) (Table S1, 
available in the online version of this article). The ampli-
cons AB and CD were then fused and amplified with the 
primer pair A and D to generate a 954 bp amplicon with an 
in- frame deletion of the 876 bp region of the cytR gene. This 
fusion product was amplified and subcloned into pGEM- T 
Easy vector (Promega). The DNA fragments containing the 
deleted gene were digested with Xba1 and Sac1 restriction 
enzymes and ligated into the counter selectable suicide 
plasmid pCVD442 [22]. To harbour these deleted genes in V. 
cholerae, the resultant chimeric plasmid was transformed into 
E. coli SM10λpir and was conjugally transferred to N16961. 
The transconjugants were selected in ampicillin- streptomycin 
double- antibiotic LB agar plates and then grown in sucrose 
selection media (1 % tryptone, 0.5 % yeast extract, 10 % 
sucrose and 1.5 % agar) to identify the clones where pCVD442 
plasmid loss had occurred [24]. Isogenic deletion of the cytR 
gene was confirmed by PCR using external primer pairs A 
and D, showing a 954 bp amplicon in the isogenic deletion 
cytR mutant and internal primers cytR Int FP and cytR Int 
RP amplify the 653 bp region in the WT strain and show no 
amplification in the mutant strain [25] (Fig. S1) . The cytR 
mutant strain was complemented with the cytRc plasmid 
to generate a complemented strain following a previously 
described procedure [26]. cytRc was generated by cloning the 
cytR gene in pBAD- TOPO TA expression vector (Invitrogen) 
along with its signal sequence using the primers cytR Comp 
FP and cytR Comp RP (Table S1).

Generation of a V. cholerae growth curve

Cultures of wild- type V. cholerae CytR+, CytR⁻ mutant and its 
complement CytRC were taken from the log phase and centri-
fuged, washed in PBS and OD was adjusted to 1×109 cells ml−1. 
An inoculum of 1×105 cells ml−1 was given in fresh mucin 
supplemented (1 %) M9 minimal medium, as the presence 
of 1 % mucin in medium showed maximum cytR expression 
(Fig. S2). The cultures were grown at 37 °C under constant 
shaking at 180 r.p.m. for 60 h [11]. The viable cell counts were 
enumerated by dilution plating of the cultures at different time 
points (between 0 to 60 h) onto LB agar plates supplemented 
with streptomycin followed by colony count [27].

RnA isolation and quantitative Reverse 
Transcriptase - PCR

Bacterial cultures were grown to the mid- logarithmic phase 
of growth (OD₆₀₀−0.5) in LB medium and minimal- lactate 
media with or without 1 % porcine mucin at 37 °C with 
constant shaking. Total RNA was extracted using Trizol 
(Invitrogen) following the manufacturer’s protocol. Extracted 

RNA was frozen in RNase- free water at −80 °C until use. RNA 
concentrations were determined using V-660 UV- VIS spec-
trophotometer (Jasco). DNase treatment was performed using 
DNA- free kit (Ambion) for the elimination of contaminating 
genomic DNA. Then, 1 µg of RNA from each sample was 
subjected to cDNA synthesis using the Reverse Transcription 
kit (Promega) according to the manufacturer’s protocol. The 
mRNA transcript levels were quantified by quantitative PCR 
(qPCR) using 2×SYBR green PCR master mix (AB Applied 
Biosystems) and 0.2 µM of specific forward and reverse 
primers designed using PrimerQuest from Integrated DNA 
Technologies (IDT) for each transcript (Table S2). Data anal-
ysis was done using a 7500 Real Time PCR detection system 
(Applied Biosystems, Foster City, CA, USA) 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 2-∆∆C

T
 method [28] using recA (VC_0543) as an 

internal control.

β-hexosaminidase assay

The activity of β-hexosaminidase enzyme was estimated by 
a previously described procedure [29] with p- nitrophenyl-β, 
d-N- acetylglucosaminide (PNP- GlcNAc) (Sigma). In brief, 
V. cholerae cells' wild- type CytR+, mutant CytR⁻, and its 
complement CytRC were grown in minimal- lactate media 
with or without 1 % porcine mucin up to the log phase. The 
bacterial cell density was adjusted to 5×108 cells ml−1, they 
were washed and treated with toluene at a ratio of 10 µl ml−1 
of culture. After vigorous shaking for 10 s, the mixture was 
kept at room temperature for 20 mins. Next, 0.1 ml of these 
treated cultures were mixed 0.1 ml of 1 mM PNP- GlcNAc in 
20 mM Tris- HCl (pH 7.5) and incubated at 37 °C for 60 mins. 
The reaction was stopped with 0.8 ml of 1M Tris base (pH 
11). Cell debris was removed by centrifugation and the 
optical density of the supernatant was analysed at 400 nm. 
Total hexosaminidase activity was analysed after measuring 
total protein by Lowry's method and then expressed as 
p- nitrophenol produced per minute per mg of protein. For 
determining in vivo hexosaminidase activity, rabbit ileal loop 
intestinal fluid was collected after incubation. The samples 
were then washed and centrifuged to collect the bacterial 
cells and total hexosaminidase activity was measured as 
described above [12].

Mucin penetration assay

The assay was performed according to a previously published 
method [30]. In brief, mucin columns were prepared in 1 ml 
syringes by adding different concentrations of porcine mucin 
(1, 1.5 and 2 %) (Sigma). Bacteria were grown up to mid- log 
phase and their concentration was adjusted to 5×108 cells ml−1 
using PBS. 0.1 ml of the culture were loaded on the top of the 
mucin columns. Columns were then allowed to settle for 1 h at 
37 °C under static conditions. Thereafter, 100 µl fractions were 
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 c.f.u.
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Motility assay

The surface motility of all V. cholerae strains used in this 
study was done by a previously described procedure [31]. 
Bacterial strains were grown up to the mid- log phase in LB 
broth. The culture was resuspended in PBS and OD adjusted 
to 5×108 cells ml−1. In total, 1 µl of this culture was spotted 
on soft agar plates containing 0.4 % porcine mucin (Sigma) 
in minimal M9 media (BD Difco) and 0.3 % bacto agar (BD 
Difco). And the plates were incubated for 18 h at 37 °C. Bacte-
rial motility was analysed by measuring the diameter of the 
motility zone on the plate surface.

Cell culture

In this study mucin- secreting human adenocarcinoma cell 
line HT-29 (National Centre for Cell Sciences, Pune, India) 
was used. Cells were maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Sigma), supplemented with 10 % 
FBS (PAN Biotech, Germany), 1 % non- essential amino acid 
(Sigma) and 1 % penicillin/streptomycin (Sigma) mixture at 
37 °C under 5 % CO

2
 in a humidified incubator [11].

Adhesion assay

Adhesion of V. cholerae (WT CytR+, mutant CytR⁻ and its 
complement CytRc) to the human colon adenocarcinoma cell 
line HT-29 was done according to the previously described 
method [12]. As mentioned earlier HT-29 cells were split into 
12- well cell- culture plates and maintained in DMEM with 10 % 
FBS. Upon reaching 80 % confluency, 1.2×108 freshly grown 
mid- log phase bacterial inoculum (washed in PBS, numerated 
by c.f.u. counting, ratio, 100 bacteria:1 HT-29 cell, m.o.i. 100) 
was given to 1.2×106 cells in DMEM culture medium with 0.5 % 
FBS and without antibiotics. Adhesion assay was conducted 
by incubating the bacteria/cell at 37 °C for 1 h under condi-
tions 5 % CO

2
 and 90 % relative humidity. Cells were washed 

thrice with prewarmed PBS pH 7.4 and were detached using 
0.1 % Triton X-100. Adherent bacteria were counted after 
serial dilution by plating on LB agar plates supplemented with 
100 µg ml−1 streptomycin. 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 was washed in PBS three times and then homogenized 
and serially diluted in PBS. The adherent bacterial count was 
determined by plating and counting these bacterial cultures 
on LB agar supplemented with 100 µg ml−1 streptomycin. For 
fluorescence microscopy, all V. cholerae strains (WT CytR+, 
mutant CytR⁻, and its complement CytRc) were transformed 
with ampicillin- resistant GFP- expressing plasmid, pGFPuv 
(Clontech, TaKaRa bioscience) by electroporation. 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 medium (Vector 
laboratories) to view under a fluorescence microscope.

Suckling mouse colonization competition assay

The in vivo infant mouse colonization assay was performed 
as described previously [32]. Log- phase culture of the V. 

cholerae mutant strain (LacZ⁻) was mixed with each of the 
wild- type strains (LacZ+), i.e. CytR+, CytR⁻, and CytRc at a 
ratio of 1:1. Then, 2 h prior to giving the inoculum to 4- to 
5- day- old suckling Swiss albino mice were separated from 
their mothers. Each mouse was then orally gavaged with 50 µl 
of 5×108 c.f.u. ml−1 of the mixed bacterial culture. Negative 
control mice were fed with 50 µl PBS. Mice were kept at 26 °C 
in isolation. Then, 18 h after infection they were sacrificed 
and intestines were harvested, washed in PBS, mechanically 
homogenized and diluted serially to a plate on the LB agar 
supplemented with 100 µg ml−1 streptomycin. Competitive 
index (CI) was calculated by the following equation: - ratio 
out 

(mutant/wild- type)
 / ratio in 

(mutant/wild- type)
. The CI value of <1 indi-

cates a defect in fitness and that of >1 indicates an increased 
fitness. Seven mice per group were used in this study.

Ligated rabbit ileal loop assay for fluid 
accumulation and bacterial recovery

This assay was performed in New Zealand White Rabbits 
weighing approx. 2.5 kg by a detailed method described previ-
ously [33]. In brief, a bacterial inoculum of all three strains 
was adjusted to 1×109 c.f.u. ml−1 and 1 ml of these cultures was 
introduced into the ligated loops of the ileum. The negative 
control loop was inoculated with PBS. The animal was sacri-
ficed after about 18 h and loops were taken out. The volume 
of the accumulated fluid and the length of the loops were 
measured. The extent of the fluid accumulation (FA) was 
expressed as loop fluid volume (ml)/length (cm) ratio. Using 
the same model, bacterial colonization, β-hexosaminidase 
assay, quantitative RT- PCR of different genes from recovered 
bacteria, estimation of in vivo CT, and histopathology were 
also performed.

GM1 enzyme-linked immunosorbent assay

The ability to secrete CT by V. cholerae strains was assayed 
by GM1 ELISA following the previously described method 
[34] with minor modifications [35, 36]. CT expression was 
measured by cell- free culture supernatants from AKI grown 
V. cholerae cultures harvested after 12 h of static incubation at 
37 °C as well as from in vivo rabbit ileal loop culture. Culture 
supernatants were added to the wells of MaxiSorp ELISA 
plates (Nunc) that were coated with GM1 ganglioside (Sigma). 
Wells were subsequently treated with polyclonal anti- CT 
antibody (Sigma). 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 492 nm in the standard curve. The OD

492
 

average obtained from triplicate wells of each experimental 
sets were considered to estimate the amount of CT present 
and expressed as ng of CT ml−1.

Transmission electron microscopy

Negatively stained whole- cell mounts were prepared to visu-
alize bacterial morphology. In brief CytR+, CytR⁻ strains of V. 
cholerae were grown in LB broth and 5 µl of bacterial suspen-
sion was gently placed on a glow- discharged carbon- coated 
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300 mesh copper grid. After about 1 min, the remaining solu-
tion 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 a 
FEI Tecnai 12 BioTWIN Transmission electron microscope 
(FEI, Hillsboro, OR, USA) at an operating voltage of 100 kV.

Histological studies

Histological analysis was done by collecting tissue samples 
from rabbit ileal loop assays. They were fixed in 10 % neutral 
buffered formalin. Further, the samples were embedded in 
paraffin. Then, 3–4 µm thin sections were cut in a microtomy 
rotor (Leica, Germany) and were stained with haematoxylin 
and eosin and examined 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.

Statistical analysis

All the experiments were analysed by Student’s t- test. Each 
of the experiments was repeated at least three times. Data 
were represented as mean±sem. Statistical analysis and data 
plotting for suckling mice colonization competition assay 
were done by two- way ANOVA using GraphPad Prism 
software (Version 5). A ‘P’ value of <0.05 was considered 
as statistically significant.

RESuLTS

CytR plays a role in V. cholerae mucin utilization

To evaluate the role of CytR in mucin utilization for growth 
of V. cholerae, we first measured the growth rate of all the 
V. cholerae in M9 minimal media in the presence (Fig. 1b) 

or absence of mucin (Fig.  1a). The CytR⁻ mutant strain 
grew poorly in mucin- supplemented M9 minimal media 
compared to the wild- type CytR+ strain. At 60 h, the total 
viable count of wild- type V. cholerae CytR+ strain in mucin- 
supplemented media was 5.57×108 c.f.u. ml−1, whereas it was 
3.18×107 c.f.u. ml−1 in the CytR⁻ mutant strain, showing a 
17.5- fold difference in growth. The complemented CytRc 
strain showed similar growth as the wild- type CytR+ strain 
in mucin- supplemented media. In contrast, all the strains 
showed almost similar growth patterns in the presence of 
sodium- lactate- supplemented M9 minimal media in the 
absence of mucin (Fig. 1a), which indicates equal fitness of 
all the strains. This result indicates V. cholerae could utilize 
mucin as a sole nutrient source and CytR contributes to 
utilizing it.

CytR is important for motility and mucin 
penetration

Next, we investigated the surface motility of different V. 
cholerae strains on soft agar mucin plates. We found that 
CytR⁻ strain showed reduced motility with a zone of 
0.36±0.03 cm, whereas CytR+ strain showed a motility zone 
of 3.8±0.14 cm (Fig. 2a, b). Therefore, the motility of CytR⁻ 
strain was reduced to 10.5- fold compared to the CytR+ 
strain. The complemented CytRc strain showed a similar 
motility zone of 3.4±0.11 cm when compared to the wild 
type strain.

Further, the in vitro mucin- layer penetration experiment 
supports our above observation. Here we also observed that 
motility of CytR⁻ V. cholerae strain decreased severely. Out of 
the total 5×108 c.f.u. ml−1 bacteria loaded on top of the mucin 
column, 4.89×107 c.f.u. ml−1, wild- type CytR+ bacteria were 
able to penetrate through the 1 % mucin column after 1 h 
incubation (Fig. 2c). However, only 1.3×106 c.f.u. ml−1 mutant 
CytR⁻ bacteria were able to penetrate the 1 % mucin column. 
This clearly showed that the CytR⁻ strain was 38- fold less 
competent in motility than the wild- type bacteria, whereas 
the CytRc strain showed almost similar mucin- penetration 
ability compared to the CytR+ strain.

V. cholerae CytR plays a significant role in adhesion 
to epithelial cells

Adhesion of V. cholerae to the intestinal epithelial cells is a 
major step in its pathogenesis. Therefore, we have studied the 
effect of CytR in the adherence capability of V. cholerae to 
HT-29 intestinal epithelial cell line in tissue culture condi-
tions. Adherent V. cholerae wild- type CytR+ strain count after 
1 h incubation with the HT-29 cell was 2.7×108 c.f.u. ml−1, 
whereas for the CytR⁻ strain it was 2.6×107 c.f.u. ml−1 
(Fig. 3a). Therefore, the CytR⁻ V. cholerae strain was 10.5- 
fold less adherent with HT-29 cells than the wild- type. CytRc 
complemented strain showed similar adhering ability when 
compared to the wild- type CytR+. GFP- labelled CytR⁻ mutant 
bacteria were less visible in adhered form when compared to 
the wild- type CytR+ strain under fluorescence microscopy 
(Fig. 3b), whereas the complemented CytRc strain adhered 
similarly like the wild- type V. cholerae.

Fig. 1. CytR helps V. cholerae to utilize mucin as a sole nutrient source. 

All V. cholerae N16961 strains, CytR+ (wild- type), CytR¯(isogenic CytR 

mutant) and CytRᶜ (CytR¯strain complemented with CytR clone) 

strains were inoculated separately in (a) M9 minimal media with 0.5 % 

sodium lactate as the sole carbon source and (b) M9 minimal media 

supplemented with 1 % (w/v) porcine mucin only. The viable bacterial 

counts in c.f.u. ml-1 were detected by the plate count method taking 

culture samples from different time points and represented graphically. 

The CytR¯ mutant showed a reduction in growth rate in the presence of 

mucin. Each experiment was repeated three times (n=3) and the data 

were expressed as mean±sem.
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We further tested the adherence in rabbit ileal loop condi-
tions. Our result suggested that 1.8×108 c.f.u. ml−1 wild- type 
CytR+ V. cholerae adhered to the intestinal lumen (Fig. 3c). In 
contrast, only 4.0×107 c.f.u. ml−1 CytR⁻ bacteria were adherent, 
showing ̴ 4.5- fold decrease in adherence efficiency of the 
CytR¯ mutant compared to the wild- type bacteria. The CytRc- 
complemented strain adhered similarly to the wild- type 
CytR+. These results indicated clearly that CytR is important 
for adhesion of V. cholerae in the intestinal environment.

CytR mutant V. cholerae displays colonization defect 
in suckling mice

To further examine the role of CytR in colonization, we used 
the 5–6- day- old suckling mice for the intestinal colonization 
ability of the mutant CytR⁻ strain along with complemented 
CytRc and the wild- type V. cholerae N16961 (CytR+LacZ⁻). 
During bacterial infection, the input ratio of mutant (CytR⁻) 
to wild- type N16961 (CytR+LacZ⁻) was 1 : 1. The CytR⁻ strain 
showed an output ratio (CI) (CytR⁻ LacZ+/ CytR+ LacZ⁻) 
of 0.034±0.01 at 18 h post- infection (Fig. 4). Whereas, CI 

between CytR+ LacZ⁻/ CytR+ LacZ+ was 0.84±0.06, indicating 
no or negligibly low fitness defect of the LacZ⁻ mutant strain 
over wild- type LacZ+ V. cholerae. This indicates that dele-
tion in CytR in V. cholerae significantly decreased its colo-
nization fitness to 24.5- fold. In contrast, the complemented 
CytRc strain showed CI, CytRc LacZ+/ CytR+ LacZ⁻ value of 
0.71±0.07 with almost no competitive disadvantage.

V. cholerae shows less fluid accumulation in the 
absence of CytR

We studied fluid accumulation by V. cholerae in the rabbit 
ligated ileal loop model as an indicator of pathogenesis. In this 
experiment, we measured the amount of fluid secreted per 
unit area (FA ratio) in each loop 18 h post- infection. Infection 
with CytR⁻ strain showed threefold less fluid accumulation 
compared to the wild- type CytR+ strain (Fig. 5). Infection 
with CytRc complemented strain showed fluid accumulation 
similar to CytR+.

CytR plays a role in virulence-gene expression and 
cholera-toxin production

To understand the reason behind the decreased fluid accumu-
lation, we analysed the expression levels of different virulence 

Fig. 2. Surface motility and mucin penetration are fostered by CytR in 

V. cholerae. CytR+ (wild- type), CytR¯ (isogenic CytR mutant) and CytRc 

(CytR¯strain complemented with CytR clone) were grown separately 

in LB broth till mid- log phase. Then, 1 µl of 5×108 c.f.u. ml−1 different 

bacterial samples were spotted on 0.3 % agar plates containing 0.4 % 

mucin. Plates were incubated at 37 °C for 18 h. (a) Plate showing the 

motility zone of different bacteria. (b) The diameter of bacterial surface 

motility zones is graphically represented as mean±sem by measuring 

the zone of three independent biological replicates. (c) The 100 µl of 

5×108 c.f.u. ml−1 bacterial culture CytR+ (wild- type), CytR¯ (isogenic 

CytR mutant) and CytRc (CytR¯strain complemented with CytR clone) 

were loaded on top of the 1 ml mucin column of containing 1 % porcine 

mucin. Bacterial samples of 100 µl were collected 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. 

Each of the experiments was repeated three times (n=3) and the data 

were expressed as mean±sem. *, P <0.05.

Fig. 3. CytR plays an important role for V. cholerae in adhesion with 

the epithelial cell. All three experimental strains were grown to mid- 

log phase and optical density was adjusted to 1. The HT-29 cell line 

was grown in a 12- well cell- culture plate to 80 % confluency. The cell 

line was then infected at 100 m.o.i. After incubation at humidified 37 °C 

incubator for 1 h, the cell- culture plate was washed with PBS to remove 

unbound bacteria and bound bacteria were collected and enumerated 

by plating on streptomycin- supplemented LB agar. (a) Graphical 

representation of different strain of V. cholerae bound to HT-29 under 

cell- culture conditions. (b) Fluorescent microscopy images of bound 

bacteria with HT-29 cell. (c) Bacterial adhesion was assayed from 

the samples recovered from in vivo rabbit ileal loop tissue samples, 

where the bound bacterial count was determined after washing and 

homogenizing the tissue samples. Bound bacteria were collected, 

plated and the number of bacteria was enumerated by the plate count 

method. The result is shown as the mean±sem of three biological 

replicates (n=3). *, P <0.05.
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genes in the post- infected wild- type CytR+ and CytR⁻ mutant 
strain by qPCR. We found the expression of toxT, tcpA and 
ctxB were significantly reduced by 5- fold, 3.5- fold and 4.5- 
fold, respectively, in the CytR⁻ mutant with respect to the 
wild- type V. cholerae. The deletion of CytR did not affect the 
expression of tcpP, but the expression of toxR was reduced 
by 3.6- fold (Fig. 6a). We also found reduced expression of 

toxT, tcpA and ctxB in vitro AKI grown culture media for the 
CytR⁻ mutant strain (Fig. S5a).

We also measured CT production, which is primarily respon-
sible for fluid accumulation in the rabbit intestine. We found 
that the rabbit ileal loop samples infected with the CytR⁻ 
mutant contained threefold less CT (215 ng ml−1) than the 
fluid from the wild- type CytR+- infected loop (665 ng ml−1) 
(Fig. 6b). Fluid from the CytRc- infected loop showed similar 
CT (574 ng ml−1) production compared to the wild- type. 
Reduced CT production was also seen in the AKI media 
culture soup in the CytR⁻ mutant strain (Fig. S5b).

CytR mutant causes less damage to the rabbit 
intestine compared to the infection with wild-type 
V. cholerae

Intestinal fluid- accumulation assay results encouraged us to 
investigate the microscopic changes of the rabbit intestinal 
tissues. Histological staining of rabbit ileum revealed that 
the wild- type CytR+ V. cholerae strain caused a gross struc-
tural alteration with distorted villus epithelium, extensive 
damage to the mucosa, sub- mucosa and lamina propria 
(Fig. 7). Haemorrhage in muscularis mucosa was also seen. 
In contrast, the intestinal loop section infected with the 
CytR⁻ strain displayed almost normal villi structure, although 
dilated and extended lamina propria with scattered haem-
orrhagic changes were observed. Mucosa and sub- mucosal 
layers did not show much noticeable damage. Tissue section 
from the intestinal loop infected with complemented CytRc 
strain showed an effect on villi and mucosal structure similar 
to the tissues infected wild- type V. cholerae. PBS- treated ileal 
loop tissue showed normal crypts and villi structure and did 
not show any alteration to the gut mucosae.

CytR controls flagella synthesis

To further investigate the reason behind reduced motility of 
the CytR⁻ strain in mucin media we have done negative- stain 
transmission electron microscopy to analyse the morphology 

Fig. 5. CytR plays a role in fluid accumulation in the rabbit intestine. All 

V. cholerae experimental strains were grown separately in LB broth till 

mid- log phase and OD was adjusted to 1.0 and 1 ml of 109 c.f.u. ml−1 were 

inoculated in each of the ligated loops of rabbit intestine. (a) Retrieved 

rabbit intestinal portion showing infected loop 18 h post- infection. Each 

loop was separated by an uninfected interloop region. The negative 

control loop was inoculated with PBS. (b) Fluid accumulation ratio in 

the rabbit intestine of three different experiments was measured and 

represented graphically as mean±sem. *, P <0.05; N.S., non- significant.

Fig. 6. Virulence- gene expression and CT production are affected by 

CytR mutation. (a) Relative expression of virulence genes from rabbit 

ileal loop samples CytR+ (wild- type), CytR¯ (isogenic CytR mutant) and 

CytRc (CytR¯strain complemented with CytR clone) was measured by 

quantitative RT- PCR. Data were represented by the comparative ∆∆C
T
 

method, using recA as an internal control. (b) In vivo CT production 

was also measured by ELISA from the accumulated fluid samples of 

ligated rabbit ileal loops. The result is shown as the mean±sem of three 

biological replicates (n=3). *, P <0.05, N.S., non- significant.

Fig. 4. CytR plays a role in vivo colonization of V. cholerae. Competitive 

indices of the CytR deletion mutant show less colonization fitness 

compared to wild- type V. cholerae. Comparative colonization study of 

three experimental strains was done in 5–6- day- old suckling mice. 

Then, 50 µl of 5×108 c.f.u. ml−1 bacteria of the V. cholerae (LacZ⁻) strain 

were mixed at a ratio of 1 : 1 with each of the strains, i.e. CytR+ (LacZ+), 

CytR⁻ (LacZ+) and CytRc (LacZ+) and orally gavaged to each mouse. 

After 18 h incubation, the mouse intestine was harvested, washed, 

homogenized, serially diluted and plated on LB agar. The CI was 

calculated and plotted to represent in the graph. CI=ratio out
(mutant/wild- 

type)
/ratio in

(mutant/wild- type)
. Each data point represents an individual animal 

infected with V. cholerae. Seven animals were sacrificed in each set. 

Horizontal bars indicate the mean±sem. CI <1 indicates fitness defect; 

CI >1 indicates increased fitness, whereas CI≈1 indicates no fitness 

defect. *, P <0.05.
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of the wild- type CytR+ strain of V. cholerae and the isogenic 
mutant CytR⁻ strain. The wild- type CytR+ strain showed 
normal flagella. However, the CytR- ablated V. cholerae strain 
appeared to be aflagellate (Fig. 8a).

The quantitative RT- PCR analysis of flagellar- synthesis genes 
in CytR⁻ strain indicated decreased expression of flrB (a 
histidine kinase) and flrC (the response regulator of FlrB) 
by 2.3- fold and 3.5- fold, respectively, when compared to the 
wild- type V. cholerae (Fig. 8b). RNA expression levels of flrA 
(the master regulator) and rpoN (the alternate sigma factor 
σ54) remained unchanged in the mutant strain. Transcription 
of other class II genes like fliF (forms structural unit of MS 
ring) and fliA (alternate sigma factor σ28) showed no change 
in CytR⁻ strain when compared to the wild- type V. cholerae. 
We also analysed the RNA expression of some class III genes, 
which showed reduced expression in the mutant strain. Three 
genes motY (forms T ring), flaA (main flagellin subunit) and 
flgP (associated with H ring) showed greater downregulation 
of RNA expression by 55- fold, 24- fold and 19- fold, respec-
tively. Four other class III genes flgT (H ring component), 

flgK (associated with hook- filament junction), flgG (distal 
rod), flgB (proximal rod) showed meagre downregulation by 
2.2- fold, 5- fold, 4- fold and 9- fold, respectively. However, the 
mutant strain class IV gene flgM (σ28- dependent anti- sigma 
factor) did not show any change in RNA level in the CytR 
mutant compared to the wild- type V. cholerae.

dISCuSSIon

CytR is involved in multiple regulations in V. cholerae and 
varying mechanisms appear to exist in each case [13]. The 
pathogenesis of V. cholerae inside the human host is regu-
lated by a complex signalling cascade, which includes several 
regulatory factors. CytR, also being a regulator, its function 
in pathogenesis is still not known. Here, we for the first time 
aimed to understand the role of this multifunctional tran-
scription factor in V. cholerae pathogenesis.

Our experimental results suggest that the CytR¯ V. chol-
erae showed inefficient growth in the presence of mucin- 
supplemented M9 minimal media. It is known that CytR 
upregulates four chitinase genes including chiA1 and chiA2 
(13,17) in the presence of chitin. We showed that the CytR 
mutant V. cholerae produced a significantly lower amount 
of RNA for both extracellular chitinase genes chiA1 and 
chiA2 in mucin- supplemented media (Fig. S3), which might 
result in decreased synthesis of the chitinase enzymes. Low 
levels of these chitinases result in an inefficient breakdown 
of complexly polymerized O- linked glycans of mucin. 
Therefore, production of GlcNAc as a nutrient is low and 
the growth of CytR¯ strain in mucin- supplemented media is 

Fig. 7. Histological examination of the rabbit intestine showed the 

CytR mutant infected loop causes less damage to the intestinal lining. 

All V. cholerae strains CytR+ (wild- type), CytR¯ (isogenic CytR mutant) 

and CytRc (CytR¯strain complemented with CytR clone) were grown 

separately in LB broth till mid- log phase and OD was adjusted to 1.0 

and 1 ml of 109 c.f.u. ml−1 were inoculated in each of the ligated loops of 

rabbit intestine. Then, 18 h post- infection tissue sections from each loop 

were collected, processed and stained with haematoxylin and eosin. 

Representative images were taken under a 20×objective lens. The PBS- 

treated ileal loop was considered as control. C, Crypts; GC, Goblet Cells; 

LP, Lamina Propria; Muc, Mucosa; MM, Muscularis Mucosae; SubM, 

Submucosa, *, indicating the site of haemorrhage.

Fig. 8. V. cholerae flagella synthesis is CytR dependent. (a) Electron 

micrographs of negatively stained V. cholerae strain CytR+ (wild- type) 

(left) and CytR¯ (isogenic CytR mutant) (right) in LB broth till mid- log 

phase. (b) Mid- log- phase bacterial cultures were subjected to RNA 

isolation using the TriZol method and mRNA transcript levels were 

analysed by quantitative RT PCR and graphically represented, using 

recA as an internal control gene. Each of the experiments was repeated 

three times (n=3) and the data were expressed as mean±sem. *, P <0.05; 

N.S., non- significant.
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compromised. The side chains of mucin are rich in GlcNAc 
residues that can act as a source of carbon and nitrogen 
[37]. V. cholerae can utilize a diverse pool of carbon source 
depending upon the environment it thrives in, including 
intestinal mucin. It has been previously reported by us that 
the extracellular chitinase ChiA2 cleaves the oligosaccharide 
moieties of mucin- releasing GlcNAc [11]. The GlcNAc resi-
dues are then transported and assimilated by V. cholerae as 
a nutrient [5]. It has also been reported that few pathogens 
can utilize GlcNAc efficiently as a nutrient source [38]. From 
the nutritional point of view, gut mucus is used as a source 
of carbon and energy by a subset of intestinal microbiota. 
C. jejuni [39], enterohemorrhagic E. coli (EHEC) [40], C. 
difficle, Salmonella enterica serotype Typhimurium [41] 
are among few enteric pathogens, which efficiently utilizes 
mucus- derived monosaccharides.

As stated earlier, mucin utilization by V. cholerae proceeds 
only after the sensor kinase ChiS senses the presence of 
GlcNAc residues in the environment and hence switching 
on the downstream mucin utilization cascade components 
including periplasmic β-N- acetylhexosaminidases [5]. Our 
results suggest for the first time that CytR positively controls 
hexosaminidase activity in V. cholerae in the presence of 
mucin (Fig. S4) in vitro as well as in the intestinal environ-
ment (Fig. S6). The expression of chiS RNA is also CytR 
dependent as revealed by the qRT- PCR data (Fig. S4). Thus, 
it indicates that CytR positively regulates both chiS expression 
and its activity. Therefore, we speculate that CytR helps V. 
cholerae to breakdown the thick mucus layer with the help of 
chitinases in a ChiS- dependent manner and release primarily 
the GlcNAc residues from the mucus component. Internaliza-
tion and transport of GlcNAc from the intestinal environ-
ment is also ChiS dependent [5]. We believe that in the CytR¯ 
strain, GlcNAc is less transported, and to produce the clinical 
symptoms of cholera V. cholerae needs to transport sufficient 
titre of GlcNAc from the intestine [8, 42, 43]. However, the 
mechanism of how CytR controls the expression and activity 
of ChiS needs further study.

To successfully carry out mucin- layer penetration [24] and to 
colonize the intestinal epithelial cells, flagella- driven motility 
plays an important role in V. cholerae. A previous study has 
shown that the movement of V. cholerae through the viscous 
mucus layer is promoted by mucin [24]. Additionally, motility 
is further triggered by the presence and internal catabolism of 
N- acetylneuraminic acid and N- acetylglucosamine (GlcNAc) 
[8]. Our study here indicates that under experimental condi-
tions, motility is positively regulated by CytR. To pass through 
the mucus layer, V. cholerae simultaneously needs to degrade 
and loosen the thick mesh of mucin side chains with help 
of chitinases and proteases along with the generation of 
propulsion through rotation of whip- like, monotrichous 
polar flagella to move forward. In V. cholerae, the activity of 
chitinase ChiA2 in mucin deglycosylation does not require 
any proteolytic help [11]. So, the inability to penetrate mucin 
by the CytR¯ strain can be explained by reduced expression of 
chitinases ChiA1 and ChiA2. Moreover, electron microscopic 
observation revealed that CytR¯ V. cholerae strain completely 

lacks the presence of a polar flagellum, which further explains 
why CytR¯ V. cholerae is less motile than the wild- type.

More than 50 genes are involved in the synthesis and regu-
lation of flagella in V. cholerae [44]. Protein synthesis and 
structural component assembly of the major flagellar units 
happened hierarchically. The expression of flagella- synthesis 
genes in V. cholerae is categorized into a four- tier transcrip-
tional hierarchy [45]. The σ54- dependent transcriptional 
activator FlrA is the only class I gene in this hierarchy [46, 47]. 
FlrA is the master regulator of the V. cholerae flagellar tran-
scription hierarchy because it is important for the expression 
of the rest of the flagellar genes. FlrA, along with the RpoN 
(sigma factor σ54), activates class II flagellar genes. Class II 
flagellar protein histidine kinase FlrB and its response regu-
lator FlrC regulates the synthesis of class III flagellar genes, 
which encodes the different structural component of flagella 
including the major flagellin subunit (FlaA), proximal and 
distal transmembrane helical rod (FlgB/G), H- ring protein 
(FlgT), H- ring- associated protein (FlgP), flagellar- hook- 
associated protein (FlgK) and T- ring motor protein (MotY).

CytR¯ strain showed reduced expression of class II flagellar 
genes flrB, flrC, and several class III genes tested. This suggests 
that CytR is important for expression of flrB and flrC, except 
when no other structural components of flagella in V. cholerae 
are synthesized. Previous study has also shown that the flrC 
mutant is defective in flagella- synthesis thereby reducing 
motility as well as intestinal colonization of V. cholerae [48]. 
Although we have observed decreased expression of flrBC 
and class III flagellar genes in CytR¯ strain, further study is 
still needed to complete the understanding of this process.

Our results also suggest that V. cholerae CytR¯ strain showed 
reduced adhering capability to the intestinal cells than the 
wild- type strain depicting colonization defect. Coloniza-
tion of V. cholerae in the small intestine requires the strin-
gent activity of TcpA (Toxin Coregulated Pilus A) that also 
promotes adherence to intestinal cells [49]. In support of 
this, we found that CytR¯ V. cholerae express less tcpA during 
colonization. Bacterial attachment to the protective mucus 
layer can also be facilitated by flagellar motility in coopera-
tion with N- acetylglucosamine binding protein A (GbpA) 
[50]. However, expression of GbpA was not affected during 
colonization in CytR¯ strain (Fig. S7). The absence of flagella 
in CytR¯ V. cholerae also supports the reason behind coloniza-
tion defect of the mutant strain. Taken together, CytR of V. 
cholerae positively controls the mucin- layer penetration as 
well as colonization to the intestinal epithelium.

Upon reaching the brush border lining of the intestinal 
epithelium and following successful colonization, V. cholerae 
expresses CT and causes efflux of chloride ions (Cl¯) from 
the cell, that causes osmotic imbalance and ultimately leads 
to the loss of fluid into the intestinal lumen, which serves as 
one of the major aspects of virulence of V. cholerae [1, 51]. 
To examine the role of CytR in the pathogenesis, we studied 
the intestinal fluid- accumulation assay in the adult rabbit 
model. Results showed that CytR¯ strain showed reduced 
fluid accumulation than the wild- type strain, which is due 
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to the reduced CT production. It is well established that in 
response to intestinal stimuli, most of the virulence factors in 
V. cholerae, e.g. ctx and tcp are regulated by ToxT- dependent 
pathway [51, 52]. Consistent with this, we found reduced 
expression of toxT, ctxB and tcpA in CytR¯ strain. This 
might indicate that ToxT virulence regulatory pathway gets 
affected in the CytR¯ strain. Further, toxR/S and tcpP/H act in 
conjunction to regulate the expression of toxT in V. cholerae 
[51]. Expression of toxR is downregulated in CytR¯ strain, 
suggesting that CytR may regulate the master virulence 
regulator toxT in toxR- dependent way by a mechanism pres-
ently unknown. However, the expression of tcpP remained 
unaffected in the CytR¯ strain. In the wild- type V. cholerae, 
expression of TcpP is regulated by AphA/B. Therefore, we 
speculate that the expression of aphA/B remained unaltered 
in the CytR¯ strain.

Additionally, CytR¯ strain is unable to utilize mucin in the 
intestine, which decreases GlcNAc residues inside V. cholerae, 
which might activate cyclic AMP (cAMP) receptor protein 
(CRP) [53], which negatively regulates the ToxR virulence 
regulon via cAMP- CRP pathway [54]. However, further 
experiments are needed to establish a link between CytR and 
the virulence cascade. Furthermore, CT delivery by V. chol-
erae to the enterocytes requires successful colonization in the 
small intestine [55, 56]. The histological study supports the 
evidence that less damage occurs to the intestinal epithelium 
when infected with the CytR¯ strain. A lower amount of CT 
is produced by the CytR¯ strain in the ileal loop, which results 
in less osmotic imbalance and less damage in the structure 
of crypts and villi compared to the damage caused by the 
wild- type strain during infection.

Taken together, our data indicate that V. cholerae CytR posi-
tively controls flagellar motility, adhesion and virulence in all 
conditions tested. In several studies, motility has been linked 
to the adhesion in different Vibrios [57–61]. In all the cases 
non- motile, non- flagellate mutants are defective to adhere 
to the host. Relationship between the motility and virulence 
has also been explained. In Erwinia carotovora, the causa-
tive agent of soft- rot disease in plants, it was observed that 
the CytR homologue positively controls flagella synthesis 
and virulence- gene production and plays an important role 
in pathogenicity [62]. In our case also similar observations 
were made. To summarize the role of V. cholerae CytR during 
pathogenesis, it is important for the activity and expression of 
sensor histidine kinase ChiS and its downstream chitinases 
like ChiA1 and ChiA2. As a consequence, the CytR¯ strain 
showed reduced mucin degradation and nutrient acquisition. 
CytR is also important for the expression of class II flagellar 
regulatory genes flrB and flrC. Deletion of CytR resulted in 
aflagellation of the bacteria. This results in reduced motility 
and penetration through the mucus layer by the CytR¯ strain. 
The expression of virulence cascade gene toxR is also affected 
by CytR mutation, which results in lower expression of master 
virulence regulator toxT. ToxT, which in turn regulates all 
virulence attributes including expression of toxin coregulated 
pilus A, tcpA and ctxAB during pathogenesis. In the CytR¯ 
strain reduced adhesion to the epithelial cell is correlated 

with the reduced expression of tcpA and less CT production 
resulted in reduced fluid accumulation. Besides, reduced 
nutrient uptake (in the form of GlcNAc), may directly or 
indirectly by some unknown mechanisms involving the 
cAMP- CRP pathway results in reduced pathogenesis. So 
multiple regulatory pathways may exist and CytR may directly 
or indirectly be involved in this regulation. Future research 
is needed to understand the complete regulation of virulence 
involving CytR in the host intestine.
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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 flrC 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.

Introduction

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

barrier of the intestine, where it penetrates the thick

mucus barrier by the simultaneous action of flagellar

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 bioactivities 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 GM1 (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

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 (Slameňová 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 CO₂ 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−1 constant shaking or at static

conditions on Petri plates containing LB agar supple-

mented with appropriate antibiotics streptomycin

(100 μg ml−1). 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 NaHCO3 (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−1 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 μl 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 µg ml−1. 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 μl 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

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 × 109 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 µg ml−1). A starting inoculum of

1 × 108 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−1 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. D600 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 using 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 µg 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

(qPCR) using 2 × SYBR green PCR master mix (AB

Applied Biosystems, Foster City, CA) and 0�2 μmol l−1

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 2−∆∆CT 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 µg ml−1) 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 × 108 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 μl 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 OD600 adjusted to 0�5. In

total, 1 µl of this culture was spotted on soft agar plates

containing different concentrations of carvacrol (75 and

37�5 µg ml−1) 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% CO2 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 × 108 bacteria were

(1 : 100 MOI) inoculated to HT-29 cells. Carvacrol at

different concentrations (75 and 37�5 µg ml−1) was added

to the DMEM in each well. Adhesion assay was done by

incubating the bacteria/cell at 37°C for 1 h. 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 µg ml−1 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 µg ml−1 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 × 109 CFU

per ml V. cholerae culture with or without carvacrol (at

150, 75, 37�5 µg ml−1) 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 GM1 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

OD450 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 µg ml−1). In total, 5 µl 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 (FEI, 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:

Cytotoxicity %ð Þ¼
EX�LC

HC�LC
�BC

� �

�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

different concentrations (0–250 µg ml−1) was done for

4 h. After removing the media, HT-29 cells were washed

in PBS and stained with Hoechst 33342 (5 µg ml−1)

(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 µg ml−1. 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 ½

MIC (75 µg ml−1) and ¼ MIC (37�5 µg ml−1)). 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 µg ml−1). No bacteria were recovered after 2 h of

initial inoculum at MIC. At ½ MIC (75 µg ml−1), 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
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¼ MIC (37�5 µg ml−1) 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 × 108 CFU per ml bacteria loaded on top of the 1�5%

mucin column, 100 µl of 43 × 103 CFU per ml bacteria

was recovered after 1 h from the bottom of the column

(Fig. 2a). In case of CV treatment at ¼ MIC

(37�5 µg ml−1) and ½ MIC (75 µg ml−1), a total of

8 × 102 and 3�5 × 102 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

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 × 102 in the

bottom 100 µl fraction of the CV-treated columns. Com-

pared to that, ¼ MIC of CV treatment showed 3�2-fold

and ½ 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 × 107 CFU per ml adherent V. cholerae was present

in the untreated condition (Fig. 3a). In contrast, there

was only 8�7 × 106 CFU per ml and 21 × 106 CFU per

ml of adherent bacteria at ½ MIC (75 µg ml−1) and ¼

MIC (37�5 µg ml−1) of carvacrol treatment, respectively.

We have also checked the bacterial load in each of the

ileal loop samples. 1�98 × 109 CFU per ml, 2�08 × 109

CFU per ml and 1�59 × 109 CFU per ml bacteria were

recovered from the CV-untreated, ¼ MIC of CV-treated

and ½ 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 ½ 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 ¼ and ½ MIC of carvacrol treatment

(Fig. 3c,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
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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 µg ml−1), CV 150 ( ); ½ MIC

(75 µg ml−1), CV 75 ( ); ¼ MIC (37�5 µg ml−1), CV 37�5 ( ) 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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complete obliteration of fluid accumulation upon treat-

ment with MIC of carvacrol (i.e. 150 µg ml−1). At ½

MIC (75 µg ml−1), a 3�7-fold decrease in fluid accumula-

tion was observed compared to the control (Fig. 4b). At

¼ MIC (37�5 µg ml−1) 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 GM1-CT ELISA. Experimental results sug-

gested that V. cholerae produced 666 ng ml−1 of CT in

the untreated ileal loop. At ½ MIC (75 µg ml−1) of

carvacrol treatment, CT production was measured to

be 106�6 ng ml−1 resulting in 6�3-fold reduced produc-

tion of CT compared to the untreated control loop

(Fig. 5a). Fluid from ¼ MIC (37�5 µg ml−1) carvacrol-

infected loop showed almost similar CT production

(612 ng ml−1) compared to the control loop. The

expression of different virulence genes (toxT, hlyA, tcpA

and ctxB) 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 ¼ MIC carvacrol (37�5 µg ml−1)-infected

ileal loop samples relating to the infection with only V.

cholerae (Fig. 5b). At ½ MIC (75 µg ml−1) 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).

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 ½ MIC (75 µg ml−1), respec-

tively, compared to the triton X-100 treated cell (Fig. 6a).

So, no substantial membrane damage upon treatment at

MIC (150 µg ml−1) and sub-MIC concentrations car-

vacrol is observed. Although at higher concentration

(250 µg ml−1), 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 µg ml−1) showed altered morphology with distorted

shape and damaged cell membranes, whereas lower
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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-

ferent concentrations of carvacrol at ½ MIC (75 µg ml−1) and ¼ MIC (37�5 µg ml−1). Please see Materials and methods for details. Bacterial num-

bers eluted were counted and graphically represented. (b) Representative plates showing the motility zone of V. cholerae on 0�3% agar plates

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.
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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 qRT-PCR. The analysis revealed that at ¼ MIC

(37�5 µg ml−1) of carvacrol treatment, there was a

fourfold decreased expression of flrC, a response regulator

(P < 0�05) (Fig. 8). Transcriptional expression of master

regulator flrA, 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 (σ28), flgM and RpoN (σ54)

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 flgB (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
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Figure 3 Effect of carvacrol on the adhesion of Vibrio cholerae to the epithelial cells. Carvacrol at ½ MIC (75 µg ml−1) and ¼ MIC (37�5 µg ml−1)

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).
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and 3�2-fold, respectively, upon ¼ MIC (37�5 µg ml−1) 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, ½ MIC

(75 µg ml−1) 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

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
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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
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showed here as the log2-transformed values of relative fold change. Each of the experiments was repeated three times (n = 3) and the data were

expressed as mean � SEM.

Journal of Applied Microbiology © 2021 The Society for Applied Microbiology 9

S. Das et al. Carvacrol inhibits growth and virulence of V. cholerae



et al. 2015). To find out the anti-pathogenic role of CV

against V. cholerae, we determined that ½ MIC is the

highest concentration of CV that does not inhibit the

growth of V. cholerae and it remained viable. Therefore,

the concentration of ½ 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

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).
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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. flrC along with the histidine

kinase flrB 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,

flgT, 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 flrC. 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.

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 µg ml−1 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
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(37�5 µg ml−1), ( ) and ½ MIC (75 µg ml−1) ( )) or absence (−) of carvacrol were subjected to RNA isolation using the TriZol method and mRNA
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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, ½ 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

½ 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.

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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Abstract

Vibrio cholerae regularly colonizes the chitinous exoskeleton of crustacean shells in the aquatic region. The type 6 secretion

system (T6SS) in V. cholerae is an interbacterial killing device. This system is thought to provide a competitive advantage to

V. cholerae in a polymicrobial community of the aquatic region under nutrient-poor conditions. V. cholerae chitin sensing is

known to be initiated by the activation of a two-component sensor histidine kinase ChiS in the presence of GlcNAc2 (N,N¢-

diacetylchitobiose) residues generated by the action of chitinases on chitin. It is known that T6SS in V. cholerae is generally

induced by chitin. However, the effect of ChiS activation on T6SS is unknown. Here, we found that ChiS inactivation resulted

in impaired bacterial killing and reduced expression of T6SS genes. Active ChiS positively affected T6SS-mediated natural

transformation in V. cholerae. ChiS depletion or inactivation also resulted in reduced colonization on insoluble chitin surfaces.

Therefore, we have shown that V. cholerae colonization on chitinous surfaces activates ChiS, which promotes T6SS-

dependent bacterial killing and horizontal gene transfer. We also highlight the importance of chitinases in T6SS upregulation.

INTRODUCTION

Vibrio cholerae is a natural inhabitant of the aquatic envi-
ronment [1]. It resides on the chitinous exoskeleton of
planktonic copepods and utilizes chitin, a polymer of N-ace-
tyl glucosamine (GlcNAc), as a sole carbon source. Chitin
utilization in V. cholerae is controlled by a sensor histidine
kinase ChiS (VC0622), which is an inner-membrane protein
[2]. ChiS is a 133 kDa sensor histidine kinase that belongs to
the ‘two-component system’ (TCS). The other part of the
TCS is a response regulator that has not yet been identified
for ChiS. ChiS has a short N-terminal peptide chain in the
cytoplasm, a membrane domain, a periplasmic domain, a
second membrane domain and finally a long polypeptide
chain extending into the cytoplasm [2]. It remains in an
inactive form through a chitin oligosaccharide binding pro-
tein known as CBP, which binds to the periplasmic domain
of ChiS and forms a ChiS-CBP complex. After being hydro-
lyzed from chitin by the action of chitinases, GlcNAc resi-
dues bind to CBP. CBP then detaches itself from ChiS [2].
Free ChiS then becomes active, which in turn activates
the cytoplasmic response regulator that interacts with

downstream genes. Recently, we demonstrated that ChiS
plays a role in V. cholerae pathogenesis [3].

The downstream genes of ChiS include the chb operon,
which consists of a cluster of 10 contiguous genes
(VC0620–VC0611) that are involved in chitin utilization
[4]. The other downstream effector is an activator protein
known as TfoX. ChiS provides an as yet unidentified signal
that activates another sensor, TfoS, which upregulates the
transcription of tfoR [5]. This TfoR, in the next step, upre-
gulates the translation of TfoX, leading to competence
induction [6, 7]. TfoX (VC1153) is one of the major regu-
lators required for natural competence activation in the
presence of GlcNAc residues [6]. TfoX, in conjunction
with another regulator known as HapR, controls the
expression of natural competence genes, i.e. pilA and
comEA, which are required for DNA uptake and stabiliza-
tion, respectively [8–10]. Another regulator CytR is also
required alongside TfoX and HapR [11, 12].
The production of TfoX, in turn, is controlled by chitin.
TfoX and CytR induce two extracellular chitinase genes,
chiA1 and chiA2 [6, 11–13].

Received 23 November 2017; Accepted 27 March 2018
Author affiliations:

1Division of Biochemistry, National Institute of Cholera and Enteric Diseases, Kolkata 700010, India; 2Division of Clinical Medicine,
National Institute of Cholera and Enteric Diseases, Kolkata 700010, India; 3Collaborative Research Center of Okayama University for Infectious
Diseases at NICED, Kolkata, India; 4Division of Bacteriology, National Institute of Cholera and Enteric Diseases, Kolkata 700010, India.
*Correspondence: Nabendu Sekhar Chatterjee, nschatterjee@rediffmail.com
Keywords: Vibrio cholerae; chitin; chitinases; ChiS activation; T6SS.
Abbreviations: GlcNAc, N-acetyl glucosamine; GlcNAc2, N, N¢-diacetylchitobiose; Hcp, haemolysin coregulated protein; PNP-GlcNAc, p-nitrophenyl,
N-acetyl-b-D-glucose; TCS, two-component system; T6SS, type 6 secretion system.
One supplementary table is available with the online version of this article.

RESEARCH ARTICLE

Chourashi et al., Microbiology 2018;164:751–763

DOI 10.1099/mic.0.000656

000656 ã 2018 The Authors

751

http://www.microbiologysociety.org/
http://mic.microbiologyresearch.org/content/journal/micro/


Downloaded from www.microbiologyresearch.org by

IP:  162.129.251.18

On: Tue, 11 Dec 2018 14:11:18

TfoX activates a molecular mechanism known as the type
VI secretion system (T6SS) in V. cholerae [14]. The T6SS is
a molecular cell puncturing device that injects toxic factors
into non-immune bacteria as well as eukaryotic cells causing
cell lysis [15–18]. Consequently, it induces the uptake of
genetic material from lysed bacteria, leading to horizontal
gene transfer [14, 19]. This system is present in many
Gram-negative bacterial genomes [16, 20]. The T6SS con-
sists of multiple components, including the transcriptional
regulator, VasH. VasH promotes the production of haemo-
lysin-coregulated protein (Hcp). The Hcp is a small
17.4 kDa protein that forms a tube-like structure. Hcp hex-
amers form the inner tube of T6SS and its secretion only
occurs in the presence of a structural component of T6SS,
i.e. VasK. T6SS structurally resembles a phage tail-like spike
with cell puncturing ability [21]. The Hcp inner tube com-
plex is connected to a phage-like base plate. This phage-like
base plate, along with a membrane-spanning unit, consti-
tutes the structural apparatus of the T6SS [22]. The inner
tube is decorated on the outside with a contractile sheath
structure made up of VipA and VipB proteins in V. chol-
erae. When the sheath contracts, the inner tube propels into
neighbouring cells, delivering effector toxins inside the
bacteria and leading to killing of the cells [15, 23].

It was already known that in the aquatic environment
V. cholerae ChiS is activated by (GlcNAc)2 [2]. This
(GlcNAc)2 is also present in the chitinous sources of the
aquatic environment. T6SS in V. cholerae is also induced by
growth on chitinous surfaces [14]. T6SS helps V. cholerae to
compete with the neighbouring bacterial community, survive
under nutrient-poor conditions and utilize chitin as a nutrient
source. Hence, we speculated that ChiS might be important in
the upregulation of T6SS. Here, we show that ChiS is activated
in the presence of chitin, as shown previously [5, 24]. The
chitinases release GlcNAc residues that help in the initiation
of ChiS activation, leading to chitin utilization. We found
that, upon activation, ChiS positively controlled the expression
of T6SS genes. We also found that ChiS is involved in T6SS-
mediated bacterial killing and natural competence in V. chol-
erae in the presence of chitin. Therefore, activated ChiS
upregulates T6SS in V. cholerae. In this context, we can also
say that chitinases control T6SS through the activation of
ChiS. We demonstrate the importance of V. cholerae chiti-
nases in T6SS for the first time here.

METHODS

Bacterial strains and culture conditions

In this study, we used the streptomycin-resistant V. cholerae
C6706 El Tor strain as the wild-type (WT). We constructed
isogenic mutants of chiS, chiA1 and chiA2, and double
mutants of both chiA1 and chiA2, and designated them as
DchiS, DchiA1, DchiA2 and DchiA1DchiA2 throughout this
paper. The details of each strain are listed in Table 1.
The WT and mutant strains (DchiS, DchiA1, DchiA2
and DchiA1DchiA2) were grown overnight in LB
(Luria Bertini) medium (BD Difco) at 37

�

C with

appropriate antibiotics. The bacteria were then grown in
defined artificial seawater media (DASW) containing 0.5%
sodium lactate and supplemented with 0.8% coarse chitin
(sigma) or 0.6mM of GlcNAc2 at 30

�

C. The composition of
DASW was as follows: 234mM NaCl, 27.5mM MgSO4,
1.5mM NaHCO3, 4.95mM CaCl2, 5.15mM KCl, 0.07mM
Na2B4O7, 0.05mM SrCl, 0.015mM NaBr, 0.001mM NaI,
0.013mM LiCl, 18.7mM NH4Cl, 0.187mM K2HPO4,
50mM HEPES, pH 7.4. Sodium lactate was added to the
DASW to support the equal growth of WT and mutant
strains in all of the experiments.

Construction of genetically modified strains in
V. cholerae

In-frame deleted mutant strains of chiS, chiA1, chiA2 and
chiA1chiA2 were generated by allelic exchange using
the suicidal plasmid pCVD442 as mentioned previously [3].
Mutants were confirmed by a PCR-based method using
the primers that are mentioned in the supplementary mate-
rial (Table S1, available in the online version of this article).

Recombinant DNA techniques

All DNA manipulations were performed using standard
molecular biology-based methods. For the transcriptional
and translational assay, we used the b-galactosidase-
expressing plasmid pTL61T. We cloned tfoX and tfoR
promoter genes in this plasmid. In short, the genes were
amplified from genomic DNA by PCR using the primers
mentioned in the supplementary material (Table S1). The
gene inserts were cloned into plasmid pTL61T to generate
plasmid-borne fusions by using the restriction enzymes
Xho1 and Xba1 (New England Biolabs) to generate the
restriction sites in both the insert and the vector. DNA
ligase was used (Promega) for the ligation reaction. The
fusion plasmid was then transformed in all the strains of
V. cholerae (Table 1).

b-hexosaminidase activity assay

b-hexosaminidase activity was estimated by a previously
followed procedure [2] with p-nitrophenyl, N-acetyl-b-D-
glucose (PNP-GlcNAc) (Sigma). To analyse b-hexosamini-
dase activity, WT V. cholerae C6706 and its deletion
mutants DchiS, DchiA1, DchiA2 and DchiA1DchiA2 were
grown in 0.5% sodium lactate containing DASW media
individually supplemented with 0.8% coarse chitin or
0.6mM GlcNAc2. The bacteria were diluted to 1�105

c.f.u ml�1 and washed and treated with toluene at a ratio of
10 µlml�1 of culture. The mixture was shaken vigorously
and kept at RT for 20min. Then 0.1ml of these treated bac-
teria were mixed with 0.1ml of 1mM substrate, i.e PNP-
GlcNAc, in 20mM Tris-HCl (pH 7.5) and incubated for
60min at 37

�

C. Following this, 0.8ml of 1 M Tris-base was
added to stop the reaction. The reaction mixture was centri-
fuged to separate the cell debris and the optical density of
the supernatant was measured at 400 nm. The total enzy-
matic activity was determined by measuring the total
protein by the Lowry method and then calculated as
p-nitrophenol produced per minute per mg of total protein.

Chourashi et al., Microbiology 2018;164:751–763

752



Downloaded from www.microbiologyresearch.org by

IP:  162.129.251.18

On: Tue, 11 Dec 2018 14:11:18

Escherichia coli killing assay

An E. coli killing assay was performed by modifying previ-
ously mentioned protocols [14]. Briefly, overnight cultures
of all V. cholerae strains and the prey bacteria, i.e. an E. coli
DH5a strain carrying the ampicillin-resistant (100 µgml�1)
plasmid pBR322, were grown in LB at 37

�

C. All of the
V. cholerae strains were grown to log phase in sodium lac-
tate-supplemented DASW medium containing either 0.8%
chitin or 0.6mM GlcNAc2. The prey bacteria were also
grown to log phase.The prey cells were then mixed with WT
and mutant strains of V. cholerae at a ratio of 1 : 10, and
30 µl of the mixture was spotted in LB agar plates and grown
statically at 30

�

C for 5 h. E. coli prey bacteria were also spot-
ted in LB agar plates in the absence of predator bacteria.
Bacterial spots were then harvested and plated on LB agar
plates containing 100 µgml�1 ampicillin to enumerate
the surviving E. coli prey cells. In the above experiment,
DtfoX was used as a negative control.

T6SS-dependent natural transformation in mixed
communities

To quantify T6SS-dependent natural transformation, the
bacterial strains, i.e. V. cholerae and the E. coli DH5a strain
carrying the ampicillin-resistant (100 µgml�1) plasmid
pBR322, were grown as a co-culture on sodium lactate-

supplemented DASW media containing 0.8% coarse chitin
or 0.6mM GlcNAc2 (Sigma) [14]. The mixture was vortexed
and incubated statically for 10 h at 30

�

C. The bacteria were
detached from the chitin surfaces by rigorous vortexing.
Serial dilutions were spread on LB agar plates containing
either streptomycin 100 µgml�1 (to selected predator cells,
i.e. V. cholerae) or ampicillin 100 µgml�1 and streptomycin
100 µgml�1 (to selected transformants). The transformation
frequencies were calculated by dividing the number of
transformants by the total number of predator colony-
forming units (c.f.u.s). Further, the transformed bacteria
were also enumerated from LB agar plates containing ampi-
cillin and streptomycin.

To confirm that the transformed colonies of
V. cholerae were only due to natural transformation, V.
cholerae WT strain bacteria were incubated with 10 µgml�1

plasmid pBR322 in the presence and absence of 30 µgml�1

DNAse in DASW media containing sodium lactate and sup-
plemented with chitin or GlcNAc2. To show that the plas-
mid pBR322 is transferred by T6SS-induced natural
transformation from the prey bacteria to the predator in the
mixed culture medium, we also showed the effect of DNAse
in a co-culture of the E. coli DH5a (prey) strain harbouring
pBR322 and WT V. cholerae (predator) in DASW media
containing sodium lactate and supplemented with or

Table 1. List of strains and plasmids used in this study

Strains or plasmids Description and role Source

Strains

Escherichia coli

SM10 lpir E. coli, lpir host for R6K origin plasmids and mobilizing strain, KanR [27]

V. cholerae C6706 WT*Vibrio cholerae O1 El Tor, StrR [6]

C6706 DchiS Dvc0622, StrR, ChiS – sensor kinase This study

C6706 DchiA1 Dvc1952, StrR, ChiA1 – extracellular chitinase This study

C6706 DchiA2 Dvc0027, StrR, ChiA2 – extracellular chitinase This study

C6706 DchiA1 DchiA2 Dvc1952Dvc0027, StrR This study

WTTX PtfoR–LacZ transcriptional fusion into WT V. cholerae C6706 This study

DchiS TX PtfoR–LacZ transcriptional fusion into the deletion mutant of chiS in C6706 This study

DchiA1 TX PtfoR–LacZ transcriptional fusion into the deletion mutant of chiA1 in C6706 This study

DchiA2 TX PtfoR–LacZ transcriptional fusion into the deletion mutant of chiA2 in C6706 This study

DchiA1DchiA2 TX PtfoR–LacZ transcriptional fusion into the deletion mutant of chiA1and chiA2 in C6706 This study

WTTL PtfoX–LacZ translational fusion into WT V. cholerae C6706 This study

DchiS TL PtfoX–LacZ translational fusion into the deletion mutant of chiS in C6706 This study

DchiA1 TL PtfoX–LacZ translational fusion into the deletion mutant of chiA1 in C6706 This study

DchiA2 TL PtfoX–LacZ translational fusion into the deletion mutant of chiA2 in C6706 This study

DchiA1DchiA2 TL PtfoX–LacZ translational fusion into the deletion mutant of chiA1 and chiA2 in C6706 This study

Plasmids

pGEM-T easy TA-cloning vector, AmpR Promega

pCVD442 Suicidal conjugation vector carrying sacB, AmpR [3]

pTL6IT LacZ b-galactosidase reporter assay vector, AmpR.

The promoters of tfoX (PtfoX) and tfoR (PtfoR) were cloned upstream of the reporter gene (LacZ) of

the plasmid pTL6IT and then used for the reporter assay.

[40]

Resistance to AmpR, ampicillin-resistant; StrR, streptomycin-resistant; WT*, wild-type.
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without chitin-based sources, i.e. chitin or GlcNAc2. After
10 h of static incubation, the transformed bacteria were enu-
merated by the plate count method after spread plating on
LB agar with appropriate antibiotics. Here, we also used
WT V. cholerae N16961, which is already known to be
defective in chitin-induced natural transformation and
T6SS, as a control strain [6, 14]. For further confirmation,
the co-cultured samples were also subjected to plasmid puri-
fication, and the plasmid was digested with EcoR1 and
applied to 0.8% (w/v) agarose/Tris-acetate-EDTA (TAE)
gel. The transformed plasmid was detected by subjecting the
mixed culture medium samples to PCR by using primers
(Table S1) that amplify the 227 bp region of the plasmid,
which contains the ampicillin-resistant gene.

Total RNA isolation and real-time PCR

WT V. cholerae C6706 and its deletion mutants DchiS,
DchiA1, DchiA2 and DchiA1DchiA2 were grown in sodium
lactate-supplemented DASW media with 0.8% coarse chitin
or GlcNAc2 (from shrimp shells; Sigma) and harvested
from the mid-log phase. Bacterial pellets were washed three
times with PBS and then used for RNA isolation. Total
RNA was isolated using TriZol (Invitrogen) following the
manufacturer’s protocol. DNase treatment was performed
using the DNA-free kit (Ambion) for the elimination of
contaminating genomic DNA. cDNA synthesis was per-
formed with a Reverse Transcription kit (Promega) using
1 µg of total RNA according to the manufacturer’s protocol.
The mRNA transcript levels were quantified by real-time
PCR using 2�SYBRGreen PCR Master Mix (Applied Bio-
systems) and 0.2 µM of specific real-time primers for
the competence genes (tfoX, PilA and comEA) and T6SS
gene cluster (vipA, vipB, vasH, vasD, vasK), which were
designed using IDT and are mentioned in the supplemen-
tary material (Table S1). Data analysis was performed using
the 7500 Real-Time PCR Detection System (Applied Biosys-
tems). The relative expression of the target transcripts was
calculated according to the Livak method [25]. RecA was
used as an internal control.

Miller assays

Miller assays were used to measure the LacZ activity of the
transcriptional reporter strains as previously described [26].
In short, overnight cultures of all of the strains were grown
up to log phase in LB at 37

�

C. Next, bacteria were finally
transferred to sodium lactate-supplemented DASW media
containing 0.8% coarse chitin or 0.6mM GlcNAc2. They
were grown to mid-log phase at 30

�

C under static condi-
tions for 16–24 h. Bacteria were collected and washed with
PBS and then placed on ice for 30 min. Then 200 µl of the
culture was resuspended in ‘Z’ buffer (16.1 g Na2HPO4.
7H2O, 5.5 g NaH2PO4.H2O, 0.75 g KCl, 0.246 g MgSO4.7H2

O dissolved in distilled water to make a final volume of 1L;
b-ME is added to obtain a final concentration of 0.27%
before use). After this, 30 µl 0.1% SDS and 60 µl of chloro-
form were added to each sample and vortexed for 10 s.
Next, 200 µl of substrate, i.e. ONPG (o-nitrophenyl – b-D-
galactoside) solution, was added and incubated at 28

�

C.

The reaction was stopped by adding 500 µl of 1M Na2CO3

as soon as the reaction mixture turned turn yellow.
The OD420 and OD550 values were recorded and b-galacto-
sidase activity was expressed as Miller units, which are cal-
culated using the equation,

Miller units=1000�[OD420 – (1.75�OD550)/t�v�OD600],

where v is the initial volume of the culture and t is the total
time of the reaction.

Generation of growth curve

Log phase cultures of WT V. cholerae C6706 (WT) and its
deletion mutants DchiS, DchiA1, DchiA2 and DchiA1DchiA2
were harvested by centrifugation and washed three times in
PBS. The cell number was adjusted to 1�105 c.f.u. ml�1 and
inoculated in DASW media supplemented with 0.5%
sodium lactate as the only carbon source. DASW media was
also individually supplemented with 0.8% chitin flakes or
with 0.6mM GlcNAc2 (sigma) as the only carbon source.
The cultures were maintained at 30

�

C under constant shak-
ing at 150 r.p.m. for 48 h [27]. For the analysis of viable
counts, cultures were vortexed to detach any bound
bacteria and diluted, and viable bacteria were plated on LB
agar plates supplemented with streptomycin.

Chitin colonization assay

The chitin colonization assay was analysed by following a
modified procedure from a previously mentioned protocol
[28]. All strains of V. cholerae C6706 were grown overnight
and log phase cultures at a dilution of 1�105 c.f.u. ml�1 were
mixed with prewashed chitin beads at a ratio of 1.1. The sam-
ples were kept at 30

�

C under static conditions for 18 h. The
bacteria were passed through an 8 µm membrane filter
(HiMedia) to wash out unbound bacteria. Chitin beads were
resuspended in PBS and vortexed to harvest bound bacteria
and then serially diluted to plate on LB agar plates containing
streptomycin.

For qualitative analysis of bacterial colonization, all strains
of V. cholerae were GFP-tagged following a previously men-
tioned protocol [28]. In short, chitin beads were inoculated
with GFP-tagged bacteria for 18 h at 30

�

C under static con-
ditions. The chitin beads were mounted on glass slides and
visualized under a confocal microscope (LSM 710 Axio
Observer, Carl Zeiss) to show the GFP-labelled bacteria
bound to the surface of the chitin beads.

Statistical analysis

All of the experiments were analysed by Student’s t-test.
Each of the experiments was performed in triplicate and the
results are represented as mean±SEM. A P value of <0.05 was
considered statistically significant.

RESULTS

ChiS-dependent b-hexosaminidase activity is
enhanced in presence of chitin

We first measured ChiS-dependent b-hexosaminidase
activity. Since b-hexosaminidase is directly controlled by
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ChiS, measuring its activity shows that the ChiS is activated
[2]. So, we first measured the b-hexosaminidase activity of
the WT and an isogenic mutant of chiS (DchiS) grown in
sodium lactate-supplemented DASW media containing
either chitin or GlcNAc2. We found that the b-hexosamini-
dase activity increased in the presence of chitin in the WT
strain, with an activity of 145 nmoles min�1 mg�1 com-
pared to 16.4 nmoles min�1 mg�1 in the case of DchiS.
This shows that the b-hexosaminidase activity in DchiS has
been reduced by ninefold compared to that in the WT
(Fig. 1a). We also found that in the presence of 0.6mM
GlcNAc2, the b-hexosaminidase activity of the WT strain
was 149.3 nmoles min�1 mg�1 compared to 19 nmoles
min�1 mg�1 in the case of DchiS, showing a 7.8-fold reduc-
tion. Next, we measured b-hexosaminidase activity in the

mutants, i.e. the DchiA1, DchiA2 and DchiA1DchiA2 strains,
in the presence of chitin or 0.6mM GlcNAc2. The mutant
strains with DchiA1, DchiA2 and DchiA1DchiA2 showed b-
hexosaminidase activity of 74, 31, 33 nmoles min�1 mg�1,
respectively. Therefore, the DchiA1, DchiA2 and
DchiA1DchiA2 strains showed 2.2, 4.6- and 4.3-fold reduc-
tions, respectively, compared to the WT strain in the pres-
ence of chitin. However, all of these mutant strains
(DchiA1, DchiA2 and DchiA1DchiA2) showed ChiS-depen-
dent b-hexosaminidase activity that was almost similar to
that of the WT in the presence of GlcNAc2 when it was
added exogenously (Fig. 1b). When DASW media were
supplemented solely with sodium lactate and did not con-
tain chitin or GlcNAc2, negligible b-hexosaminidase activ-
ity was found in all the strains. This shows that chitin

Fig. 1. Activation of ChiS is promoted in the presence of chitin. Bacteria were grown in DASW media supplemented with 0.8% coarse

chitin or 0.6mM GlcNAc2, with 0.5% sodium lactate being added to each medium to obtain similar bacterial growth. Log phase cultures

were taken to measure the total hexosaminidase (ChiS-regulated periplasmic enzyme) activity in (a) the WT (V. cholerae C6706)

and DchiS (isogenic ChiS mutant) strains, and (b) the DchiA1 (isogenic chiA1 mutant), DchiA2 (isogenic chiA2 mutant) and DchiA1DchiA2

(isogenic chiA1 and chiA2 double-mutant) strains grown in DASW media individually supplemented with (&) sodium lactate,

(&) sodium lactate+coarse chitin and (&) sodium lactate+GlcNAc2. Each of the experiments was repeated three times (n=3). All the

data are expressed as means±SEM. *, P<0.05. (c) Log phase cultures of the WT, DchiA1, DchiA2 and DchiA1DchiA2 strains were also

used for total RNA isolation, while chiS gene expression was measured by qRT-PCR. Log-phase cultures were taken from DASW media

individually supplemented with (&) sodium lactate, (&) sodium lactate+coarse chitin and (&) sodium lactate+GlcNAc2. All the data are

expressed as means±SEM. #, P>0.05, not significant.
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activates the chitin utilization pathway by inducing ChiS. It
was the GlcNAc2 residues released from chitin following
hydrolysis by the chitinases ChiA1 and ChiA2 that initiated
the ChiS activation.

We also measured the ChiS mRNA levels by qPCR in
the different media mentioned above. We found similar
mRNA expression in the cases of the WT and the DchiA1,
DchiA2 and DchiA1DchiA2 mutant strains, respectively
(Fig. 1c). This shows that there is no change in ChiS expres-
sion level, while it is only activated in the presence of
GlcNAc2 which results in the upregulation of ChiS-con-
trolled downstream genes.

ChiS promotes T6SS in V. cholerae

We next investigated the effect of ChiS, ChiA1 and ChiA2
on T6SS. The DchiS strain showed significant downregula-
tion of vasH, vasD, vasK, vipA, vipB genes compared to the
WT strain in the presence of chitin (P<0.05) (Fig. 2a). This

supported our hypothesis that ChiS controls the expression
of T6SS genes. The T6SS genes (vasH, vasD, vasK, vipA and
vipB) were also downregulated in DchiA1, DchiA2 and
DchiA1DchiA2 mutants compared to the WT levels (P<0.05)
in the presence of chitin. However, the expression levels
reverted back to levels that were close to those of the WT in
the presence of GlcNAc2 (Fig. 2b). This indicated that ChiS-
induced expression of T6SS genes was initiated by GlcNAc2
when released by chitinases from chitin.

We also explored the effect of bacterial killing of E. coli
DH5a (prey) by T6SS in all the strains of V. cholerae (pred-
ator). We found that in the presence of chitin in sodium lac-
tate-supplemented DASW media, the mutants led to
increased survival of the prey bacteria compared to the WT
V. cholerae. The number of prey bacteria that survived was
3.5�107, 3�106, 1�107 and 1.36�107 c.f.u.ml�1 for DchiS,
DchiA1, DchiA2 and DchiA1DchiA2-treated prey
bacteria, respectively. The number of prey bacteria

Fig. 2. ChiS contributes in T6SS in V. cholerae. Bacteria were grown in DASW media supplemented with 0.8% coarse chitin or 0.6mM

GlcNAc2, with 0.5% sodium lactate being added to each medium to obtain similar bacterial growth. Log-phase cultures were taken

from DASW media individually supplemented with (a) coarse chitin or (b) GlcNAc2, with total RNA being isolated and T6SS gene

expression being measured by qRT-PCR. (c) E. coli killing assay: log-phase cultures of the prey bacteria, i.e. the E. coli DH5a strain with

the ampicillin-resistant plasmid pBR322 grown in the presence of ampicillin (100 µgml�1), were mixed with all the indicated V. chol-

erae strains at a ratio of 1 : 10, with 30 µl being spotted on an LB plate and then incubated statically at 30
�

C for 10 h. All the indicated

V. cholerae strains were pregrown to log phase in (&) sodium lactate+coarse chitin or (&) sodium lactate+GlcNAc2-supplemented

DASW media. Bacterial samples were harvested from the spots and plated on LB agar plates containing 100µgml�1 ampicillin to enu-

merate the surviving E. coli prey cells. Each of the experiments was repeated three times (n=3). All the data are expressed as means

±SEM. *, P<0.05.
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that survived in the presence of the WT was 1.2�105 c.f.u.
ml�1. Therefore, the survival of the prey increased by 270-,
25-, 83- and 113-fold in the case of DchiS, DchiA1, DchiA2
and DchiA1DchiA2, respectively, compared to prey survival
when mixed with the WT strain. We also found that in the

presence of GlcNAc2 the effect of DchiA1, DchiA2 and
DchiA1DchiA2 mutants on prey survival was nullified
(Fig. 2c). This showed that chitinases have their own role in
initiating ChiS activation, which is important for T6SS-
mediated bacterial killing. The prey bacteria showed normal

Fig. 3. ChiS promotes T6SS-induced natural transformation in V. cholerae. Bacteria were grown in DASW media supplemented with

0.8% coarse chitin or 0.6mM GlcNAc2, with 0.5% sodium lactate being added to each medium to obtain similar bacterial growth.

The bacterial cultures were washed, total RNA was isolated and the expression of natural competence genes was measured by qRT-

PCR in the presence of (a) (&) sodium lactate+coarse chitin or (b) (&) sodium lactate+GlcNAc2. (c) T6SS-induced natural transforma-

tion was analysed by co-culturing all the strains of V. cholerae and the E. coli DH5a strain carrying the ampicillin-resistant plasmid

pBR322 in (&) sodium lactate+coarse chitinor and (&) sodium lactate+GlcNAc2-supplemented DASW media, and then incubating them

statically for 10 h at 30
�

C. The transformed bacteria were enumerated by plating on LB agar plates containing ampicillin and strepto-

mycin. (d) The transformation frequencies were calculated by dividing the number of transformants by the total number of predator

c.f.u.s and are represented graphically. (e) Quantification of natural transformation with the purified plasmid (10 µgml�1) in the WT

V. cholerae strain in the presence or absence of DNAse (30 µgml�1) in the DASW media supplemented with (&) sodium lactate+coarse

chitin or (&) sodium lactate+GlcNAc2. (f) Measurement of T6SS-induced natural transformation in the presence or absence of DNAse

in the mixed culture medium of the E. coli DH5a strain carrying the ampicillin-resistant plasmid pBR322 and V. cholerae in (&) sodium

lactate+coarse chitin or (&) sodium lactate+GlcNAc2-supplemented DASW media. WT V. cholerae N16961 is used as a negative control.

Each of the experiments was repeated three times (n=3). The absence of bars indicates outcomes that were below the detection limit,

shown as <DL. All the data are expressed as means±SEM. *, P<0.05. (g) Confirmation of the workability of DNAse in DASW medium.

DNAse (30 µgml�1) were added to the co-culture of the E. coli DH5a strain (prey) harbouring pBR322 and V. cholerae (predator), and

incubated statically for 10 h at 30
�

C. Plasmid DNA was isolated and digested with EcoR1 and applied to 0.8% agarose/TAE gel.

Lane M, 1 kb marker; lane 1, control (DNA free); lane 2, plasmid pBR322 isolated from the sample of the co-culture of the prey and

predator; lane 3, plasmid isolated from the sample with DNAse added in the co-culture of the prey and predator. The arrowheads

show the plasmid pBR322 (4.6 kb). (h) Detection of the plasmid. Samples were used directly for PCR and applied to 1.5% agarose TAE

gel electrophoresis. Lane M, 100 bp marker; lane 1, medium sample from the co-culture without PCR; lane 2, positive control – PCR

product from the purified pBR322 DNA; lane 3, PCR product from DNase-treated mixed sample of prey and predator; lane 4, PCR prod-

uct from sample of E. coli DH5a strain harbouring pBR322 and V. cholerae; lane 5, PCR product from positive colony of T6SS-induced

naturally transformed V. cholerae.
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growth in the absence of any predator bacteria. Moreover,
when mixed with DtfoX, the prey bacteria showed signifi-
cantly higher survival, which is in agreement with previous
studies that reported that tfoX positively controls T6SS [14].
Therefore, ChiS is the regulator that induced T6SS via the
tfoX-dependent pathway of V. cholerae (predator), which
led to a lower number of surviving E. coli prey bacteria in
the presence of chitin-based media.

ChiS promotes T6SS-induced natural
transformation in V. cholerae

We showed that T6SS is regulated by ChiS. Next, we exam-
ined the role of ChiS, ChiA1 and ChiA2 in T6SS-induced
natural transformation. The DchiS strain showed 10.1-, 7.6-
and 6.2-fold downregulation of natural competence genes,
i.e. tfoX, pilA and comEA, respectively, compared to
the WT strain in the presence of chitin (Fig. 3a). This
showed that ChiS also controlled T6SS-induced natural

transformation in V. cholerae. We also found downregula-

tion of natural competence genes (tfoX, pilA and comEA) in

the case of DchiA1, DchiA2 and DchiA1DchiA2 mutants.

However, this downregulation of the natural competence

genes reverted back to WT expression levels in the case of

the mutants in the presence of GlcNAc2 (Fig. 3b). Earlier

studies have shown the effects of ChiS on natural transfor-

mation and on the transcription of pilA [5]. Here we have

shown the effects of ChiA1 and ChiA2 on the expression of

natural competence genes, which had not been covered

previously. Therefore, taken together, our results suggest

that the chitinases initiated ChiS-dependent upregulation of

T6SS-induced natural competence.

We further estimated the naturally transformed bacterial

count of V. cholerae and also measured the transformation

frequency. The number of naturally transformed bacteria in

the case of the WT, DchiS, DchiA1, DchiA2 and

Fig. 4. ChiS activation upregulates the competence regulators tfoX and tfoR in V. cholerae. All of the strains were grown in DASW

media supplemented with 0.8% coarse chitin or 0.6mM GlcNAc2, with 0.5% sodium lactate being added to each medium to obtain sim-

ilar bacterial growth. The bacteria were collected from DASW media individually supplemented with (&) sodium lactate, (&)sodium

lactate+coarse chitin and (&) sodium lactate+GlcNAc2. Samples were washed with PBS and used for Miller assays. Miller assays were

performed using the indicated strains containing (a) the tfoR transcriptional fusion TX and (b) the tfoX translational fusion TL with LacZ

in the plasmid pTl61T. Each of the experiments was repeated three times (n=3). All of the data are expressed as means±SEM. *, P<0.05.
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DchiA1DchiA2 was 35�1010 c.f.u.ml�1, 2�1010 c.f.u. ml�1,
17�1010 c.f.u. ml�1, 10�1010 c.f.u. ml�1 and 10�1010 c.f.u.
ml�1, respectively. Therefore, DchiS, DchiA1, DchiA2 and
DchiA1DchiA2 showed 17-, 2-, 3.5- and 4.8-fold less T6SS-
induced natural transformation from ChiS compared to
the WT. This indicated that ChiS regulated T6SS and there-
fore affected T6SS-induced natural transformation in
V. cholerae. In addition to this, we also found that in
the presence of GlcNAc2 the effect of DchiA1, DchiA2 and
DchiA1DchiA2 mutants on natural transformation was nul-
lified (Fig. 3c, d). Therefore, this showed that chitinases are
also important for T6SS-induced bacterial horizontal gene
transfer.

When we further investigated the transformation mecha-
nism by monitoring natural transformation in the presence
of DNAse, we found that both direct plasmid transfer
by natural competence and T6SS-induced natural
transformation were severely affected compared to the
plasmid transfer in the absence of DNAse in the culture
medium (Fig. 3e, f). In both of the above cases, we used the

V. cholerae El Tor strain N16961 as a negative control. Plas-
mid purification and PCR from the mixed culture samples
also confirmed that it is the plasmid pBR322 that is released
from the prey after T6SS-induced killing by V. cholerae, and
this is taken up by the WT V. cholerae itself due to T6SS-
induced natural transformation (Fig. 3g, h). Therefore, this
indicates that in the presence of chitin, ChiS activation gives
rise to upregulation of T6SS and T6SS-induced natural
transformation.

Expression of the competence regulators tfoX and
tfoR in V. cholerae requires activation of ChiS

Here, we investigated the effect of ChiS, ChiA1 and ChiA2
on the activity of the tfoX and tfoR promoters by b-galacto-
sidase activity assay. We found that the mutants, i.e. DchiS,
DchiA1, DchiA2 and DchiA1DchiA2, showed lower tran-
scriptional activity, i.e. 134, 746, 175 and 193 Miller units,
respectively, in the case of tfoX as compared to the tfoX pro-
moter activity of 1576 Miller units in the WT in the pres-
ence of chitin (Fig. 4a). Therefore, DchiS, DchiA1, DchiA2

Fig. 5. V. cholerae growth on chitin requires ChiS induction. All of the indicated strains were grown in DASW media individually

supplemented with (a) 0.8% coarse chitin, (b) 0.5% sodium lactate and (c) 0.6mM GlcNAc2. The viable bacterial counts were detected

by the plate count method and are represented graphically. Each of the experiments was repeated three times (n=3). All of the data

are expressed as mean±SEM. *, P<0.05.
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and DchiA1DchiA2 showed 11.7-, 2.1-, 9-, 8.1-fold lower
activity of the tfoX promoter.

The transcriptional activity of tfoR was also lowered, with

an activity of 44, 191, 71 and 76 Miller units for DchiS,

DchiA1, DchiA2 and DchiA1DchiA2, respectively, compared

to the WT, which showed an activity of 418 Miller units in

the presence of chitin (Fig. 4b). The effect of the DchiA1,

DchiA2 and DchiA1DchiA2 strains on the transcriptional

activity of tfoX and tfoR was restored to normal levels

(i.e. comparable to those of the WT strain) in the presence

of GlcNAc2 in DASW media. The transcriptional activity of

both tfoX and tfoR was insignificant in the absence of chitin

or GlcNAc2 in DASW media supplemented solely with

sodium lactate. Therefore, these data indicated that ChiA1

and ChiA2 were only required for GlcNAc2 generation from

chitin, which activated ChiS, which further promoted the

expression of tfoX and tfoR. The downregulation of tfoR due

to chiS deletion has been already shown by Yamamoto et al.

in 2014 [5], but the effect of chitinases ChiA1 and ChiA2 on

tfoR was not known previously.

V. cholerae growth on chitin requires ChiS induction

Chitin utilization is an important phenomenon that
helped V. cholerae to feed on the chitinous exoskeleton of
crustaceans in the aquatic region. Here, we used all of the
aforementioned mutants in a growth curve analysis
in which chitin was present or absent as a sole carbon
source in DASW media. We observed a drastic reduction
in growth for each of these mutants compared to
the WT. The growth rate of the WT, DchiS, DchiA1,
DchiA2 and DchiA1DchiA2 was 9�108, 2.9�106, 9.9�107,
1�107 and 1.5�106 c.f.u. ml�1 after 48 h, respectively
(Fig. 5a). Therefore, the mutants DchiS, DchiA1, DchiA2
and DchiA1DchiA2 showed a 473-, 9-, 90- and 600-fold
lower growth rate compared to the WT strain. However,
the growth pattern of all the strains showed a similar pat-
tern in sodium lactate-containing DASW medium
(Fig. 5b). On the addition of 0.6mM GlcNAc2 instead of
chitin in the growth medium, with the exception of
DchiS, all of the mutants, i.e. DchiA1, DchiA2 and
DchiA1DchiA2, followed the WT growth rate (Fig. 5c).
Therefore, it was clearly evidenced that the chitinases

Fig. 6. ChiS helps in the chitin colonization of V. cholerae. Colonization assays were performed for all of the indicated strains by mixing

log phase (1�105 c.f.u.ml�1) cultures and prewashed insoluble chitin beads at a ratio of 1.1. (a) Fluorescent images of GFP-labelled

bacteria bound to chitin beads seen under phase contrast. Chitin beads bound with (i) WT strain, (ii) DchiS strain, (iii) DchiA1, (iv) DchiA2,

(v) DchiA1DchiA2 strain and (vi) nothing. (b) Colonization was also quantified. The unbound bacteria were passed through an 8 µm

membrane filter to wash out unbound bacteria and then the bound bacterial counts were detected by the plate count method and rep-

resented graphically. Each of the experiments was repeated three times (n=3). All of the data are expressed as means±SEM. *, P<0.05.
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initially release GlcNAc2 residues from chitin, which acti-
vate ChiS to induce growth on chitin.

V. cholerae colonization on chitin requires ChiS

Next, we investigated the colonization of V. cholerae WT,
DchiS, DchiA1, DchiA2 and DchiA1DchiA2 strains on chitin.
We performed a qualitative analysis by visualizing bacterial
colonization under a confocal microscope, and the mutants
were considerably reduced in chitin colonization compared
to the WT strain (Fig. 6a). We also performed a quantitative
assay and found bacterial colonization to be 41�107 c.f.u.
ml�1, 2.7�107 c.f.u. ml�1, 10�107 c.f.u. ml�1, 3.3�107 c.f.u.
ml�1, 3.2�107 c.f.u. ml�1 for the WT, DchiS, DchiA1,
DchiA2 and DchiA1DchiA2, respectively. Therefore, the
mutant strains DchiS, DchiA1, DchiA2 and DchiA1DchiA2
showed 15-, 4.1-, 12.4- and 12.8-fold, reduced
efficiency, respectively, for the colonization of chitinous
surfaces compared to the WT strain (Fig. 6b). Hence, the
results were in agreement with those of the qualitative assay.
This indicates that ChiS, ChiA1 and ChiA2 are individually
important for colonization on chitinous surfaces. Therefore,
ChiS, in addition to chitinases individually, promotes chitin
colonization.

DISCUSSION

In this study, we explore the role of ChiS, a member of the
two-component system (TCS) in T6SS function. Here, we
report that under ChiS-inactivated conditions, the T6SS
genes in V. cholerae are downregulated. This also results in
functional disruption of T6SS. ChiS is activated in
the presence of GlcNAc2. These GlcNAc2 residues are
released from chitin by chitinases. Therefore, chitinases are
also important in upregulating T6SS. In each of the experi-
ments performed, we have used chitinase mutants along
with a ChiS mutant to show that ChiS activation by chiti-
nases is also involved in inducing T6SS in V. cholerae. Acti-
vation of ChiS in the presence of GlcNAc2 had already been
discussed [5, 24], but direct evidence for the effect of
V. cholerae chitinases on ChiS activation and their link with
T6SS induction in the presence of chitin had not yet
been shown. The role of two-component sensor kinases in
T6SS was studied earlier in Pseudomonas aeruginosa, where
TCS-like RetS/LadS reciprocally regulates the expression of
T6SS genes [29, 30]. In fact, T6SS is also found to be regu-
lated by a TCS pmrA-pmrB in an enteric pathogen,
i.e. Salmonella typhi [31].

Fig. 7. Schematic diagram showing ChiS affecting T6SS. This diagram shows that ChiS controls T6ss in V. cholera and helps it to sur-

vive under harsh environmental conditions in the marine region. ChiS promotes T6SS-induced DNA uptake and horizontal gene

transfer.
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The aforementioned effect of ChiS on T6SS can be
explained by the fact that chitin sensing by ChiS induces
TfoX, which results in T6SS upregulation. T6SS in C6706
and in some other V. cholerae strains is known to be part of
the natural competence regulon and is induced via TfoX [6,
14]. However recent reports indicated that T6SS induction
also occurs independently of chitin [32, 33]. Downregula-
tion of natural competence genes such as the tfoX and PilA
genes in the DchiS strain was shown earlier [5]. However,
we have shown that DchiS also has the same effect on
another natural competence gene, comEA, along with the
tfoX and PilA genes. We also showed reduced expression of
the natural competence genes under ChiS-inactivated con-
ditions in chitinase-deleted mutants. We also found that
inactive ChiS leads to reduced T6SS-mediated natural trans-
formation in V. cholerae. Hence, we might conclude that
when the GlcNAc2 residues of chitin activate ChiS, it upre-
gulates natural competence, upon which T6SS is also
induced. Thereafter, V. cholerae uses the T6SS device to
cause the lysis of non-immune bacteria present in its vicin-
ity, which results in the release of their DNA. This DNA is
then taken up by the well-known machinery of natural com-
petence in V. cholerae, leading to horizontal gene transfer.
We have represented our findings through a schematic dia-
gram (Fig. 7). Therefore, on the one hand, V. cholerae uses
T6SS to kill other non-immune bacteria, while on the other
hand, it helps to acquire their DNA, as shown earlier [14].
T6SS has also been found to show antibacterial activity
in S. typhimurium that kills gut microflora and establishes
infection [34].

ChiS leads to the upregulation of tfoR transcription, which
promotes tfoX translation [7]. In this context, we show that
it is the GlcNAc2 residues that are released by the chitinases
from chitin that activate ChiS, and this ChiS activation
results in the upregulation of the T6SS via the activation of
natural competence regulators, i.e. tfoR and tfoX. Therefore,
this suggests that chitinases are also important for T6SS in
V. cholerae. Chitin-induced natural transformation had
been studied earlier in other Vibrio species, including
V. vulnificus [35]. One research group found that chitin-
induced natural transformation in Vibrio fischeri requires
tfoX and tfoY [36].

Here we also demonstrated that ChiS inactivation leads to
reduced growth and colonization in V. cholerae. This is due
to the downregulation of tfoX because of ChiS-inactivated
conditions, as shown previously [5]. TfoX induces the chito-
porin ChiP chitin oligosaccharide uptake, as well as the chi-
tinases [6]. This helps in chitin utilization and growth of the
organism. In 2003, Uchiyama et al. reported that in Serratia
marcescens the expression of chitinases and chitin-binding
proteins, which are essential for nutrient supply to the bac-
teria via the chitin degradation pathway in the aquatic
environment, is induced by GlcNAc2 [37]. However, its
effect on T6SS in S. marcescens is not yet known. We specu-
late that V. cholerae colonization on the chitinous surface
increases its access to chitin, enhancing the probability of

chitin degradation and growth. This growth on chitinous
surface induces natural competence as well as T6SS. This
facilitates the chance of T6SS-dependent bacterial killing
and horizontal gene transfer. Therefore, colonization is
important for chitin-induced T6SS upregulation in
V. cholerae. Here, we show that this chitin surface coloniza-
tion is dependent on active ChiS. Earlier reports have shown
the complex circuit connecting colonization and natural
competence in V. cholerae [28].

Here, we provide a model of how T6SS operates in the
aquatic region under nutrient-poor conditions. Under these
conditions, V. cholerae uses ChiS to upregulate the chitin
utilization programme for nutrient acquisition. We specu-
late that ChiS-activated T6SS might act as an antibacterial
weapon to clear the niche of competing bacteria. A recent
work showed such effects of T6SS in V. cholerae [38]. In
Burkholderia thailandensis, a close relative of the human
pathogen Burkholderia pseudomallei, T6SS plays an import-
ant role in inter-bacterial interaction and provides a fitness
advantage in the polymicrobial community [39]. Similarly,
T6SS-dependent killing of non-immune bacteria increases
the probability of chitin degradation, which facilitates
V. cholerae growth. Taken together, we have highlighted the
importance of ChiS activation for V. cholerae’s inter-
bacterial competitiveness, with T6SS being used to promote
its growth, survival and horizontal gene transfer under
harsh environmental conditions, which may have implica-
tions for V. cholerae evolution.
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a  b  s  t  r a  c t

Vibrio  cholera  survival  in an aquatic  environment depends  on chitin utilization  pathway  that  requires

two  factors,  chitin binding  protein  and chitinases.  The  chitinases and  the  chitin  utilization  pathway  are

regulated  by a two-component  sensor histidine  kinase ChiS  in V.  cholerae.  In  recent  studies  these  two

factors  are also  shown to be  involved  in V.  cholerae  pathogenesis.  However,  the  role  played  by  their

upstream  regulator  ChiS in pathogenesis is  yet to  be  known. In  this  study,  we  investigated  the  activation

of ChiS in presence of mucin and  its  functional  role  in pathogenesis.  We found ChiS is  activated in mucin

supplemented media. The isogenic  chiS mutant  (ChiS−)  showed  less growth  compared  to  the  wild  type

strain  (ChiS+)  in the  presence of  mucin supplemented  media.  The  ChiS− strain also showed highly retarded

motility  as  well  as mucin layer penetration  in  vitro.  Our  result  also  showed  that  ChiS was important  for

adherence  and  survival  in HT-29 cell.  These  observations  indicate  that  ChiS is activated  in presence of

intestinal  mucin  and  subsequently  switch on the  chitin  utilization  pathway. In  animal  models, our results

also  supported  the  in vitro observation.  We found reduced  fluid  accumulation and colonization  during

infection with  ChiS− strain.  We  also found ChiS− mutant  with  reduced  expression  of ctxA, toxT and  tcpA.

The cumulative effect  of  these  events  made V.  cholerae ChiS− strain hypovirulent. Hence,  we propose  that

ChiS plays  a vital  role  in V.  cholerae pathogenesis.

© 2016 Published  by  Elsevier GmbH.

1. Introduction

Vibrio cholerae causes the fatal diarrheal disease cholera. V.

cholerae normally resides in the aquatic environment, where it col-

onizes on the chitinous surface of crustaceans (Huq et al., 1983)

and utilize chitin as nutrient source. Chitin is an un-branched long

chain polymer of �-1, 4 linked N-acetylglucosamine residues (Glc-

NAc). In V. cholerae, a  two-component sensor histidine kinase, ChiS

(VC0622) located in the inner membrane controls the expression

of genes involved in chitin degradation. These include (GlcNAc)2

catabolic operon (chb), two extracellular chitinase genes chiA1 and

chiA2,  and an outer membrane chitoporin gene chiP (Meibom et al.,

2004). ChiA1 and ChiA2 hydrolyze the �-1, 4 linkages between

the GlcNAc residues in chitin, yielding soluble GlcNAcn oligosac-

charides, where n  =  2–6 (Svitil et al., 1997; Meibom et al., 2004;

Orikoshi et al., 2005) which enter through chitoporin and are uti-

lized sequentially via a  downstream cascade of catabolic operon

∗ Corresponding author at: Division of Biochemistry, National Institute of Cholera

and Enteric Diseases, P33 C.I.T. Road, Scheme XM,  Beliaghata, Kolkata 700 010, India.
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(chb) (Hunt et al., 2008). It has been recently known that ChiS also

regulate chitin induced natural competence through the involve-

ment of another transmembrane regulator TfoS (Yamamoto et al.,

2014).

ChiS is  a 133 kDa sensor histidine kinase which belongs to  the

‘Two component system’ (TCS). It has a  short N-terminal pep-

tide chain in the cytoplasm, a  membrane domain, a periplasmic

domain, a  second membrane domain, and finally a long polypeptide

chain extending into the cytoplasm (Li and Roseman., 2004). ChiS

remains inactive by a periplasmic chitin oligosaccharide binding

protein, CBP through the ChiS-CBP complex formation. The pres-

ence of GlcNAc oligosaccharides as an environmental signal leads

to  the dissociation of ChiS-CBP complex by mediating asociation

of CBP with GlcNAc, thereby activating ChiS. Like other TCS, a  con-

served histidine residue in the cytoplasmic domain of  the active

ChiS is  autophosphorylated followed by the transfer of  the phos-

phoryl group to a  conserved aspartate residue of the cytoplasmic

response regulator which is not yet characterized for ChiS. This reg-

ulator finally interacts with the genes under ChiS regulation. This

typically activates an output domain which includes chitinolytic

genes of chitin utilization pathway (Li and Roseman, 2004).

http://dx.doi.org/10.1016/j.ijmm.2016.09.003
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TCS in various other pathogenic bacteria are reported to  control

virulence. VieSAB, a TCS of V.  cholerae is reported to contribute to

its motility and biofilm regulation (Hector et al., 2008). Another

V. cholerae TCS, VprA-VprB is  found to be involved in  virulence

through its endotoxin modification in host intestine (Herrera

et al., 2014). Similarly, TCS PhoP-PhoQ in Salmonella enteric is

involved in LPS modification and resistance to  antimicrobial pep-

tides (Groisman, 2001; Shi et al., 2004). CpxR-CpxA in  Shigella sonnei

is found to be involved in  the activation of the master virulence gene

regulator virF (Gal-Mor and Segal, 2003).

Several reports indicate that V.  cholerae chitinase and chitin

binding protein are also important for pathogenesis apart from

their role in chitin utilization program (Bhowmick et al., 2008;

Mondal et al., 2014). GbpA, a  chitin binding protein, helps in

adherence of V. cholerae to the intestinal epithelial cells through

a coordinated interaction with mucin (Bhowmick et al., 2008). A

recent study shows that ChiS dependent chitinase, ChiA2 is impor-

tant for survival and pathogenesis of V.  cholerae within the host

intestine (Mondal et al., 2014). Since TCS are found to be involved

in virulence, it is important to explore the role  of ChiS in  V. cholerae

pathogenesis. In this study, we  determined the effect of intestinal

mucin on ChiS activation. Further, in  order to  define the role of ChiS

in V. cholerae pathogenesis, we explore the impact of chiS deletion.

We found that isogenic chiS mutant (ChiS−) showed repression in

mucin utilization. We also demonstrated that disruption of chiS

gene has marked effects on survival, motility, mucin penetration

and utilization, expression of virulence in V.  cholerae.

2. Materials and methods

2.1. Ethics statement

All the animal experiments were done according to the guide-

lines provided by  Committee for the Purpose of Supervision and

Control Experiments on Animals (CPCSEA), Government of India.

The protocols followed for the animal experiments were approved

by the Institutional Animal Ethics Committee of National Institute

of Cholera and Enteric Diseases (Registration no: PRO/106/May,

2014–September 2017). Four to  five days old infant Swiss mice

were used for intestinal colonization studies. New Zealand white

rabbits were used for fluid accumulation assay. Animals were euth-

anized in CO2 chamber assuring minimum pain to the animals

during the intestinal harvest.

2.2. Bacterial strains, plasmids used and culture conditions

In this study, streptomycin resistant V.  cholerae N16961 (O1El

Tor Inaba) was used as a  wild type strain.The suicide vector

pCVD442 was maintained in E. coli strain DH5�lpir (Philippen et al.,

2004). For TA cloning, we used pGEMT Easy vector (Promega) was

used and maintained in  E. coli JM109 (Table S1). Strains were grown

in LB medium (BD, Difco) at 37 ◦C with appropriate antibiotics. For

�-hexosaminidase assay, bacteria were grown in minimal–lactate

media containing M9 minimal medium (BD Difco); 0.5% sodium

lactate (Sigma); 50 mM HEPES, pH 7.5 (Sigma), filter sterile 0.2%

MgSO4 (Merck) and 0.01% CaCl2 (SRL) with or  without mucin

(Sigma) as a sole source of carbon. Sodium lactate was  added to

support equal growth of wild type and mutant strains. To study the

expression of virulence genes, bacteria were cultured in AKI media

containing 0.5% NaCl, 0.3% NaHCO3 (Merck), 0.4% yeast extract and

1.5% peptone (BD Difco) pH 7.2 at 37 ◦C under static condition.

2.3. Construction of deletion mutants of ChiS and CBP

Construction of isogenic mutants were done following earlier

mentioned procedure (Skorupski and Taylor, 1996). In brief, V.

cholerae N16961 was used for genomic DNA isolation. Almost 500

bps of flanking sequences of both the genes (chiS  and cbp) were

amplified by PCR using primers (Table S1). The flanking sequences

were then annealed by fusion PCR using primers (Table S2) to

get in-frame 3017 base pairs and 1509 base pairs deleted con-

structs for chiS and cbp  mutants respectively. These unmarked

fusion products were amplified and subcloned into pGEM-T Easy

vector (Promega). The DNA fragments containing the unmarked

deleted gene were digested with Xba1 and Sac1 restriction enzymes

and ligated into the counter selectable sacB-based suicidal plasmid

pCVD442 (Philippen et al., 2004).  To harbour these deleted genes

in V. cholerae,  the resultant chimeric plasmid was transformed

into E. coli SM10�pir (Philippen et al., 2004) and were conju-

gally transferred to N16961. The transconjugants were selected in

ampicillin-streptomycin double antibiotic Luria Bertani (LB) agar

plates. The unmarked gene replacements were done by double-

crossover recombination mutation using the sucrose plates (Liu

et al., 2015). Isogenic deletions and insertions of the unmarked gene

were confirmed by using PCR based assay (Fig. S1) from the genomic

DNA of the respective mutants using primers mentioned (Table S1)

(Herrera et al., 2014).

V. cholerae strains were denoted as wild type (ChiS+) and chiS

isogenic mutant strain (ChiS−). A  constitutive mutant of chiS was

constructed by deleting the cbp  gene (chitin oligosaccharide bind-

ing protein) from V.  cholerae and was  denoted as ChiS* in  all the

experiments.

2.4. Complementation of chiS mutant

For complementation of chiS mutant, the open reading frame

of chiS was PCR amplified by using Taq polymerase and Pfu poly-

merase (Promega) at a ratio of 2:1 and primers mentioned in  Table

S1 and cloned into pBAD-TOPO TA expression vector as previously

mentioned protocol (Mondal et al., 2014). The cloned vector was

transformed into chiS mutant strain (ChiS−) and the complemented

strain was  denoted as ChiSc. The complemented strain was induced

by 0.2% arabinose (Sigma).

2.5.  ˇ-hexosaminidase assay

�-hexosaminidase activity was estimated by previously fol-

lowed procedure (Li and Roseman, 2004)  with PNP-GlcNAc

(p-nitrophenyl-, N-acetyl-�-D-glucosa) purchased from Sigma. To

analyse its activity wild type V. cholerae (ChiS+),  ChiS−, its con-

stitutive mutant ChiS* and ChiSc were grown up to log phase

in minimal–lactate media with or  without mucin as mentioned

previously. In case of in vivo hexosaminidase assay bacteria

were collected from intestinal samples. Equal amount of bacte-

ria (1 ×  108 c.f.u/ml) were taken from each sample, washed and

treated with toluene at a  ratio of 10 �l/ml of culture. The mixture

was shaken vigorously and kept at RT for 20 min. 0.1  ml of  each of

these treated bacteria was  mixed with 0.1 ml of 1 mM substrate i.e

PNP-GlcNAc in  20 mM Tris-HCl (pH 7.5). The reaction mixture was

incubated at 37 ◦C for 60 min. 0.8 ml  of 1 M  Tris-base was added to

stop the reaction. The reaction mixture was  centrifuged to separate

the cell debris and optical density of the supernatant was measured

at 400 nm.  Total enzymatic activity was analyzed after measuring

total protein by Lowry method and then calculated as p-nitrophenol

produced per minute per mg of total protein.

2.6. Generation of V. cholerae growth curve

Log phase cultures of wild type V. cholerae ChiS+,  ChiS−, its

constitutive mutant ChiS* and ChiSc were harvested by centrifu-

gation, washed three times with PBS, cell number was  adjusted

to 1 ×  108 c.f.u/ml and mixed in a ratio of 1:1000 either lactate or
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mucin supplemented minimal medium. The cultures were main-

tained at 37 ◦C under constant shaking at 180 rpm for 72 h (Mondal

et al., 2014). For analysis of viable counts cultures were diluted and

plated on LB agar supplemented with streptomycin (Vercruysse

et al., 2014).

2.7. In vitro growth assay in HT-29 cell line

Mucin secreting human intestinal cell line HT-29 cells were

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,

Sigma), supplemented with 10% fetal bovine serum (FBS) (HiMe-

dia), 1% (vol/vol) non-essential amino acid and 1%  (vol/vol)

penicillin/streptomycin (Sigma) mixture at 37 ◦C under 5% CO2.

The survival of  V. cholerae in  the presence of mucin secreting HT-29

cells were analysed by using previously described protocol (Mondal

et al., 2014). The 80% confluent, serum starved HT-29 cells in  12-

well plate were infected with log phase cultures of all V. cholerae

strains at an infectious dose of 107 c.f.u/ml. After 12 h of incuba-

tion unbound cells were collected from the supernatant and cells

were then treated with 0.1% Triton X-100 for 2–3 min  to detach the

bound bacteria. Both the unbound and the bound bacteria were col-

lected, washed in PBS, serially diluted and plated on to  LB agar to

get viable bacterial count.

2.8. Motility assay on semi solid agar

Motility of all V. cholerae strains were examined on soft agar

plates by a previously mentioned protocol (Yeung et al., 2012). The

soft agar plates contained minimal media supplemented with 0.4%

porcine mucin and 0.3% agar. All the strains were grown to log phase

and 1 �l of each of the cultures were spotted on soft agar plates and

incubated at 37 ◦C for 15 h. Motility were analysed by  measuring the

diameter of the surface motility zone.

2.9. Mucin penetration assay

The assay was performed according to previously described pro-

tocol (Liu et al., 2008). In brief, 1% mucin columns were prepared in

1 ml syringes. Log phase cultures were taken, washed and 0.1 ml  of

culture containing equal number bacteria (108 c.f.u/ml) were added

from the top of 1% mucin columns. Columns were then kept at 37 ◦C

under static conditions. After 30 min  of incubation 500 �l fractions

were collected from the bottom of the columns, serially diluted and

plated onto LB agar to measure the bacterial count.

2.10. HT-29 cell adhesion assay

For  detection of bound bacteria in  HT-29 cell, we  followed a

modified procedure from previously used protocol was followed

(Debnath et al., 2015). 80% confluent HT-29 cells maintained in

DMEM as mentioned before in 12 well plates and were serum

starved overnight before treatment. These were then treated with

log phase cultures of all three strains of V. cholerae at a  dilution

of 107 c.f.u/ml and incubated at 37 ◦C for 1 h in 5% CO2, cells were

washed three times with PBS and detached using 0.1% Triton X-100.

Adherent bacteria were counted after serial dilution by plating on

LB agar plates.

For qualitative analysis of bacterial adhesion we  used GFP

labelled bacterial strains and followed a previously mentioned pro-

tocol (Debnath et al., 2015). HT-29 cells were cultured on glass

coverslips in 12 well plates until (70–80) % confluent and infected

with 107 c.f.u/ml of GFP labelled strains. After 1 h of incubation,

bound bacteria were washed 3 times with PBS and mounted on

glass slides with mounting medium. Glass slides were observed

under fluorescence microscope (Olympus AX-70) to show the GFP

labelled bacteria bound to  HT-29 cells.

2.11. Suckling mouse colonization

Bacterial colonization in suckling mice intestine were assessed

by in vivo competition assay in the procedure described before

(Ding et al., 2004). Log phase cultures of wild type V. cholerae

(LacZ−)  strain was mixed at a  ratio of 1:1 with each of  the strains

i.e ChiS+, ChiS−,  ChiS* and complemented ChiSc strains (LacZ+).

The mixed cultures were orally inoculated at a  concentration of

approximately 5 ×  107 c.f.u/ml into five day old infant mice and

incubated for 18 h. Mice intestine were then harvested, homoge-

nized, washed and serially diluted to plate on LB agar supplemented

with streptomycin (100 �g/ml). Competitive index was calcu-

lated by the following equation:- ratio out(mutant/wild-type)/ratio

in(mutant/wild-type). The competitive Index (CI) value of CI < 1 indi-

cates a fitness defect and that of CI >  1 indicates an increased fitness.

2.12. Fluid accumulation in ileal–ligated rabbit model and

bacterial recovery from rabbit intestine

New Zealand rabbits were used for the fluid accumulation assay.

Rabbit weighing approximately 2.5 kg was used for the assay as

described (Mondal et al., 2014; Debnath et al., 2015). Bacterial

inoculums of each of the strains were adjusted to  109 c.f.u/ml and

introduced in  rabbit ileum. Fluid accumulation was  measured after

18 h infection in  rabbit. Fluid accumulation was  calculated as FA

ratio =  volume of fluid accumulation (ml)/intestinal length (cm).

PBS was  used as a  negative control. Bacteria were counted by

homogenizing the intestinal sections in  1 ml PBS. To determine

the actual bacterial c.f.u at the time of intestinal harvest, bacte-

ria were collected from the intestine, washed, serially diluted and

plated on LB agar supplemented with streptomycin (100 �g/ml).

�-hexosaminidase assay were also performed under in vivo condi-

tions by collecting bacteria from intestinal samples of  rabbit during

ileal loop experiment.

2.13.  RNA isolation and quantitative RT-PCR in vitro and in  vivo

Bacteria were also harvested from rabbit intestinal loops (in

vivo) after infecting with all the V. cholerae strains separately in

each loop. Bacterial pellets were washed thrice in  PBS and then

used for RNA isolation. Total RNA was  isolated using Trizol (Invit-

rogen) following the manufacterer’s protocol. DNase treatment was

performed using DNA free kit  (Ambion) for elimination of contam-

inating genomic DNA followed by cDNA synthesis using reverse

transcription kit (Promega) according to the manufacturer’s proto-

col with 1 �g of total RNA for each of the 20 �l  reactions. The mRNA

transcript levels were quantified by quantitative PCR (qPCR) using

2×SYBR green PCR master mix  (Applied Biosystems) and 0.2 �M of

specific primers (toxT, tcpA, ctxA) designed using IDT for each tran-

scripts (Table S1). Data analysis was done using 7500 Real Time PCR

detection system (Applied Biosystems, Foster City, California). The

relative expression of the target transcripts were calculated accord-

ing to Livak method (Livak and Schmittgen., 2001) using recA as an

internal control.

2.14. GM1 ELISA for CT estimation in vivo

The ability of V. cholerae strains to express cholera toxin

(CT) in vivo was assayed by GM1  enzyme-linked immunosorbent

assay (ELISA) (Holmgren., 1973)  using polyclonal anti-CT antibody

(Sigma). CT  was detected in  the intestinal fluid accumulated in

rabbit ligated ileal loop. The fluid collected was centrifuged and

filtered using 0.45 �m membrane filter (Millipore). The amount of

CT produced was  determined using a  standard curve obtained with

purified CT  and absorbance was  measured at 492 nm. The average

OD492 obtained from triplicate wells of each experimental sets were
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Fig. 1. Activation of ChiS is promoted in the presence of mucin: Bacteria were grown

in  minimal medium supplemented with or without porcine mucin. 0.5% of sodium

lactate was  added in each medium to  obtain similar bacterial growth. Log phase

cultures were taken to  measure the total hexosaminidase (ChiS regulated periplas-

mic  enzyme) activity in ChiS+ (V. cholerae N16961 wild type), ChiS− (isogenic ChiS

mutant), ChiS* (cbp mutant expressing ChiS constitutively) and ChiSc (complement

of  ChiS−) strains in presence (�) or absence ( )  of 2% mucin. †, P <  0.05. Error bars

represent standard errors from three biological replicates (n = 3).

considered to estimate the amount of CT  present in  the samples

using the standard curve (Patra et al., 2012).

2.15. Statistical analysis

The suckling mice colonization data were graphically plotted

by using Graphpad Prism software and analysed by  using one way

ANOVA. Rest of the experiments were analysed by  student’s t-test.

Each of the experiments were done in triplicates and the results

were represented as mean ± SEM. A P  value of <0.05 was considered

statistically significant.

3. Results

3.1. Activation of ChiS in the presence of mucin

�-hexosaminidase activity is  a  measure of ChiS activation and

its effect on the chitin utilization pathway (Li and Roseman, 2004).

Here, we measured the total �-hexosaminidase activity in all the

V. cholerae strains in presence or absence of mucin as a  sole

nutrient source. Total hexosaminidase activity in the ChiS+ strain

in the presence of mucin was 180.5 nmol/min/mg compared to

24 nmol/min/mg in  the absence of mucin. So, in  the presence of

mucin, ChiS activation was induced 7.4 fold higher in  ChiS+ strain

in the presence of mucin (Fig. 1). However, the ChiS− strain showed

negligible activity of the enzyme in presence or absence of mucin.

On the other hand, the ChiS* strain showed constitutive activation

of �-hexosaminidase without requiring any induction by mucin.

The ChiSc strain also showed similar activation to the ChiS+ strain

in presence of mucin. Additionally, we also found RNA expression

of ChiA2 was 5 fold less and total mucinase activity to be 9 fold less

in ChiS− strain than the ChiS+ strain in mucin supplemented media

(Figs. S1 and S2). Therefore, this indicated that mucin induced the

activation of ChiS which further turned on the chitin utilization

pathway genes as  well as the extracellular chitinase ChiA2.

3.2. ChiS helps V. cholerae to utilize mucin

Next, we measured the growth rate of all the strains in min-

imal media supplemented with mucin (Fig. 2A) or sodium lactate

(Fig. 2B). The growth rate of the ChiS+ strain in mucin supplemented

minimal medium after 72 h  was 6.1 × 108 c.f.u/ml compared to the

ChiS− strain with that of 3 × 107 c.f.u/ml. So, the growth rate of

Fig. 2. ChiS contributes in utilization of mucin as a  sole nutrient source. ChiS+

(V. cholerae N16961 wild type), ChiS− (isogenic ChiS mutant), ChiS* (cbp mutant

expressing ChiS constitutively) and ChiSc (complement of ChiS−)  strains were inoc-

ulated separately in (A) minimal media supplemented with 2% (w/v) porcine mucin

and  (B) 0.5% sodium lactate as the only carbon source. The viable bacterial counts

were detected by plate count method and represented graphically. Each of the exper-

iment was repeated three times (n =  3)  and the data were expressed as mean ± SEM.

the ChiS− strain was  severely 20 fold diminished compared to the

ChiS+ strain. The ChiS* and ChiSc strains showed similar growth as

of the ChiS+ strain in  mucin supplemented medium. However, the

growth rate of all the strains were similar in  sodium lactate supple-

mented minimal medium indicating equal fitness of all the strains.

This indicated ChiS is an important factor for utilizing mucin as a

sole nutrient source.

3.3. Motility and mucin penetration depends on ChiS

We investigated the motility of different V. Cholerae strains in

presence of mucin (Fig. 3A and B). In plate assay, we found all the

strains except ChiS− showed similar motility. However, we found

that motility zone in case of the ChiS− strain was 0.36 ± 0.07 cm

and that of the ChiS+ strain was 1.8 ±  0.11 cm. Therefore, motility

of the ChiS− strain was reduced to 5 fold compared to the ChiS+

strain (P <  0.05). Taken together, this indicates ChiS is required to

promote motility in  V.  Cholerae in the presence of mucin.

Next, we  investigated the role of ChiS on mucin layer pen-

etration in vitro (Fig. 3C). Out of all the loaded bacterial cells

2.6  × 107 c.f.u/ml ChiS+ viable cells penetrated through mucin

layer, whereas, 2 × 106 c.f.u/ml ChiS− strain was  detected following

mucin penetration. Therefore, our data showed 13 fold reduction in
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Fig. 3. Motility and mucin penetration is promoted by ChiS in V. cholerae: ChiS+ (V. cholerae N16961 wild type), ChiS− (isogenic ChiS mutant), ChiS* (cbp mutant expressing

ChiS constitutively) and ChiSc (complement of ChiS−) strains were separately grown in LB till log phase. (A) Soft agar plates showing differences in motility between ChiS−

strain and all other strains. 1 �l  of each of the cultures were spotted on  plates containing minimal media supplemented with 0.4% porcine mucin and 0.3% agar. Plates were

incubated for 15 h  at 37 ◦C. (B) Diameter of the surface motility zones are  graphically represented. Motility were analysed by measuring the diameter of the surface motility

zone. †,  P < 0.05. The result shown is  a mean of ±SEM of three biological replicates (n = 3). (C) 107 c.f.u/ml of ChiS+ (V. cholerae N16961 wild type), ChiS− (isogenic ChiS mutant),

ChiS*  (cbp mutant expressing ChiS constitutively) and ChiSc (complement of ChiS−) were loaded on  top of 1 ml  mucin (1%) columns and were allowed to penetrate. Bacteria

were  collected from the bottom of the columns, serially diluted and plated on LB agar to obtain the  bacterial number by plate count method. †,  P <  0.05. The  result shown is a

mean  of ±SEM of three biological replicates (n = 3).

Fig. 4. ChiS is important for bacterial adhesion and survival in presence of HT-29 cells. ChiS+ (V. cholerae N16961 wild type), ChiS− (isogenic ChiS mutant), ChiS* (cbp mutant

expressing ChiS constitutively) and ChiSc (complement of ChiS−) strains were grown to  log phase and adjusted to 1 O.D. 80% confluent HT-29 cells were then infected with

107 c.f.u/ml of each strain and incubated at 37 ◦C in 5% humidified CO2 incubator. A) Fluorescent Images of GFP labeled bacteria bound to  HT-29 cells seen under Phase

contrast. i) HT-29 cells infected with ChiS+ strain, ii) HT-29 cells infected with ChiS− strain, iii) HT-29 cells infected with ChiS*, iv) HT-29 cells infected with ChiSc and v)

Non-infected HT-29 cells. (B) Adhesion assay: HT-29 epithelial cells were infected with V.  cholerae strains for 1  h.  Bound bacteria were collected and plated. †, P  < 0.05. Each

of  the experiment was  repeated three times (n = 3)  and the data were expressed as mean ± SEM. (C) Both bound and unbound bacteria were collected after 12  h incubation

with HT-29 cells. Samples were washed and serially diluted to  plate on LB agar. Number of bacteria were enumerated by  plate count method. †, P < 0.05. The result shown is

mean  of ±SEM of three biological replicates (n = 3).

mucin penetration ability by  the ChiS− mutant strain compared to

the ChiS+ wild type strain (P < 0.05). ChiS* and ChiSc showed almost

similar mucin penetration compared to  ChiS+ strain. This indicates

that ChiS helps V.  cholerae to penetrate the mucin layer in vitro.

3.4. Adhesion and survival of V. cholerae in the presence of

HT-29 cells is dependent on ChiS

After penetration through the mucin layer of the intestine V.

cholerae needs to adhere to the epithelial cells in  the intestine to
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initiate the infection. We  studied the effect of ChiS on initial adher-

ence of V. cholerae to HT-29 cells under fluorescence microscopy

(Fig. 4A). The GFP labelled ChiS− strain was less visible in  adhered

form with HT-29 cells compared to the ChiS+ strain. We  also stud-

ied the adhesion assay quantitatively (Fig. 4B). The bacterial count

for ChiS+ bound to  HT-29 cells was 1.08 × 108 c.f.u/ml and that of

ChiS− was 1.83 × 107 c.f.u/ml. Therefore, we found that the ChiS−

strain to be 6  fold more defective to  adhere to the HT-29 cells when

compared to the ChiS+ strain (P <  0.05). ChiS* and ChiSc showed

adherence almost similar to the ChiS+ strain.

Here, the impact of ChiS on survival of V.  cholerae was also

analysed by infecting mucin secreting HT-29 cells (Fig. 4C). After

12 h of infection, the viable counts for the ChiS+ strain was

7.7 × 107 c.f.u/ml and that of the ChiS−  strain was 5.9 × 106 c.f.u/ml

in the presence of HT-29 cells. Our result showed that the ChiS−

strain was 13 fold less efficient to  survive when compared to the

ChiS+ strain (P < 0.05). ChiS* and ChiSc strains showed survival simi-

lar to that of the ChiS+ strain. This indicated that ChiS was important

for  V. cholerae survival in the presence of HT-29 cells.

3.5. ChiS affects suckling mice colonization in mice

Bacterial binding to intestinal epithelial cell facilitates bacterial

colonization in the intestine. We have already showed the ChiS−

strain to be defective in  adhesion in vitro.  Therefore, we next exam-

ined the role of ChiS in colonization of suckling mice by using

competition assay (Fig.  5). The input ratio during bacterial infection

was 1:1 of mutants or complemented strains (LacZ+) competing

with wild type N16961 (LacZ−)  V. cholerae.  After 18 h, the output

ratio (competitive index CI) of ChiS−lacZ+/ChiS+LacZ− was  ≈0.0001

indicating a high fitness defect for the ChiS− strain (P <  0.05).

In contrast, ChiSc and ChiS* strains showed almost no compet-

Fig. 5.  ChiS helps in invivo colonization of V. cholerae: Comparative study of col-

onization of ChiS+ (V. cholerae N16961 wild type), ChiS− (isogenic ChiS mutant),

ChiS* (cbp mutant expressing ChiS constitutively) and ChiSc (complement of ChiS−)

strains in 5 days old suckling mice is  presented here. Mice were orally inoculated

with 5 ×  107 c.f.u/ml of wild type V.  cholerae (LacZ−)  strain mixed at  a  ratio of 1:1

with each of the strains i.e ChiS+ (LacZ+), ChiS− (LacZ+),  ChiS* (LacZ+) and comple-

mented ChiSc (LacZ+) strains and incubated for 18 h. Mice intestine were harvested,

homogenized, washed, serially diluted and plated onto  LB agar. Competitive index

(CI)  =  ratio out(mutant/wild-type)/ratio in(mutant/wild-type). The competitive Index (CI) value

of CI <  1  indicates the a  fitness defect, CI > 1 indicates an increased fitness and CI ≈ 1

indicates no fitness defect. P < 0.05. Each of the experiment was repeated three times

(n  =  3)  and the  data were expressed as mean ± SEM.

itive disadvantage. Additionally, we determined the CI  between

ChiS+LacZ−/ChiS+LacZ+ and we found CI ≈ 1 indicating no fitness

defect of the LacZ− mutant over LacZ+. Taken together, this indi-

cated that the ChiS+ strain outcompeted ChiS− strain in the infant

mice colonization. Therefore, we concluded that V. cholerae ChiS

contributes in intestinal colonization.

Fig. 6. V. cholerae ChiS contributes in fluid accumulation as well as colonization in rabbit intestine: Log phase cultures of ChiS+ (V. cholerae N16961 wild type), ChiS− (isogenic

ChiS  mutant), ChiS* (cbp mutant expressing ChiS constitutively) and ChiSc (complement of ChiS−)  strains were adjusted to  1  O.D and 109 c.f.u./ml were inoculated into the

intestinal  ligated loops of a  rabbit. (A) A representative rabbit intestine is  presented here. Effects of V. cholerae strains in  fluid accumulation are shown. PBS is  used as

a  negative control. (B) Fluid accumulation ratio in rabbit ligated ileal loop were determined and represented graphically. †, P < 0.05. The result shown is  a  mean ±  SEM of

three biological replicates. (C) Rabbit intestinal samples were also harvested, homogenized, washed, serially diluted and plated onto LB agar to enumerate the intestinal

colonization and the recovered c.f.u of each strain are graphically represented. †,  P < 0.05. Each of the experiment was repeated three times (n  =  3) and the data were expressed

as  mean ± SEM.
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Fig. 7. V. cholerae ChiS is activated in the intestine: Log phase cultures of ChiS+

(V. cholerae N16961 wild type), ChiS− (isogenic ChiS mutant), ChiS* (cbp mutant

expressing ChiS constitutively) and ChiSc (complement of ChiS−) strains were

adjusted to 1 O.D and 109 c.f.u./ml were inoculated into the rabbit intestinal lig-

ated  loops. In vivo hexosaminidase assay was  performed by the samples collected

from fluid accumulated in the intestinal loops. †, P < 0.05. Each of the experiment

was  repeated three times (n =  3)  and the data were expressed as mean ± SEM.

3.6.  ChiS depletion in V. cholerae results in reduced pathogenesis

in rabbit intestine

Till now, we have shown that ChiS affects V. cholerae coloniza-

tion efficiency. In this experiment, we have qualitatively shown and

measured the intestinal fluid accumulation in  rabbit ileal ligated

model by evaluating FA ratio (Fig. 6A and B). In rabbit intestine,

infection with the ChiS− strain showed 6 fold reduction in  fluid

accumulation compared to the wild type V. cholerae ChiS+ after 18 h

of infection (P <  0.05). Infection with ChiS* and ChiSc strain showed

fluid accumulation similar to the ChiS+ strain. We  also measured

the c.f.u recovered from the rabbit intestine (Fig.  6C). In  case of the

ChiS+ strain, bacteria recovered was 1.03 × 107 c.f.u/gm of intestine

and that of the ChiS− strain was 7 × 105 c.f.u/gm of intestine. There-

fore, we found upto 15 fold less recovery in case of the ChiS− strain

(P < 0.05).This indicated that ChiS is  involved in colonization of V.

cholerae and fluid accumulation in the host intestine, which is one

of the critical aspects of its pathogenesis.

3.7. Activation of ChiS in the host intestine

We  also analysed total �-hexosaminidase activity to evaluate

ChiS induction in each strains in vivo from fluid accumulated sam-

ples in the rabbit intestine (Fig. 7). �-hexosaminidase activity in

ChiS+ was 102 nmoles/min/mg whereas the ChiS− strain showed

activity of 23 nmoles/min/mg. The ChiS+ strain therefore, showed

4.4 fold higher �-hexosaminidase activity compared to the ChiS+

strain (P < 0.05). Induction of �-hexosaminidase activity in ChiS*

and ChiSc strains were similar to ChiS+ strain. Therefore, this indi-

cated that ChiS is  activated in  the host intestine and thus affects

pathogenesis of V. cholerae.

3.8. ChiS contributes in virulence gene expression and cholera

toxin (CT) production in V. cholerae

Since we found differential colonization and less fluid accumula-

tion in rabbit intestine, we analyzed the virulence gene expression

(ctxA, toxT, and tcpA) in  V.  cholerae strains harvested from rabbit

ileal loop samples (Fig. 8A). We found ctxA, toxT, and tcpA RNA lev-

els to be significantly reduced by 3 fold, 4.5 fold and 4 folds less,

respectively, in  the ChiS− strain when compared to the ChiS+ wild

type (P <  0.05). ChiS* and ChiSc showed ctxA, toxT, and tcpA RNA

levels similar to  the ChiS+ strain. We also measured cholera toxin

production of all the strains of V. cholerae in  the intestinal fluid sam-

ples from the rabbit ileal loop after 18 h  of infection (Fig. 8B). We

found fluid from the ChiS− infected ileal loop sample to  contain less

cholera toxin (210 ng/ml) with a difference of 6.5 fold compared to

the ChiS+ (1220 ng/ml) (P <  0.05). Additionally, in  AKI media ChiS−

strain showed significant decrease in  the RNA levels of  these vir-

ulence genes (ctxA, toxT, and tcpA) compared to ChiS+ strain (Fig.

S4).

4. Discussion

It has been previously reported that there are many TCS in

pathogenic bacteria that  contributes to virulence. ChiS is  a  com-

ponent of TCS in V. cholerae. Although ChiS is  the regulator of V.

cholerae extracellular chitinases like ChiA2 (Meibom et al., 2004),  its

function in pathogenesis is still unknown. Therefore, in this study

we have aimed to understand its role in  pathogenesis.

It is known that, V.  cholerae ChiS is activated in  the presence of

GlcNAc oligosaccharides of chitin in the aquatic environment (Li

and Roseman., 2004). The activation of ChiS promotes the expres-

sion of downstream chitin utilization pathway components like

periplasmic-�-N-acetylglucosminidase, etc. (Meibom et al., 2004).

Our results showed that ChiS is also activated in the presence

of intestinal mucin. Most probably the GlcNAc oligosaccharide

residues of mucin activates ChiS in the same way  as it does in

the aquatic environment. This leads to the activation of  the chitin

utilization pathway in  a similar manner as mentioned before and

results into the expression of extracellular chitinases like ChiA2.

The activation of ChiS is governed by chitin oligosaccharide

binding protein (CBP) that binds to keep ChiS in a deactivated mode

in  the absence of GlcNAc residues. Once CBP when binds to Glc-

NAc residues, it is  released from ChiS leaving the sensor kinase in

activated mode (Li and Roseman., 2004). We  also observed that

activation and deactivation cycle of ChiS takes place in  presence

of intestinal mucin. In absence of CBP, ChiS remains constitu-

tively active even in the absence of GlcNAc oligosaccharides (Li and

Roseman., 2004).  In our case also, the induction by  mucin was not

required in the cbp mutant strain (ChiS*). Therefore, we confirmed

that V. cholerae ChiS is  induced in the presence of mucin.

V. cholerae can utilize mucin as a  sole nutrient source (Mondal

et al., 2014). Our results here showed that mucin utilization by  V.

cholerae depends upon ChiS. In absence of ChiS, V. cholerae showed

poor growth even in presence of mucin in minimal media as well

as in  the mucin secreting intestinal cells. This suggests that ChiS

contributes in  utilization of mucin by V.  cholerae which helps the

bacteria to survive in mammalian host intestine. There are many

intestinal microbes that utilize mucin as an energy source (Chen

et al., 2002; Deplancke et al., 2002; Derrien et al., 2010). Clostrid-

ium perfringens, an opportunistic intestinal pathogen was  able to

grow on medium with mucin as a substrate (Deplancke et al., 2002)

and (GlcNAc)2 (Chen et al., 2002).  Other intestinal microbes like

Bacteroides fragilis could utilize GlcNAc; Escherichia coli,  Lactococ-

cus lactis and Proteus vulgaris could utilize (GlcNAc)1–6 (Chen et al.,

2002). Bifidobacterium adolescentis and Eubacterium limosum could

use (GlcNAc)1–6 to  some extent as their main carbon source (Chen

et al., 2002).

Earlier, it has been shown that V. cholerae utilizes mucin by the

help of an extracellular chitinase ChiA2 (Mondal et al., 2014). ChiA2

cleaves the oligosaccharide moieties of mucin (Mondal et al., 2014).

These residues then help  to  switch on the chitin utilization path-

way that results in catabolism of GlcNAc residues of  mucin. ChiS

contributes in the utilization of mucin as nutrient source by induc-

ing the extracellular chitinases like  ChiA2. Additionally, here we

dx.doi.org/10.1016/j.ijmm.2016.09.003
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Fig. 8. V. cholerae ChiS affects cholera toxin production and virulence gene expression in the intestine: Log phase cultures of ChiS+ (V. cholerae N16961 wild type), ChiS−

(isogenic ChiS mutant), ChiS* (cbp mutant expressing ChiS constitutively) and ChiSc (complement of ChiS−) strains were adjusted to  1 O.D and 109 c.f.u./ml were inoculated

into  the intestinal loops. (A) Bacteria were harvested from rabbit intestinal ligated loops after infection for 18 h, RNA was isolated and virulence gene expression was  measured

by  qRT-PCR. †,  P < 0.05. Each of the experiment was repeated three times (n = 3)  and the data expressed as means ± SEM. (B) in  vivo cholera toxin production was also analyzed

from  the accumulated fluid samples of ligated ileal loop assay. †,  P <  0.05. Each of the experiment was  repeated three times (n = 3)  and the data expressed as means ± SEM.

also found significant differences in  RNA expression of ChiA2 and

chitinase activity assay between ChiS+ and ChiS− strain in  mucin

supplemented media (Figs. S2 and S3).

When V. cholerae reaches the small intestine, the mucosal layer

acts as a barrier. Thus trespassing this mucosal barrier is one of

its aspects of virulence. Motility is important for V.  cholerae in

order to carryout mucin penetration (Liu et al., 2015). In this study,

we found ChiS is important for V. cholerae motility in mucin and

its penetration. This can be explained by the fact that when ChiS

is activated by mucin ChiA2 is induced along with other chiti-

nases to remove the sugar residues from mucin. This weakens the

integrity of mucin. This provides easy access for the proteases to

degrade mucin (Sanders et al., 2007). This leads V.  cholerae to swim

faster as well as  penetrate into mucin layer to  reach the intestinal

epithelium for successful colonization. Our result suggested that

the ChiS− strain showed reduced adherence to intestinal cells, lead-

ing to defective colonization. Therefore, ChiS, a component of TCS,

is found to be important for intestinal colonization by V.  cholerae.

A previous study with VprAB which is  also a  V. cholerae TCS has

been found to contribute to its intestinal colonization (Herrera et al.,

2014).

The ChiS− strain in  rabbit intestine showed reduced fluid accu-

mulation, which is due to the reduced cholera toxin production.

This was in accordance with our result, where we  found reduced

expression of ctxA. Decreased expression of ctxA along with tcpA

was due to reduced expression of toxT. It is  well established that

lower toxT expression is linked to  reduced ctxA and tcpA (DiRita

et al., 1991). This indicates that  ToxR regulon might be affected

in the ChiS− strain. The unability to utilize mucin by  V.  cholerae

in the intestine decreases GlcNAc residues in  the ChiS− strain

which might activate cyclic AMP  (cAMP) receptor protein (CRP)

(Kovacokova et al., 2004). This negatively regulates the ToxR regu-

lon via cAMP-CRP pathway (Skorupski and Taylor, 1997). In vitro,

we have also observed decreased production of virulence genes in

AKI media (Fig. S4). However, further experiments are needed to

establish the link between ChiS and ToxR regulon.

Additionally, delivery of the cholera toxin requires success-

ful V. cholerae colonization in  the small intestine (Taylor et al.,

1987; Ritchie et al., 2010). Reduced colonization by  ChiS− leads

to decreased cholera toxin production as well as less fluid accumu-

lation.

Taken together, our data indicate that V.  cholerae ChiS gets

activated in the host intestine by  mucin. It contributes to mucin

utilization by the bacteria which helps V.  cholerae to survive in the

intestine. On  the other hand, ChiS plays a  role in V. cholerae patho-

genesis, probably through nutrient acquisition from mucin in the

intestine during infection. However, further studies are needed for

a  complete understanding of the function of ChiS in this event.
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