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ABSTRACT

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.
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INTRODUCTION
Vibrio cholerae causes the fatal diarrheal disease cholera. V. cholerae normally resides in the
aquatic environment, where it colonizes on the chitinous surface of crustaceans (Hugq et al.,
1983) and utilize chitin as nutrient source. Chitin is an un-branched long chain polymer of -1, 4
linked N-acetylglucosamine residues (GIcNAc). 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), catabolic operon (chb), two
extracellular chitinase genes chidl and chiA2, and an outer membrane chitoporin gene chiP
(Meibom et al., 2004). ChiAl and ChiA2 hydrolyze the B-1, 4 linkages between the GIcNAc
residues in chitin, yielding soluble GlcNAc, oligosaccharides, where n=2-6 (Svitil et al.,1997,
Meibom et al., 2004, Orikoshi et al., 2005) which enter through chitoporin and are utilized
sequentially via a downstream cascade of catabolic operon (chb) (Hunt et al., 2008). It has been
recently known that ChiS also regulate chitin induced natural competence through the
involvement 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 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 (Li and Roseman., 2004). ChiS remains inactive by a periplasmic chitin
oligosaccharide binding protein, CBP through the ChiS-CBP complex formation .The presence
of GIcNAc oligosaccharides as an environmental signal leads to the dissociation of ChiS-CBP
complex by mediating asociation of CBP with GIcNAc, thereby activating ChiS. Like other TCS,
a conserved histidine residue in the cytoplasmic domain of the active ChiS is autophosphorylated

followed by the transfer of the phosphoryl group to a conserved aspartate residue of the
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cytoplasmic response regulator which is not yet characterized for ChiS. This regulator 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).

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 peptides
(Groisman EA, 2001, Shi Y 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 O et al., 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 important 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.
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MATERIALS AND METHODS

Ethics statement

All the animal experiments were done according to the guidelines 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 euthanized in CO, chamber assuring minimum pain to the animals during

the intestinal harvest.

Bacterial strains, plasmids used and culture conditions

In this study, streptomycin resistant V. cholerae N16961 (O1 El Tor Inaba) was used as a wild
type strain.The suicide vector pCVD442 was maintained in E. coli strain DHSoApir (Philippe 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 B-hexosaminidase assay, bacteria were grown in minimal-lactate
media containing M9 minimal medium (BD Difco); 0.5% sodium lactate (Sigma); 50mM
HEPES, pH 7.5(Sigma), filter sterile 0.2% MgSO, (Merck) and 0.01% CaCl, (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% NaHCO; (Merck), 0.4% yeast extract and

1.5% peptone (BD Difco) pH 7.2 at 37°C under static condition.
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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 constructs 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 Xbal and Sacl restriction enzymes and ligated into the counter selectable
sacB-based suicidal plasmid pCVD442 (Philippe et al., 2004). To harbour these deleted genes in
V. cholerae, the resultant chimeric plasmid was transformed into E. coli SM10Apir (Philippe et
al., 2004) and were conjugally 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 chp gene (chitin
oligosaccharide binding protein) from V. cholerae and was denoted as ChiS* in all the

experiments.
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Complementation of chiS mutant

For complementation of chiS mutant, the open reading frame of chiS was PCR amplified by
using Taq polymerase and Pfu polymerase (Promega) at a ratio of 2:1 and primers mentioned in
Table S1 and cloned into pPBAD-TOPO TA expression vector as previously mentioned protocol
(Mondal et al., 2014). The cloned vector was transformed into c4iS mutant strain (ChiS™) and the
complemented strain was denoted as ChiS‘. The complemented strain was induced by 0.2%

arabinose (Sigma).

B-hexosaminidase assay

B-hexosaminidase activity was estimated by previously followed procedure (Li and Roseman,
2004) with PNP-GlcNAc (p-nitrophenyl-B, D-N acetylglucosaminide) purchased from Sigma. To
analyse its activity wild type V. cholerae (ChiS*), ChiS’, its constitutive mutant ChiS* and ChiS*
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 bacteria (1x10% c.f.u/ml) were taken from each sample, washed and
treated with toluene at a ratio of 10 ul/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-GIcNAc in 20 mM Tris-HCI (pH 7.5). The reaction mixture was incubated at
37°C for 60 min. 0.8 ml of 1M 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.
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Generation of V. cholerae growth curve

Log phase cultures of wild type V. cholerae ChiS*, ChiS~, its constitutive mutant ChiS* and
ChiS° were harvested by centrifugation, washed three times with PBS, cell number was adjusted
to 1x108 c.f.u/ml and mixed in a ratio of 1:1000 either lactate or mucin supplemented minimal
medium. The cultures were maintained 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).

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)
(HiMedia), 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
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 on to LB agar to get viable

bacterial count.

Motility Assay on semi solid agar
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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 ul 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.

Mucin penetration assay

The assay was performed according to previously described protocol (Liu et al., 2008). In brief,
1% mucin columns were prepared in Iml syringes. Log phase cultures were taken, washed and
0.1 ml of culture containing equal number bacteria (103 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 pl fractions were collected from the bottom of the columns, serially diluted and

plated onto LB agar to measure the bacterial count.

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.
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For qualitative analysis of bacterial adhesion we used GFP labelled bacterial strains and followed
a previously mentioned protocol (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.

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 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 ChiS°® strains (LacZ"). The mixed cultures were orally inoculated at a
concentration of approximately 5x107 c¢.f.u/ml into five day old infant mice and incubated for 18
h. Mice intestine were then harvested, homogenized, washed and serially diluted to plate on LB
agar supplemented with streptomycin (100 pg/ml). Competitive index was calculated by the
following equation:- ratio OUf(mutant/wild-type)/Tati0 MNmutantwild-type). 1 he competitive Index (CI) value

of CI<1 indicates a fitness defect and that of CI>1 indicates an increased fitness..

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 10° c.f.u/ml and introduced in rabbit ileum.

10
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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, bacteria were
collected from the intestine, washed, serially diluted and plated on LB agar supplemented with
streptomycin (100 pg/ml). B-hexosaminidase assay were also performed under in vivo

conditions by collecting bacteria from intestinal samples of rabbit during ileal loop experiment.

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 (Invitrogen) following the
manufacterer’s protocol. DNase treatment was performed using DNA free kit (Ambion) for
elimination of contaminating genomic DNA followed by cDNA synthesis using reverse
transcription kit (Promega) according to the manufacturer’s protocol with 1 pg of total RNA for
each of the 20 pl reactions. The mRNA transcript levels were quantified by quantitative PCR
(qPCR) using 2xSYBR green PCR master mix (Applied Biosystems) and 0.2 puM of specific
primers (foxT, tcpA, ctxA) designed using IDT for each transcripts (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 according to Livak method

(Livak and Schmittgen., 2001) using recA as an internal control.

GM1 ELISA for CT estimation in vivo

11
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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 pm 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 OD,9, obtained from triplicate wells of each
experimental sets were considered to estimate the amount of CT present in the samples using the

standard curve (Patra et al., 2012).

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.

RESULTS

Activation of ChiS in the presence of mucin

B-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 B-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 nmoles/min/mg
compared to 24 nmoles/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).

12
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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 f-hexosaminidase
without requiring any induction by mucin. The ChiS® 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 (Fig:S1, 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 .

ChiS helps V. cholerae to utilize mucin

Next, we measured the growth rate of all the strains in minimal 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 6.1x108 ¢.f.u/ml compared to the ChiS™ strain with that of 3x107
c.f.u/ml . So, the growth rate of the ChiS™ strain was severely 20 fold diminished compared to the
ChiS* strain. The ChiS* and ChiS[Xstrains 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 supplemented minimal medium indicating equal fitness of all the strains. This indicated

ChiS is essential for utilizing mucin as a sole nutrient source.

Motility and mucin penetration depends on ChiS
We investigated the motility of different V. Cholerae strains in presence of mucin (Fig:3A, 3B) .
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

13
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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 penetration in vitro (Fig:3C). Out
of all the loaded bacterial cells 2.6x107 c.f.u/ml ChiS* viable cells penetrated through mucin
layer, whereas, 2x10° c.fu/ml ChiS™ strain was detected following mucin penetration. .
Therefore, our data showed 13 fold reduction in mucin penetration ability by the ChiS™ mutant
strain compared to the ChiS* wild type strain (P< 0.05). ChiS* and ChiS® showed almost similar
mucin penetration compared to ChiS" strain. This indicates that ChiS helps V. cholerae to

penetrate the mucin layer in vitro.

Adhesion and survival of V. cholerae in the presence of HT-29 cells is dependent on ChisS.
After penetration through the mucin layer of the intestine V. cholerae needs to adhere to the
epithelial cells in the intestine to initiate the infection. We studied the effect of ChiS on initial
adherence 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 studied the adhesion assay quantitatively (Fig:4B). The bacterial count for ChiS*
bound to HT-29 cells was 1.08x10° c¢.f.u/ml and that of ChiS™ was 1.83x107 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 ChiS® 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

14
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was 7.7x10" c.f.u/ml and that of the ChiS™ strain was 5.9x10° 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 ChiSXktrains showed survival similar to that
of the ChiS" strain. This indicated that ChiS was important for V. cholerae survival in the

presence of HT-29 cells.

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
examined 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 V. cholerae. After 18 hrs the output ratio of
ChiS7lacZ*/ChiS*LacZ” was =0.0001 indicating a high fitness defect for the ChiS™ strain (P<
0.05). In contrast, ChiS® and ChiS* strains showed almost no competitive disadvantage.
Additionally, we also determined the Competitive Index (CI) between ChiS*LacZ /ChiS'LacZ”
and we found CI=1 indicating no fitness defect of the LacZ™ mutant over LacZ". Taken together,
this indicated that the ChiS" strain outcompeted ChiS~ strain in the infant mice colonization.

Therefore, we concluded that V. cholerae ChiS contributes in intestinal colonization.

ChiS depletion in V. cholerae results in reduced pathogenesis in rabbit intestine.

Till now, we have shown that ChiS affects V. cholerae colonization 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, 6B). In rabbit intestine, infection with the

ChiS™ strain showed 6 fold reduction in fluid accumulation compared to the wild type V.
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cholerae ChiS™ after 18 h of infection (P< 0.05). Infection with ChiS* and ChiS® 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 1.03x107 c.f.u/gm of
intestine and that of the ChiS~ strain was 7x10° c.f.u/gm of intestine. Therefore, 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.

Activation of ChiS in the host intestine.

We also analysed total B-hexosaminidase activity to evaluate ChiS induction in each strains in
vivo from fluid accumulated samples in the rabbit intestine (Fig:7). f-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 B-hexosaminidase activity compared to the
the ChiS* strain (P< 0.05). Induction of B-hexosaminidase activity in ChiS* and ChiS® strains
were similar to ChiS* strain. Therefore, this indicated that ChiS is activated in the host intestine

and thus affects pathogenesis of V. cholerae.

ChiS contributes in virulence gene expression and cholera toxin (CT) production in V.
cholerae

Since we found differential colonization and less fluid accumulation in rabbit intestine, we
analyzed the virulence gene expression (ctxA4, toxT, and tcpA) in V. cholerae strains harvested
from rabbit ileal loop samples (Fig:8A). We found ctx4, toxT, and tcpA RNA levels to be

significantly reduced by 3 fold, 4.5 fold and 4 folds less, respectively, in the ChiS™ strain when
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compared to the ChiS* wild type (P< 0.05). ChiS* and ChiS* showed ctx4, 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 samples 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

virulence genes (ctxA, toxT, and tcpA) compared to ChiS* strain (Fig:S4)

DISCUSSION

It has been previously reported that there are many TCS in pathogenic bacteria that contributes to
virulence. ChiS is a component 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 GIcNAc oligosaccharides
of chitin in the aquatic environment (Li and Roseman., 2004). The activation of ChiS promotes
the expression of downstream chitin utilization pathway components like periplasmic-f3-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 GIcNAc residues. Once CBP when
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binds to GIcNAc 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 constitutively 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 chp 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). Clostridium perfringens, an opportunistic intestinal pathogen was
able to grow on medium with mucin as a substrate (Deplancke et al., 2002) and (GlcNAc), (Chen
et al, 2002). Other intestinal microbes like Bacteroides fragilis could utilize
GlcNAc; Escherichia coli, Lactococcus lactis and Proteus vulgaris could utilize (GIcNAc); ¢
(Chen et al, 2002). Bifidobacterium adolescentis and Eubacterium limosum could use
(GlcNACc) ¢ 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 pathway that
results in catabolism of GIcNAc residues of mucin. ChiS contributes in the utilization of mucin

as nutrient source by inducing the extracellular chitinases like ChiA2. Additionally, here we also
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found significant differences in RNA expression of ChiA2 and chitinase activity assay between
ChiS™ and ChiS~ strain in mucin supplemented media (Fig:S2, Fig: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 ef 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 chitinases 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, leading
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 accumulation, which is due to
the reduced cholera toxin production. This was in accordance with our result, where we found
reduced expression of ctx4. Decreased expression of ctxA4 along with tcpA was due to reduced
expression of zoxT. It is well established that lower toxT expression is linked to reduced c#x4 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 GIcNAc residues in the
ChiS~ strain which might activate cyclic AMP (cAMP) receptor protein (CRP) (Kovacikova et
al., 2004). This negatively regulates the ToxR regulon via cAMP-CRP pathway (Skorupski and

Taylor., 1997). In vitro, we have also observed decreased production of virulence genes in AKI
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media (Fig:S4). However, further experiments are needed to establish the link between ChiS and
ToxR regulon.

Additionally, delivery of the cholera toxin requires successful 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 accumulation.

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 pathogenesis, 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.

CONFLICT OF INTEREST

The authors have no conflict of interest.

ACKNOWLEDGEMENTS

Our research was supported by Indian Council of Medical Research, Government of India and
Japan Initiative for Global Research Network on Infectious Diseases (J-GRID) from Ministry of
Education, Culture, Sports, Science and Technology of Japan. R.C was supported by fellowship
from University Grants Commission (JRF/F.2.77/98/SA-I), dated-28/09/12, Government of
India. The LacZ unmarked deleted construct required for generation of LacZ™ mutant strain in
N16961 was a gift from Dr. A.K. Mukhopadhyay, National Institute of Cholera and Enteric

Diseases. We also thank A. Roy for technical assistance.

20



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

REFERENCE

1.

Bhowmick, R., Ghosal, A., Das, B., Koley, H., Saha, D.R., Ganguly S., Nandy,
R.K., Bhadra, R.K., Chatterjee N.S., 2008. Intestinal Adherence of Vibrio cholerae
involves a coordinated interaction between colonization factor GbpA and mucin. Infect.
Immun. 76, 4968—4977.

Chen, H.C., Chang, C.C., Mau, W.J., Yen, L.S., 2002. Evaluation of N-
acetylchitooligosaccharides as the main carbon sources for the growth of intestinal
bacteria. FEMS. Microbiol. Lett. 209, 53-56.

Debnath, A., Wajima, T., Sabui, S., Hamabata, T., Ramamurthy, T., Chatterjee, N.S. ,
2015. Two specific amino acid variations in colonization factor CS6 subtypes of
enterotoxigenic Escherichia coli results in differential binding and pathogenicity.
Microbiology 161, 865-874.

Derrien, M., Passel, MW., Bovenkamp, J.H., Schipper, R.G., Vos, W.M., 2010. Mucin-
bacterial interactions in the human oral cavity and digestive tract. Gut Microbes 1, 254—

268.

. Deplancke, B., Vidal, O., Ganessunker, D., Donovan, S.M., Mackie, R.I., 2002. Selective

growth of mucolytic bacteria including Clostridium perfringens in neonatal piglet model
of total parenteral nutrition. Am. J. Clin. Nutr. 76, 1117-1125.

Dey, A.K., Bhagat, A., Chowdhury, R., 2013. Host cell contact induces expression of
Virulence Factors and VieA, a Cyclic di-GMP Phosphodiesterase, in Vibrio cholerae. J.
Bacteriol. 195, 2004-2010.

Ding, Y., Davis, B.M., Waldor, M.K., 2004. Hfq is essential for Vibrio cholerae

virulence and downregulates o Mdxpression. Mol. Microbiol. 53, 345-354.

21


http://www.ncbi.nlm.nih.gov/pubmed/?term=Ganguly%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18765724
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nandy%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=18765724
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nandy%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=18765724
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhadra%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=18765724
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chatterjee%20NS%5BAuthor%5D&cauthor=true&cauthor_uid=18765724

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

10.

11

12.

13

14.

15.

16.

. DiRita, V.J., Parsot, C., Jander, G., Mekalanos, J.J., 1991. Regulatory cascade controls

virulence in Vibrio cholerae. Proc. Natl. Acad. Sci. U.S.A. 88, 5403-5407.

Ding,

Gal-Mor, O., Segal, G., 2003. Identification of CpxR as a positive regulator of icm and
dot virulence genes of Legionella pneumophila. J. Bacteriol. 185, 4908-4919.

Groisman, E.A., 2001. The pleiotropic two-component regulatory system PhoP-PhoQ. J.

Bacteriol. 183, 1835-1842.

. Hector, M.W., Tamayo, R., Tischler, A.D., Lazinski, D.W., Camilli, A., 2008. The Vibrio

cholerae Hybrid Sensor Kinase VieS Contributes to Motility and Biofilm Regulation by
Altering the Cyclic Diguanylate Level. J. Bacteriol. 190, 6439-6447.

Herrera, C.M., Crofts, A.A., Henderson, J.C., Pingali, Davies, B.W., Trent, M.S., 2014.
The Vibrio cholerae VprA-VprB two-component system controls virulence through

endotoxin modification. mBio 5, €¢02283-14.

. Holmgren, J., 1973. Comparison of the tissue receptors for Vibrio cholerae and

Escherichia coli enterotoxins by means of gangliosides and natural cholera toxoid. Infect.
Immun. 8, 851— 859.

Huq, A., Small, E.B., West, P.A., Huq, M.I., Rahman, R., Colwell, R.R., 1983.
Ecological relationships between Vibrio cholerae and planktonic crustacean copepods.
Appl. Environ. Microbiol. 45, 275-283.

Hunt, D.E., Gevers, D., Vahora, N.M., Polz, M.F., 2008. Conservation of chitin
utilization pathway in Vibrionaceae. Appl. Environ. Microbiol. 74, 44-51.

Keyhani, N.O., Boudker, O., Roseman, S., 2000. Isolation and characterization of

ITAChb, a soluble peotein of the enzyme II complex required for the transport/

22


http://www.ncbi.nlm.nih.gov/pubmed/?term=Colwell%20RR%5BAuthor%5D&cauthor=true&cauthor_uid=6337551

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

17.

18.

19.

20.

21.

22.

23.

phosphorylation of N, NO9-diacetylchitobiose in Escherichia coli. J. Biol.Chem. 275,
33091-33101.

Kovacokova, G., Lin, W., Skorupski, K., 2004. Vibrio choleraec AphA uses a novel
mechanism virulence gene activation that involves interaction with the LysR-type
regulator AphB at the tcpPH promoter. Mol. Microbiol. 53, 129-142.

Li, X., Roseman, S., 2004. The chitinolytic cascade in vibrios is regulated by chitin
oligosaccharides and a two-component chitin catabolic sensor/ kinase. Proc. Natl. Acad.
Sci. U.S.A. 101, 627-631.

Liu, Z., Miyashiro, T., Tsou, A., Hsiao, A., Goulian, M., Zhu, J., 2008. Mucosal
penetration primes Vibrio cholerae for host colonization by repressing quorum sensing.
Proc. Natl. Acad. Sci. U.S.A. 105, 9769-9774.

Liu, Z., Wang, Y., Liu, S., Sheng, Y., Rueggeberg, K.G., Wang, H., Li, J., X, Frank.,
Zhong, G.Z., Kan, B., Zhu, J., 2015. Vibrio cholerae represses polysaccharide synthesis
to promote motility in mucosa. Infect. Immun. 83,1114-1121.

Livak, K.J., Schmittgen, D.T., 2001. Analysis of Relative Gene Expression Data Using
Real- Time Quantitative PCR and the 2(-Delta DeltaC(T)) Method. METHODS 25, 402—
408.

Meibom, K.M., Li, X.B., Neilson, A.T., Wu, C.Y., Roseman, S., 2004. The Vibrio
cholerae chitin utilization Program. Proc. Natl. Acad. Sci. U.S.A.. U.S.A. 101, 2524—
2529.

Mondal, M., Nag, D., Koley, H., Saha, D. R., Chatterjee, N. S., 2014. The Vibrio
cholerae extracellular chitinase ChiA2 is important for survival and pathogenesis in the

host intestine. PLoS ONE 9, €103119.

23



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

24.

25.

26.

27.

28.

29.

30.

31.

Orikoshi, H., Nakayama, S., Miyamoto, K., Hanato, C., Yasuda, M., Inamori, Y.,
Tsujibo, H., 2005. Roles of four chitinases (ChiA, ChiB, ChiC and ChiD) in the chitin
degradation system of marine bacterium Alteromonas sp. Strain O-7. Appl. Environ.
Microbiol. 71, 1811-1815.

Patra, T., Koley, H., Ramamurthy, T., Ghose, A.C., Nandy, R.K., 2012. The Entner-
Doudoroff Pathway Is Obligatory for Gluconate Utilization and Contributes to the
Pathogenicity of Vibrio cholerae. J. Bacteriol. 194, 3377-3385.

Philippen, N., Alcaraz, J.P., Counsage, E., Geiselmann, J., Schneider, D., 2004.
Improvement of pCVD442, a suicide plasmid for gene allele exchange in bacteria.
Plasmid 51, 246-255.

Ritchie, J.M., Rui, H., Bronson, R.T., Waldor, M.K., 2010. Back to the future: studying
cholera pathogenesis using infant rabbits. mBio 1, ¢00047-10.

Sanders, N.N., Eijsink, V.G., van den Pangaart, P.S., Joost van Neerven, R.J., Simons,
P.J., De Smedt, S.C., Demeester, J., 2007. Mucolytic activity of bacterial and human
chitinases. Biochim. Biophys. Acta. 1770, 839-846.

Shi, Y., Cromie, M.J., Hsu, F.F., Turk, J., Groisman, E.A., 2004. PhoP- regulated
salmonella resistance to the antimicrobial peptides magainin 2 and polymixin B. Mol.
Microbiol. 53, 229-241.

Skorupski, K., Taylor, R.K., 1996. Positive selection of vectors for allelic exchange.
Gene 169, 47-52.

Skorupski, K., Taylor, R.K., 1997. Cyclic AMP and its receptor protein negatively the
coordinate expression of cholera toxin and toxin-coregulated pilus in Vibrio cholerae.

Proc. Natl. Acad. Sci. U. S. A. 94, 265-270.

24


http://www.ncbi.nlm.nih.gov/pubmed/?term=Sanders%20NN%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/?term=Eijsink%20VG%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/?term=van%20den%20Pangaart%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/?term=Joost%20van%20Neerven%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/?term=Simons%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/?term=Simons%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Smedt%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/?term=Demeester%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17321686
http://www.ncbi.nlm.nih.gov/pubmed/17321686

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

32.

33.

34.

35.

36.

Svitil, A.L., Chadhain, S., Moore, J.A., Kirchman, D.L., 1997. Chitin degradation
proteins produced by the marine bacterium Vibrio harveyi growing on different forms of
chitin. Appl. Environ. Microbiol. 63, 408-413.

Taylor, R. K., Miller, V. L., Furlong, D. B., Mekalanos, J. J., 1987. Use of phoA gene
fusions to identify a pilus colonization factor coordinately regulated with cholera
toxin. Proc. Natl. Acad. Sci. U. S. A. 84, 2833-2837.

Vercruysse, M., Kohrer, C., Davies, B.W., Arnold, M.F.F., Mekalanos, J.J., RajBhandary
UL, Walker, G.C., 2014. The Highly Conserved Bacterial RNase YbeY Is Essential in
Vibrio cholerae, Playing a Critical Role in Virulence, Stress Regulation, and RNA
Processing. PLoS. Pathog. 10, €1004175.

Yamamoto, S., Mitobe, J., Ishikawa, T., Wai, S.N., Ohnishi, M., Watanabe, H., Izumiya,
H., 2014. Regulation of natural competence by the orphan two component system sensor
kinase ChiS involves a non-canonical transmembraneregulator in Vibrio cholerae. Mol.
Microbiol. 91, 326-347.

Yeung, A.T., Parayno, A., Hancock, R.E., 2012. Mucin promotes rapid surface motility

in Pseudomonas aeruginosa. mBio 3, e00073-12.

FIGURE LEGENDS

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 periplasmic enzyme) activity

in ChiS* (V. cholerae N16961 wild type), ChiS™ (isogenic ChiS mutant), ChiS* (cbp
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mutant expressing ChiS constitutively) and ChiS® (complement of ChiS™) strains in
presence (®) or absence (") of 2% mucin. f, P < 0.05. Error bars represent standard errors

from three biological replicates (n=3).

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 ChiS (complement of ChiS™) strains were inoculated
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 experiment was repeated

three times (n = 3) and the data were expressed as mean = SEM.

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 ChiS® (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 pl 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* (chp mutant expressing ChiS constitutively) and ChiS¢
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(complement of ChiS™) were loaded on top of Iml 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 ChiS® (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.fu/ml of each strain and incubated at 37°C in 5 % humidified CO, 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 ChiS® 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).
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Fig.5: ChiS helps in invivo colonization of V. cholerae: Comparative study of
colonization of ChiS* (V. cholerae N16961 wild type), ChiS™ (isogenic ChiS mutant),
ChiS* (chp mutant expressing ChiS constitutively) and ChiS® (complement of ChiS™)
strains in 5 days old suckling mice is presented here. Mice were orally inoculated with
5x107 ¢.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 complemented ChiS°®
(LacZ") strains and incubated for 18 h. Mice intestine were harvested, homogenized,
washed, serially diluted and plated onto LB agar. Competitive index (Cl)=ratio
OUt(mutant/wild-type) TAtI0 1N(muytanywild-type). 1 he competitive Index (CI) value of CI<I 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.

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* (chp mutant expressing ChiS constitutively) and ChiS¢
(complement of ChiS™) strains were adjusted to 1 O.D and 10° 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. f, 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.
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+, P < 0.05. Each of the experiment was repeated three times (n = 3) and the data were

expressed as mean = SEM.

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* (chp mutant expressing
ChiS constitutively) and ChiS (complement of ChiS™) strains were adjusted to 1 O.D and
10° c.fu/ml were inoculated into the rabbit intestinal ligated 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.

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
ChiS® (complement of ChiS™) strains were adjusted to 1 O.D and 10° c.fu./ml were
inoculated into the intestinal loops. (A) In vivo cholera toxin production was analyzed
from the accumulated fluid samples of ligated ileal loop assay. T, P < 0.05. Each of the
experiment was repeated three times (n = 3) and the data expressed as means = SEM. (B)
Bacteria were also 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.

29



9707 % 32 WysmInoy)
‘1 aanBig

surens
2SO *SMD SO +S1D

UD N I W
UDNWINOTIIMN

o o o
& o Ual
wyurusajow)

AJyAnoe asepIuIues 0 Xa |

o
=

£

5

(

082



9107 Iv 32 Wysvnoy)) 08

09

() aung,

of 02

‘Z anBiy

ST —e—
+STD ¥
_STD ——
ST ——

08

09

1

(y)euury,
Ot 02

STD —.-
£ STD —w—
_STD —o-
ST —e—

T

T

T

£0+300°1

G0+H00'1

L0+H00°T

60+300°1

q

£0+300°1

G0+300°1

LO+H00°T

6§0+300°1
v

LLLATE &)

g



25D

9107 Iv 32 Wysvnoy)
‘¢ anBry

sureng

*#5D

-SMD

+D

1

v

o
—

W
—

(o=l
(]

w
(]

ja=l
[Sa]

(,0T<) TNy

2SO

sureng

*SD

Il

-SWD

+STD

Un]
o
(u) ppwerq

—

W
—




9707 v 32 Wsvnoy)
‘t anBrg

suens surens
sSHD *SD -SMD +SMD SS1D +STUD _SID S0

(GOT ) Ty

N B B I BN B
+ - 02

- 002 1

: - op
- oop E

W B Ow
- 009 - 08

- 001

- 008

(,0T>) TN eLRPRQ JRRYPY

D

3

I

gL g

auopy (& S (& *STUD (m _Smo (n SO (6w



9707 v 12 Wysvanoy)
‘c anBig

surens
>SHD «STD -SHD Sd
1 1 1 1
- 100000
L
Ium.wnl -10000 Q)
. S
F1000 S
e
-10°0 =
o
-T°0 =
i A =
A e oarm- L1 )
Lot



9107 1P 32 WySvnoy )
‘g aIndng

SURNG
sdd =SHD #5100 L +SMD

1 1 1 1

- F0

- Zl

onedvd

SURIS

25D *5D -SMD

1 Il

+5D

v
1

T

T

o
-

(0T Ty

o
o

0gl



4_ .
T T T
L) o o <o
[a] co =T

(Buyunuysajow)
AJIAT)O R ASEPTUTIIRS O XA |

Chi3~ ChiS* ChiSe

ChiS*

Straing

Figure 7,

Chourashi et al, 2016



9707 v 38 Wysvinoy)

‘Q anBry
SaUAS D UA[NIN sueng
vaa Jxos pio sSTD *5MD -SHD +SMD
n O 1 1 1 - D
: N
FC0 s 1
SO ™ . - 00p
-v0 2
+STID ]
ST, -90 g
_S1D % [ 00s
LSO m - 80 &
~
M (m - 0021
-cl
-l

u) LD

-

-
0

(quuy



10

11

12

13

14

15
16
17

18

19

20

21

22

Supplementary material

Elaborated methodology

Bacterial strains and growth conditions

All strains used were streptomycin resistant V. cholerae N16961 (O1 ElTor Inaba) , streptomycin
resistant strain was used as a wild type strain. . In each case bacteria were grown overnight in LB
media (BD Difco) and then inoculated into suitable media for experiments. For showing
depletion of ChiA2 expression analysis in ChiS™ strain, bacteria were grown in minimal-lactate
media containing M9 minimal medium (BD Difco), S0mM HEPES pH-7.5 (Sigma), filter sterile
0.2% MgSO,4 (Merck) and 0.01% CaCl, (SRL) with or without porcine mucin (sigma) as a sole
nutrient source. Sodium lactate (Sigma) was also added to support equal growth of wild type
and mutant strains during RNA analysis. For virulence gene expression study, bacteria were also
cultured in AKI media containing (0.5% NaCl,0.3% NaHCOj; purchased from Merck, 0.4% yeast
extract and 1.5% peptone purchased from BD Difco) pH-7.2 at 37°C under static condition

(Abuaita et al., 2009).

Chitinase activity assay

The N-acetylglucosamine concentration in the reaction mixture and the chitinase activity were
determined by 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) was also added to support

equal growth of both the strains. Log phase cultures were taken, bacteria were pelleted by
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40

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) for 1 h at 37°C. In each case the control was done by using heat inactivated samples.
The reaction was stopped by adding DNS solution. The mixture was boiled at 100°C for 10 min
and cooled by keeping it in 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 previously prepared standard curve. Total
enzymatic activity were analyzed after measuring total protein by lowry method and then

calculated by measuring the amount of GIcNAc produced in nmoles /mg of protein/ min.

RESULTS

bps M, 7 £ 9
3000

Supplementary Fig S1: Conformation of the in-frame deletion/insertion mutation of chiS
gene (ChiS ) and chp gene (ChiS*) in V. cholera N16961 and complementation of ChiS™
mutant to obtain ChiS[X].(A) (M,) 100 bp ladder, (1) Internal amplicon (540 bps) of chiS gene
in ChiS" or WT and (2) ChiS~ strain, (3) amplicon of inserted unmarked c4iS fusion construct of
960 bps in ChiS™ strain, (4) Internal amplicon (450 bps) of cbp gene in WT and (5) ChiS* or
Acbp strain and (6) amplicon of inserted unmarked cbp fusion construct of 945 bps. (B) (M)

2
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1Kb ladder, (7) complemented ChiS™ mutant strain with cloned 3.5 kb full length amplicon of

chiS and amplicon of 538 bps from the deleted gene of chiS, (8) amplicon of 538 bps from the

deleted gene of chiS in ChiS™ strain, (9) 3.5 kb full length amplicon of cAiS from ChiS” strain

12
<
5 1
- 08 -
;{_ 0.6 -
< 04 4
Z }
0 .
ChS* ChiS™
Strains

Supplementary Fig S2: ChiS knockout strain shows ChiA2 depletion in mucin
supplemented media. Bacteria were grown in minimal medium supplemented with 2% mucin
as a nutrient source. 0.5% of sodium lactate was added in each medium to obtain similar
bacterial growth. Log phase cultures were taken in every case. RNA expression of Chi42 in V.
cholerae wt ChiS" and the mutant strain ChiS™ were analyzed by qRT PCR and graphically
represented. The transcript levels were normalized to recA mRNA. T, P < 0.05. Each experment

were repeated three times (n = 3) and the data were expressed as mean = SEM.
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Supplementary Fig S3: ChiS knockout strain shows reduced mucinase activity. ChiS" and
ChiS" strains were grown in minimal medium supplemented with 2% mucin as a nutrient source.
0.5% of sodium lactate were added in each medium to obtain similar bacterial growth. Log phase
cultures were taken in each case. Bacteria were pelleted and the culture supernatant were used
for mucinase activity assay. 7, P < 0.05. Each experment were repeated three times (n = 3) and

the data were expressed as mean = SEM.
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Supplementary Fig.S4: ChiS affects virulence gene expression under in vitro conditions: (A)
Log phase cultures of ChiS* (V. cholerae N16961 wild type) and ChiS™ (isogenic ChiS mutant),
strains were inoculated (1:1000) in AKI media and grown at 37°C for 5 h statically at 37°C.
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 were expressed as mean = SEM.
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Table S1. List of primers used in this study

Names

Sequence 5°-3°

Purpose

ChiSFP(A) Xbal
ChiS RP (B) Fus
ChiS FP (C) Fus
ChiS RP (D) Sacl

ChiS internal F
ChiS internal R

CBP FP(A) Xbal
CBP RP (B) Fus
CBP FP (C) Fus
CBP RP (D) Sacl

CBP internal F
CBP internal R

ChiS comp F
ChjS comp R
ctxA RT FP
ctxA RT RP

toxT RT FP
toxT RT RP

tcpA RT FP
tcpA RT RP
ChiA2 RT FP
ChiA2 RT RP

RecA RT FP
RecA RT RP

CAGCTCTAGACCGGGCATCACTACAACTAT

CCCATCCACTATAAACTAACAAACGCAGCCATCAAGGTATT
TGTTAGTTTATAGTGGATGGGATTTGATGCGTGCCGTGTTA

GAATCGAGCTCATTCAGTTGTTGCCTAGCGG

GAACAACTGGAGCACATCTT
CGTCAGCATAATAATAGGCA

CAGCTCTAGAACTCAGGCAAAGAGCCAT
CCCATCCACTATAAACTAACACGCTGGAGCTGAAACACT
TGTTAGTTTATAGTGGATGGGGAAGAAAATCCGAAGGGC
GAATCGAGCTCTGATTGAAGTGCCCAGCT
CCTACAATGGTACGTAACTTC
AAGGACCAGTACCTACTGGAT

ATGTTTAGGTTCTATCGAAA
TTATTCACTGGTCAGGAGTT

CTCAGACGGGATTTGTTAGGCACG
TCTATCTCTGTAGCCCCTATTACG

CAGCGATTTTCTTTGACTTC
CTCTGAAACCATTTACCACTTC

GCTACCGCAAACGCAAATG
CCCATAGCTGTACCAGTGAAAG

CTACCGCCCAGTTTACTTATCC
AACCATCGGTATCCGCAATAG

GCAATCAAAGAAGGCGAAGAAG
GGCCATACATGATCTGAGTGTT

deleted chiS construct
deleted chiS construct
deleted chiS construct
deleted chiS construct
Screen AchiS mutants
Screen AchiS mutants

deleted cbp construct
deleted chp construct
deleted chp construct
deleted chp construct

Screen Acbp mutants
Screen Acbp mutants

Cloning into pBad for
complementation of
deleted ChiS strain
RNA levels of ctx4
RNA levels of ctx4

RNA levels of toxT
RNA levels of toxT

RNA levels of tcpA
RNA levels of tcpA

RNA levels of Chid2
RNA levels of ChiA2

Internal control for RT
Internal control for RT

FP: Forward Primer; RP: Reverse Primer: Fus: Fusion; RT: Real Time; chiS-Locus No: VC0622;
cbp-VC0620; ctxA-VC1457; tcpA-VCO0828; toxT-VCO0838; ChiA2-VCA0027; recA-VC0543.
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Table S2. List of strains and plasmids used in this study

Strains orPlasmids Description Source
Strains

E. coli

SM10 Apir E. coli, \pir host for R6K (1)

origin plasmids and
mobilizing strain, Kan®

V.cholerae

N16961 ChiS* WtVibrio cholerae O1 El 2)
Tor, StrR

N16961 ChiS~ Avc0622, Stk This study

N16961 ChiS* Avc0622, StrR +chiS in pBad  This study
(complemented strain)

N16961 ChiS* Avc0620, StrR, constitutive This study
expression of chiS

Plasmids

pGEM-T easy TA-cloning vector, AmpR Promega

PCVDA442 Suicidal conjugation vector 3)
carrying sacB, AmpR

pBad-Topo TA-cloning vector, AmpR Invitrogen

Resistance to AmpR: Ampicillin, StrR: Streptomycin
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