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Abstract
Cholera is an acute diarrheal illness caused by the Gram-negative bacterium Vibrio cholerae. The pathogen is known for its 
ability to form biofilm that confers protection against harsh environmental condition and as part of the colonisation process 
during infection. Coaggregation is a process that facilitates the formation of biofilm. In a preliminary in vitro study, high 
coaggregation index and biofilm production were found between V. cholerae with human commensals namely Escherichia 
coli and Enterobacter cloacae. Building upon these results, the effects of coaggregation were further evaluated using adult 
BALB/c mouse model. The animal study showed no significant differences in mortality and fluid accumulation ratio between 
treatment groups infected with V. cholerae alone and those infected with coaggregation partnership (V. cholerae with E. 
coli or V. cholerae with E. cloacae). However, mild inflammation was detected in both partnering pairs. Higher density of 
V. cholerae was recovered from faecal samples of mice co-infected with E. coli and V. cholerae in comparison with other 
groups at 24 h post-infection. This partnership also elicited slightly higher levels of interleukin-5 (IL-5) and interleukin-10 
(IL-10). Nonetheless, the involvement of autoinducer-2 (AI-2) as the signalling molecules in quorum sensing system is not 
evident in this study. Since E. coli is one of the common commensals, our result may suggest the involvement of commensals 
in cholera development.
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Introduction

Cholera is an acute diarrheal illness that poses a persis-
tent public health problem mainly in developing coun-
tries with poor sanitation and lack of clean water supply 

[1]. Over 1.3–4.0 million incidences and approximately 
21,000–143,000 global fatalities are recorded annually, 
reflecting the prevalence of cholera [2]. Cholera is an intesti-
nal infection caused by the distinct curve, rod-shaped Gram-
negative Vibrio cholerae [3]. It is clinically characterised by 
profuse watery diarrhoea, vomiting and leg cramps [4]. The 
resulting massive fluid loss can lead to severe dehydration 
and hypovolemic shock, and without proper treatment, death 
can occur within hours [4].
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Most of the cholera outbreaks are attributed by V. cholerae 
serotype O1, which is classified into classical and El Tor bio-
types [5, 6]. In comparison with classical biotype, El Tor is 
less virulent where the related epidemics accounted for lower 
ratios of symptomatic infections to total infections and higher 
frequencies of mild or asymptomatic infections [7, 8]. El Tor 
carriers also excrete bacteria in their stools for a longer time 
span with an average of 3–5 days, than classical strain carriers 
who excrete bacteria for an average 1.5 days [9–11].

In Malaysia, sporadic cholera outbreaks are often asso-
ciated with V. cholerae O1 El Tor, but in year 2000 and 
2009, a mixed biotype that is El Tor variant had emerged and 
caused several outbreaks in Malaysia [12, 13]. El Tor variant 
was also found to cause cholera outbreaks in Asia, Mozam-
bique [14–17] and Haiti [18, 19]. El Tor variant strains con-
tain classical biotype cholera toxin B subunit gene (ctxB) 
in addition to El Tor O1 phenotype and thus, demonstrated 
greater infectivity [15]. In comparison to classical and El 
Tor strains, El Tor variant is shown to produce ten times 
higher amount of cholera toxin and more virulence in rab-
bit ileal loops [20] and infant mouse cholera model [21], 
respectively. Patients infected with El Tor variant developed 
more severe diarrhoea and dehydration due to enhanced 
chloride ion secretion and intestinal barrier disruption [22]. 
It is therefore important to determine the pathogenicity of 
this new variant in causing the disease especially when it 
acquires cholera toxin from classical biotype in addition to 
O1 El Tor phenotype, demonstrating enhanced environmen-
tal survivability and transmission efficiency [15].

In this study, V. cholerae O1 El Tor N16961 was used as the 
El Tor wild-type reference strain, and V. cholerae El Tor 1761 
representing the El Tor variant strain which was isolated dur-
ing the cholera outbreaks in Terengganu between September 
and December 2009. A vast majority of studies highlighted 
that naturally occurring biofilms are composed of multispecies 
communities, but the interactions of V. cholerae with other 
bacterial species in biofilm development are rarely studied. 
Herein, 26 genetically distinct bacteria were screened for their 
ability to form coaggregation with V. cholerae N16961 and 
1761 variant. Interestingly, high coaggregation index and bio-
film production were found between V. cholerae strains with 
human commensals namely Escherichia coli and Enterobac-
ter cloacae. Extending from the in vitro model, we further 
evaluated the pathogenicity of these single-species cultures 
and the dual-species partnership (V. cholerae with E. coli or 
E. cloacae) using an adult mouse model. The severity of the 
infection was compared based on fluid accumulation ratio, V. 
cholerae cell density in excreted faeces, intestinal histology 
and host immunological response. Separately, the concentra-
tion of autoinducer-2 (AI-2) was determined to estimate the 
level of cell–cell interactions. Further, the spatial distribution 
of V. cholerae cells in the intestine was observed using confo-
cal scanning electron microscopy.

Materials and methods

Bacterial strains isolation, identification and culture 
conditions

Vibrio cholerae O1 El Tor (N16961) and V. cholerae El Tor 
variant (VC1761) were obtained from the Laboratory of Bio-
medical Science and Molecular Microbiology, University of 
Malaya. VC1761 was previously characterised and identified 
as El Tor variant by Teh et al. [13].

Environmental bacterial strains used in this study were 
isolated from freshwater pond and seawater. Water samples 
were collected and filtered using 0.45 µm pore size polycar-
bonate membrane filters. The filtrate was then plated directly 
onto Luria–Bertani (LB) agar and CHROMagar Orientation 
(CHROMagar, France), and enriched in alkaline peptone 
water, pH 8.0 at 37 °C with agitation (150 rpm) for overnight 
before plated on thiosulfate–citrate–bile salts–sucrose (TCBS) 
agar for 24 h at 37 °C. All isolated bacterial strains and the 
two V. cholerae strains were maintained and grown on LB 
medium at 37 °C. All presumptive bacteria isolates which 
showed distinctive colony morphology on CHROMagar and 
TCBS were identified by 16S rRNA gene sequencing using 
forward primer 27F (5′-GAG​TTT​GATCMTGG​CTC​AG-3′) 
and reverse primer 1492R (5′-TAC​GGY​TAC​CTT​GTT​ACG​
ACTT-3′).

Construction of phylogenetic tree

The 16S rRNA gene sequences identity of the presumptive 
isolates was obtained using the basic local alignment search 
tool (BLAST) (https​://www.ncbi.nlm.nih.gov/BLAST​/). A 
neighbour joining phylogenetic tree was constructed using 
MEGA version 6 software [23] (Fig. S1).

Auto‑ and coaggregation assay

All initial bacterial suspension (IBS) used were adjusted to 
the optical density OD600 0.5. Based on the growth curve con-
structed previously, OD600 0.5 falls in the exponential growth 
phase of V. cholerae. The preparation of IBS was carried out 
as according to procedure reported by Malik et al. [24]. The 
auto- and coaggregation partnerships were studied semi-quan-
titatively using spectrophotometric method [24]. This assay 
was carried out in triplicates and repeated twice for confir-
mation. The autoaggregation and coaggregation indices were 
calculated based on the following equation:

% aggregation indices =
[

OD660(total)

−OD660(supernatant)∕OD660(total)
]

× 100,

https://www.ncbi.nlm.nih.gov/BLAST/
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where OD660 (total) represents the initial OD660 recorded 
immediately after the related strains were paired; OD660 
(supernatant) represents OD of the supernatant when the 
mixture was centrifuged after 2 min. Isolate or pair of iso-
lates that showed score lower than 50% are regarded as weak 
aggregator, 50–80% as moderate aggregator and > 80% as 
strong aggregator.

The coaggregation ability of these 26 isolates with two 
V. cholerae strains (N16961 and VC1761) was examined 
based on the measurement of the optical density of bacte-
rial suspensions before and after centrifugation at 600×g. 
The ability to form autoaggregation was assessed for all 28 
isolates, spanning 10 distinct genera (Table 1, Fig. S1).

Crystal violet assay

The biofilm produced by single bacterial species or the 
coaggregation partnership was compared using crystal vio-
let assay [25]. Briefly, IBS was transferred into 96-well 

microtiter plate (Orange Scientific, Belgium) and incu-
bated for 24 h. After incubation, the unbounded cells were 
removed by inversion, followed by vigorous tapping on 
absorbent paper. Subsequently, adhered cells were heat-
fixed in an oven for 15 min at 80 °C. Adhered cells were 
stained by addition of 125 µL of crystal violet (0.1%) for 
15 min at room temperature. The plate was rinsed two 
times with deionised water, removed by inversion followed 
by vigorous tapping on absorbent paper to get rid of all 
excess cells and dye. The microtiter plate was heat-fixed 
in an oven overnight. Each well of the microtiter plate 
was added with 125 µL of dimethyl sulfoxide (DMSO) 
(Fisher Scientific, US) to solubilise the crystal violet. 
The absorption of the eluted stain was measured at wave-
length 595 nm, with sterile broth as blank. This assay was 
repeated using three biological replicates, each with six 
technical replicates. The classification of biofilm producer 
is shown in Table 2.

Table 1   Identification of bacterial isolates by alignment with 16S rRNA gene sequences of organisms in the EMBL database

Isolates BLAST result/proposed identity Accession no. Sequence 
length (bp)

Identity (%) Origin

N16961 Vibrio cholerae O1 biovar El Tor str. N16961 NR074810 1328 99 Reference strain
VC1761 Vibrio cholerae strain VC1761 JN836450 1266 100 Reference strain
BA4 Bacillus thuringiensis KJ542769 1356 100 Seawater
BA5 Bacillus sp. KF956680 1278 100 Lakewater
BA6 Bacillus sp. KF010352 1356 99 Lakewater
EC Enterobacter cloacae KF254602 1317 100 Seawater
EC3 Enterobacter ludwigii KC139444 1267 96 Lakewater
ECOLI Escherichia coli O145:H28 CP007136 1268 100 Human
HV2 Halomonas venusta KF933652 1345 100 Seawater
KP1 Klebsiella pneumoniae KJ806418 1339 99 Seawater
KP2 Klebsiella pneumoniae J490057 1376 99 Seawater
LY4 Lysinibacillus sp. CP006837 1349 100 Seawater
MC2 Micrococcus luteus KF733697 1311 99 Seawater
PR Proteus sp. HQ246303 1271 100 Human
PS1 Pseudomonas sp. JQ082145 1336 99 Seawater
PS4 Pseudomonas otitidis JQ659846 1317 99 Seawater
PS6 Pseudomonas aeruginosa KJ612071 1291 100 Human
PS7 Pseudomonas otitidis AB698739 1333 100 Lakewater
PS8 Pseudomonas sp. JX393019 1346 99 Lakewater
PS9 Pseudomonas sp. JQ082145 1293 99 Seawater
SA1 Salmonella enterica subsp. enterica serovar Cubana CP006055 1367 100 Human
SA2 Salmonella enterica subsp. enterica serovar Typhimurium CP007581 1347 100 Human
SA3 Salmonella enterica subsp. enterica serovar Typhimurium JQ694626 1361 99 Human
VC1 Vibrio cholerae O1 CP003069 1345 99 Human
VC2 Vibrio cholerae CP001485 1326 100 Human
VC3 Vibrio cholerae KF661543 1308 100 Human
VC4 Vibrio mimicus KJ604709 1252 100 Human
VP Vibrio parahaemolyticus O1:K33 CP006008 1377 100 Seawater
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Establishment of mouse model

Among the V. cholerae coaggregation partners, E. coli 
(ECOLI) and E. cloacae (EC) which showed high coag-
gregation index were selected for further evaluation 
using in vivo model. The bacterial strains were cultured 
in LB medium under conditions described above. About 
4 × 108 CFU/mL (based on the pre-determined OD600 ver-
sus CFU/mL curve) of V. cholerae cells were harvested by 
centrifugation, washed twice and resuspended in 8.5% (w/v) 
sodium bicarbonate before intragastrically administered into 
the mice.

Four-week-old female adult BALB/C mice were pur-
chased from a local supplier (Perniagaan Usaha Cahaya, 
Selangor, Malaysia). The mice involved in this study were 
marked for identification and kept in individually ventilated 
cages in animal house facility in International Medical Uni-
versity, Kuala Lumpur, Malaysia. Mice were given ad libi-
tum access to commercial feed and water under controlled 
environmental conditions (temperature of 25–28 °C, humid-
ity of 60–70%, day/night cycle of 12/12 h). In order to estab-
lish a sterile environment for the mice, all cages, bedding, 
rodent feed and water were either UV radiated or autoclaved 
prior to usage.

Eleven groups of six BALB/c mice each were used in 
the experiment, each with different treatments (Table 3). 
The mice were acclimatised for 7 days before the study was 
conducted.

On day 5 of acclimatisation, one dose of 0.3% (w/v) 
penicillin–streptomycin was intragastrically administered 
to the mice to ablate the gut microbiota. Twenty-four hours 
before bacterial inoculation, foods were removed from the 
cage to empty the stomach of the animal. On the day of 
treatment, one or two doses of 0.3 mL bacterial suspension 
containing 4 × 108 CFU/mL bacterial cells dissolved in 8.5% 
(w/v) sodium bicarbonate each were given orally to the ani-
mals. The bacterial suspension was prepared according to 
the group-specific bacterial species combination listed in 
Table 3. The first dose was given in the morning, followed 
by the second dose, 6 h after the initial administration. The 
placebo, which was used in the control group, consisted of 
only sodium bicarbonate. Sodium bicarbonate was used as 

a carrier medium to neutralise gastric acid and to increase 
the chances of successful infection. The mice were kept in 
cages with free access to food and water after the two doses 
were administered.

Faecal samples were collected before the intestinal inocu-
lation (T0) and at 24, 48 and 72 h post-infection (T24, T48 
and T72). The whole body weight of mice was measured 
after each faecal sampling using a weighing balance (Pre-
cisa, Switzerland). At T72, the mice were euthanised by 
cardiac puncture. The entire stomach and intestines were 
removed and weighed using a weighing balance to the near-
est 0.01 g. The harvested small intestine was trisected by 
length into proximal, medial and distal segments. The cen-
tral 1 cm of distal segments were excised for histological 
analysis. The faecal samples and tissue sections were stored 
at − 20 °C and − 80 °C, respectively, until further analyses.

Determination of fluid accumulation (FA) ratio

The FA ratio was determined using the calculation formula 
as follows: weight of stomach plus intestines/(total body 
weight − weight of stomach plus intestines) [26].

Faecal DNA extraction

Genomic DNA was extracted using QIAamp Fast DNA 
Stool Mini Kit (Qiagen, Germany). About 0.02 g of fae-
cal samples were weighed and subjected to DNA extraction 
according to the manufacturer’s instructions.

Generation of standard curves and real‑time PCR

Vibrio cholerae N16961 and VC1761 were cultured on LB 
medium under conditions described above. Both V. cholerae 

Table 2   Semi-quantitative classification of biofilm production [87]

SBF specific biofilm formation, AB stained attached bacteria, CW 
stained control wells, G growth in suspended culture

Formula Strong (S) Moderate 
(M)

Weak (W) Non-
adherent/
negative 
(N)

SBF = (AB − CW)/G 
[88]

≥ 1.10 0.70–1.09 0.35–0.69 < 0.35

Table 3   Groupings of BALB/c mice subjected to different treatments

Groupings Treatments

First dosage Second dosage

Control group
 Group 1 Placebo
 Group 2 Placebo N16961
 Group 3 Placebo VC1761
 Group 4 N16961
 Group 5 VC1761
 Group 6 ECOLI
 Group 7 EC

Co-infection group
 Group 8 ECOLI N16961
 Group 9 EC N16961
 Group 10 ECOLI VC1761
 Group 11 EC VC1761
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were grown to the log phase and the bacterial suspension 
was serially diluted. The dilutions were plated on LB agar 
to enumerate the colony forming unit (CFU).

The dilutions were also subjected to DNA extraction 
using G-spin Total DNA Extraction Kit (iNtRON Biotech-
nology, Korea). The DNA was quantified under quantitative 
real-time PCR (qPCR) using primers 5′-ACT​CAC​CAC​CAG​
AGG​TAG​AAA​TCT​T-3′ and 5′-AAC​GCT​TGG​CTA​TAT​
GTT​TAC​TGA​CA-3′ that targets V. cholerae outer mem-
brane protein (ompW). The TaqMan probe used (5′-6FAM-
TAG​CAG​CGA​GGA​CTTC-MGB-NFQ-3′) was labelled with 
fluorescence dye, phosphoramidite fluorochrome 6-carboxy-
fluorescein (FAM) at 5′ end. Every 20 µL of qPCR reaction 
mixture contained 10 µL of TaqMan Universal PCR 2× Mas-
ter Mix (Applied Biosystems, US), 0.44 µL of each primer 
and probe (10 µM), 6.68 µL of DNA template as well as 2 µL 
of nuclease-free water. These reaction mixtures were then 
subjected to PCR amplification using the CFX96 Touch™ 
Real-Time PCR Detection System (Bio-rad Laboratories 
Inc., USA). An initial holding duration of 2 min at 50 °C was 
set to activate the No Amp Erase UNG and a second hold-
ing duration at 95 °C for 10 min to activate AmpliTaq Gold 
DNA Polymerase, followed by 40 cycles of 95 °C for 15 s 
and 60 °C for 1 min. Ct values of the amplicons at different 
dilutions were plotted against the CFU to form a standard 
curve. The same PCR conditions were used for all faecal 
DNA samples. The bacterial load in the faecal samples was 
determined based on the standard curve.

Cytokine multiplex assay

Bio-Plex Cell Lysis Kit (Bio-Rad Laboratories Inc., USA) 
was used to lyse the intestinal tissue samples. Prior to 
cytokine multiplex assay, the protein concentration of the 
tissue lysate was determined using the Bradford method and 
adjusted to the concentration of 350 µg/mL using Bio-Plex 
sample diluent containing 0.5% final (w/v) bovine serum 
albumin (BSA). The cytokine multiplex assay was performed 
using the customised Bio-Plex Pro Mouse Cytokine 8-Plex 
Immunoassay (Bio-rad Laboratories Inc., USA) targeted for 
GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-10 and TNF-α. 
The experimental procedures were carried out according to 
the manufacturer’s instruction. Luminex 200 instrument with 
the Luminex xPONENT Software (Luminex, USA) was used 
to detect the fluorophores’ signal.

Vibrio harveyi BB170 bioluminescence assay

In this assay, V. harveyi BB170 (ATCC BAA-1117) detects 
AI-2 while V. harveyi strains BB152 (ATCC BAA-1119) 
is a producer of AI-2, acting as a positive control. Both V. 
harveyi strains were cultured in a modified autoinducer bio-
assay (AB) medium. The AB basic medium contains 17.5 g 

of sodium chloride (Merck, Germany), 12.3 g of magne-
sium sulphate (R&M Chemicals, UK) and 2.0 g of casamino 
acid (Sigma Aldrich, USA). The solution was autoclaved at 
121 °C for 15 min. After the solution was cooled to ambi-
ent temperature, the following components were added from 
sterile stocks: 10 mL of glycerol (Friendemann Schmidt 
Chemical, USA), 10 mL of potassium phosphate buffer pH 
7 (Sigma Aldrich, USA) and 10 mL of 0.1 M l-arginine 
(Sigma Aldrich, USA). In preparation for V. harveyi BB170 
bioluminescence assay, V. harveyi BB152 and V. harveyi 
BB170 were cultured in AB medium for 15 h, with aeration 
(150 rpm) at 30 °C. The cultivated V. harveyi BB152 and V. 
harveyi BB170 were diluted 1:300 in fresh AB medium and 
stored frozen at − 80 °C until used.

Approximately 15 mg of the harvested intestinal tissue 
samples were mixed with 500 µL of sterile water. The mix-
tures were homogenised thoroughly using the tissue homog-
eniser (Nippi Inc., Japan), and sonicated at 30% amplitude 
for 2 × 30 s. The lysed samples were subsequently centri-
fuged at 7000g for 4 min. The resulted supernatant was fil-
tered through 0.45 µm Minisart regenerated cellulose filter 
unit (Sartorius, USA). Cell-free extracts were stored imme-
diately at − 80 °C for future use. For this assay, the cell-free 
extracts were added to the diluted V. harveyi cultures to a 
final concentration of 10% (v/v) into each well of UV-sterile 
96-well black, opaque microtiter plate. The microtiter plate 
was covered and incubated at 30 °C with aeration (150 rpm). 
The level of light emission was measured after 6, 10, 16 and 
24 h of incubation using Panomics luminometer (Affym-
etrix, USA). Bioluminescence relative to sterile water was 
calculated as fold inductions.

Histological examination of mouse intestine

The central 1 cm distal intestinal segments were fixed in 
10% neutral buffered formalin for 24 h prior to tissue pro-
cessing. The processed tissue was embedded, sectioned and 
stained with hematoxylin and eosin (H&E) (Sigma Aldrich, 
USA) for visualisation under light microscope. Whilst for 
fluorescence in situ hybridisation (FISH), Histology FISH 
Accessory Kit K5499 (Dako, Denmark) was used and the 
procedures were performed according to the manufacturer’s 
instruction. The tissue sections were hybridised in 10 µL 
solution containing 100 ng of fluorescently labelled FISH 
probes (IDT DNA Technologies, USA) and SureFISH 
FFPE Hybridisation Buffer (Dako, Denmark) at 40 °C for 
2 h. Probes used in this study were the universal bacterial 
probe EUB338 5′-GCT​GCC​TCC​CGT​AGG​AGT​-3′ [27] 
modified at 5′ end with indocarbocyanine dye cy3 and V. 
cholerae/mimicus specific probe Vchomim1276 5′-ACT​
TTG​TGA​GAT​TCG​CTC​CAC​CTC​G-3′ [28] modified 5′ end 
with indocarbocyanine dye cy5. These probes were tested 
for their specificity and control slides with fixed bacterial 
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cells were included in every FISH experiments. All the pre-
pared slides were examined using confocal laser scanning 
microscope (CLSM) (Leica, Germany). Images were cap-
tured and analysed using Leica application suite (LASX) 
software (Leica Microsystems, Germany).

Statistical analyses

The data were presented as mean ± standard error (SE) 
unless otherwise stated in the experiments. Means with a 
significant difference (p < 0.05) were compared using Stu-
dent’s t test from SPSS Predictive Analytics software version 
18.0 (IBM, US). Analysis of variance (ANOVA) was used to 
test for significance across grouping. Multivariate analysis of 
variance based on permutations (PERMANOVA) was used 
to compare the cytokine profiles.

Results

Autoaggregation and coaggregation partnership 
for V. cholerae O1 El Tor and O1 variant strains

A total of 26 bacterial isolates were isolated from various 
sources of aquatic samples including lake water from Bukit 
Jalil, Kuala Lumpur, seawater from Lumut, Perak, seawa-
ter from Penang and stool samples from healthy volunteers 
(Table 1). Out of these 26 isolates, 24 was found to exhibit 
moderate to strong autoaggregation (51–96.5%) (Fig. 1, 

Fig. S1). N16961 was found to be a moderate autoaggre-
gator (51%) while VC1761 exhibited low autoaggregation 
(44.8%). The ability of V. cholerae strains (N16971 and 
VC1761) to form coaggregation with each other, and the 
remaining 26 isolates (26 × 2 pairing) was also examined 
spectrophotometrically (Fig. 1). Twenty isolates showed 
moderate coaggregation (coaggregation score 50–80%) 
with VC1761 while 18 isolates showed moderate coag-
gregation with N16961. Overall, the aggregation score for 
the coaggregation partners involving N16961 was higher 
than those involving VC1761. In comparison, the coaggre-
gation score for the partnerships involving VC1761 were 
higher than the autoaggregation score.

Biofilm formation ability of mono‑ and dual‑species 
V. cholerae biofilm

The crystal violet assay showed that seven isolates, includ-
ing V. cholerae N16961 (SBF = 4.472) were strong biofilm 
producers (Fig. 2). Two isolates such as Enterobacter cloa-
cae EC (SBF = 1.078) and V. cholerae VC2 (SBF = 0.817) 
were categorised as moderate biofilm producers while five 
isolates including V. cholerae VC1761 (SBF = 0.97) were 
considered as weak biofilm producers. In dual-species 
model, both EC and ECOLI showed significantly higher 
biofilm production with N16961 and VC1761 than single-
species model.

Fig. 1   Results of coaggregation scores (%) between two V. chol-
erae (N16961 and VC1761) with bacterial isolates using coag-
gregation assay. Bars below the dotted line are considered as weak 
coaggregation < 50% while above dotted line are considered as posi-

tive coaggregation > 50%. Bars represent the mean values with SD. 
*Significant difference (p < 0.05) compared to aggregator N16961. 
#Significant difference (p < 0.05) compared to aggregator VC1761
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Establishment of adult mouse model of cholera

Mice were intragastrically administered with or without V. 
cholerae as described previously. Both control mice and co-
infected mice did not show significant difference in FA ratio 
upon termination at T72 (Fig. 3). In addition, all animals 
showed no signs of diarrhoea. However, the mice co-infected 
with ECOLI and N16961 showed significantly higher FA 
ratio compared to mice co-infected with EC and N16961 
(p < 0.05). Subsequent experiments were performed to fur-
ther evaluate the effect of coaggregation on the pathogenic-
ity and prolonged colonisation of V. cholerae.

Detection of V. cholerae using confocal laser 
scanning microscopy‑based fluorescence in situ 
hybridisation (FISH)

To ascertain whether V. cholerae colonised and retained in 
the intestines, FISH was performed on the distal intestinal 
segments of all mice infected with V. cholerae (single and 
dual-species mixtures). EUB338 was used as a probe label-
ling eubacteria (yellow) and Vchomim1276 as a Vibrio-spe-
cific probe (red). As depicted in Fig. 4, small micro-colonies 
of V. cholerae were detected in all infected mice particularly 
in the intestinal lumen. In the tissue of control group (pla-
cebo), only EUB338 hybridised to the bacteria present in the 
tissue and no signal was detected when hybridisation with 
Vchomim1276 was performed.

Histological examination of intestinal tissues 
after V. cholerae infection

The microscopic changes of distal intestinal segments after 
V. cholerae infection were examined via routine hematoxy-
lin and eosin (H&E) staining. Figure 5 shows that intesti-
nal tissues from all the co-infection groups had undergone 
mild inflammation. In contrast, the control group including 
groups of mice infected with V. cholerae alone, EC alone 
and ECOLI alone showed no signs of inflammation (Fig. 
S3). The observed histopathological features in the co-
infection group such as mice co-infected with ECOLI and 
N16961 included a partly degenerated and sloughed ileal 
mucosa (Fig. 5d). Slight increase in the vascularity in the 
submucosa (Fig. 5g, h) in mice of co-infection group ECOLI 
and VC1761 was also detected.

Recovery of V. cholerae cells from faecal pellets

Both V. cholerae N16961 and VC1761 were detected in 
faecal pellets of all V. cholerae-infected mice (single-spe-
cies infection and co-infection) at 24 h post-infection. This 
affirmed that the administered V. cholerae was capable of 
colonising the intestine of our adult mouse model of cholera 
despite the insignificant FA ratio shown. The total number 
of recoverable V. cholerae was approximately 40-fold higher 
in the co-infection group consisted of ECOLI and N16961 
than that of EC and N16961 (p < 0.05) (Fig. 6). Similar trend 

Fig. 2   Biofilm crystal violet assay between two V. cholerae (N16961 
and VC1761) with bacterial isolates. Upper dotted line considered 
as N16961 mono-species biofilm while the bottom dotted line con-
sidered as VC1761 mono-species biofilm. Bars above the straight 
line represents strong biofilm producer while bars under straight 
line represents as moderate, weak or non-adherent biofilm produc-

ers. Bars represent the mean values with SD. *Significant differ-
ence (p < 0.050) of the dual-species biofilm of N16961 compared 
to N16961 mono-species biofilm. #Significant difference (p < 0.05) 
between the dual-species biofilm of VC1761 compared to VC1761 
mono-species biofilm
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was observed in mice co-infected with VC1761, but the sig-
nificant difference was not apparent. V. cholerae signal was 
below detection limit at 48 and 72 h post-infection.

Host immunological response

The targeted cytokines GM-CSF, IFN-γ, IL-1β, IL-2, IL-5, 
IL-10 and TNF-α were detected in all co-infection groups. 
Relatively higher IL-5 and IL-10 were detected in the V. 
cholerae (both N16961 and VC1761) and ECOLI partner-
ship than V. cholerae with EC (Fig. 7). The significant dif-
ference was not apparent.

AI‑2 production in coaggregating partnership

To gain insights on the interaction of the coaggregating 
partnership, V. harveyi BB170 bioluminescence assay was 
performed to analyse the AI-2 (furanosyl borate diester 

3A-methyl-5,6-dihydro-furo (2,3-D) (1,3,2) diox-aborole-
2,2,6,6A-tetraol) activity produced. Analysis of the cell-free 
extracts of the homogenised intestinal samples indicated that 
low levels of AI-2 was observed during the 6-h time point 
(T6) but high AI-2 at 24-h time point (T24) in all infection 
groups. The differences in AI-2 accumulated between group 
of N16961 alone is significantly higher when compared to 
VC1761 (p < 0.05). But, the differences elicited by the dual-
species infection in both V. cholerae strains is comparable or 
lower than single-species infection (Fig. 8).

Discussion

Coaggregation ability of V. cholerae with other 
bacterial isolates

To our best knowledge, the coaggregation partnership for 
V. cholerae has not been extensively studied. To increase 
the coverage of the screening and to increase the chances of 
finding the potential coaggregation partners, we evaluated 
the coaggregation ability of two reference strains, N16961 
and VC1761 with isolates retrieved from both environmen-
tal and stool samples from apparently healthy human vol-
unteers. To avoid the qualitative nature of visual assay, we 
have adapted a well-accepted spectrometry method [24] for 
coaggregation screening [29–31].

Based on the coaggregation assay conducted, 22 out of 
26 (84.6%) of the isolates were able to positively coaggre-
gate with at least one strains of V. cholerae (N16961 and 
VC1761) (coaggregation score > 50%). Majority of the 
coaggregation partnerships for N16961 and VC1761 were 
established with faecal isolates, suggesting the importance 
of coaggregation in gut colonisation which is mediated by 
lectin adhesins [32], complementary polysaccharides [33] 
and lectin–carbohydrate interaction [34, 35]. Intergeneric 
and intrageneric coaggregation are common phenomenon 
for freshwater, oral and gut bacteria [35, 36]. However, con-
trasting ability of intraspecies coaggregation was detected 
for N16961 and VC1761. For the former, coaggregation was 
absent for most of the V. cholerae strains tested except VC1 
while VC1761 was capable to coaggregate with all four V. 
cholerae strains (VC1, VC2, VC3 and VC4). Both VC1761 
and N16961 were also not able to form coaggregation with 
VP. The lack of coaggregation with taxonomically related 
strains was previously observed for Blastomonas natato-
ria 2.4 which coaggregates poorly with other Blastomonas 
strains [37].

Here, we detected a highly strain-specific coaggrega-
tion partnership for N16961 and VC1761 (Fig. S1). For 
instance, different strains of Pseudomonas and Klebsiella 
formed coaggregation with VC1761 and N16961. It is pos-
sible that the strain-specific coaggregation of N16961 and 

Fig. 3   The FA ratio of mice from the a control group (means of six 
mice) and b co-infection group (means of six mice). The FA ratio 
was calculated as intestinal weight/(whole body weight − intestinal 
weight). Data represent mean ± SE Student’s t test, *p < 0.05
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VC1761 is mediated by different adhesin and interaction 
of saccharide receptor between cell surface molecules on 
partner organisms. It is understood that V. cholerae carries 
adhesin including flagellum, Mam7, GbpA, OmpU, and 
FrhA [38]. Further studies are required for the identifica-
tion of specific adhesins of V. cholerae that are responsi-
ble for “partner” recognition. In addition, strain-dependent 
interaction might be mediated by specific environmental 
trigger such as ionic strength of the culture medium, tem-
perature, pH, viscosity and the amount of autoinducer-2 
signalling present [39, 40]. Nonetheless, previous report 
suggested that coaggregation of freshwater bacteria is 
growth-phase-dependent (maximum at early stationary 
phase) [32]. It is important to highlight that 16S rRNA 
gene is not the ideal gene to resolve strain-level differ-
ences. Nevertheless, our result affirmed the presence of 
specific interaction within isolates of the same species.

Autoaggregation had attracted much attention in biofoul-
ing in recent years due to its association with production of 
exopolysaccharides, curli expression, and biofilm promotion 
[36]. However, unlike coaggregation, autoaggregation is a 
“self-centred” cell–cell interaction whereby a strain within 
the biofilm expressed its polymers to improve the integration 
of genetically identical strains into biofilms [41, 42]. From 
the 28 isolates tested in the current study, 85.7% displayed 
positive autoaggregation reactions with aggregation scores 

ranging from 51 to 96.5% slightly higher than the scores 
obtained for coaggregation (50–80%) (Fig. 2).

Mono‑ and dual‑species V. cholerae biofilm

In nature, mixed-species biofilms dominate in most of the 
environments [43]. V. cholerae are able to promote multi-
species biofilm development through cell–cell interaction 
such as quorum sensing [44, 45]. From the crystal violet 
assay, we showed that isolates with high coaggregation index 
(e.g. Bacillus sp., E. cloacae, E. coli isolate, Pseudomonas 
sp. and S. enterica) (Fig. 1) were able to enhance the pro-
duction of biofilm production in partnership with N16961 
or VC1761 (Fig. 2). This finding is significant as although 
planktonic pathogenic V. cholerae are able to attach to the 
mucous coat and along the villous axis of the intestinal 
mucosa of human and animal models in the form of patches 
and clonal microcolonies [46, 47], biofilm-derived cells are 
capable of infecting the small intestinal in lower infective 
dose, even in the presence of limiting nutrients condition 
[48].

Among the V. cholerae’s coaggregation partners, EC and 
ECOLI were selected for further evaluation using an adult 
mouse model because of its stronger synergetic effects in 
biofilm production (Fig. 2). Although the infection did not 
induce significant fluid accumulation, the presence of V. 

Fig. 4   Detection of fluorescence-labelled V. cholerae (as indicated 
by white arrow) in small intestine by confocal laser scanning micros-
copy. No V. cholerae was present in a placebo group but were found 
in b placebo and N16961, c placebo and VC1761, d EC and N16961, 
e ECOLI and N16961, f EC and VC1761, g ECOLI and VC1761. 

Images were taken at 252× magnification. Scale bar = 8 µm. Bacterial 
cells showing yellow fluorescence were stained by universal bacterial 
probe EUB338. Vibrio cholerae cells were stained by both EUB338 
and Vibrio cholerae/mimicus specific probe Vchomim1276 and dis-
played orange fluorescence. Scale bar = 25 µm
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cholerae cells in the intestines was detected at 72 h post-
infection. Interestingly, mild inflammation in the intestine 
was observed in the co-infection groups, potentially suggest-
ing the presence of asymptomatic infection. Among them, 

significantly higher abundance of N16961 was detected in 
the faeces of mouse co-infected with ECOLI in comparison 
to that of EC at 24 h post-infection. Nonetheless, immuno-
logical response was largely similar across groups, except 

Fig. 5   Representative images of H&E-stained intestinal tissues from 
control group (a, b) and co-infection groups showing slight histo-
pathological changes (c, e, i, j). Mild inflammation (d) mucosa is 

partly degenerated and sloughed off (f), mucosa-associated lymphoid 
tissue hyperplasia (g, h). Slightly increased vascularity in submucosa. 
Images were taken at 400× magnification. Scale bar = 25 µm
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IL-5 and IL-10 which was upregulated in the V. cholerae 
(VC1761 and N16961) and ECOLI groups. A greater dif-
ference in AI-2 concentration was observed between the co-
infection groups of N16961 (i.e. E. coli and E. cloacae) than 
the parallel groups for VC1761.

Evaluation of the adult mouse model

Several animal models have been used to study the disease 
progression of cholera [49]. Among them, the most estab-
lished mouse model for V. cholerae infection is the infant 
mouse model, particularly in the study of growth and colo-
nisation of V. cholerae in the intestine [50]. These experi-
ments however, are often carried out in very short duration 
(e.g. < 24 h) as the infant mice usually displayed high mor-
tality after removal from the mother [51–53]. In addition, 
the immune system and gut microbiota of the infant mice 

are still in the developmental stage, thus compromising the 
suitability of the model to represent actual infection in the 
complex system such as human gut [51–53].

It is notable that adult mouse model such as ligated ileal 
loops [3, 54] and the application of ketamine anaesthesia 
plus antibiotic treatment prior to infection [55] were previ-
ously proposed. However, both methods presented differ-
ent technical challenges for the implementation.

Pathogenic V. cholerae including El Tor strains are 
known to harbour genes that encode for cholera toxin, an 
ADP-ribosylating protein enterotoxin [56]. Cholera toxin 
causes the influx of electrolytes and water into the intes-
tinal lumen via the subsequent activation of adenylate 
cyclase and cystic fibrosis transmembrane conductance 
regulator (CFTR) [57, 58]. Overall, there were no sig-
nificant differences in FA ratio between the control and 
co-infection groups upon termination of mice at 72 h post-
infection. The fluid accumulation in ligated ileal loops of 
adult ICR outbred mice was found to achieve its maximal 
level at 12 h of V. cholerae incubation [3] and this is much 
earlier than our mice termination timeline. Therefore, the 
absence of fluid accumulation and symptomatic diarrhoea 
in mice was not unexpected. In addition, adult mice were 
previously reported to be less sensitive to the cholera toxin 
due to its expression of GM1 ganglioside receptor [59].

It was previously shown that V. cholerae can still rep-
licate and colonise the intestine of adult mouse despite 
showing little or no fluid accumulation at 16 h after intes-
tinal inoculation [54]. Indeed, our qPCR results confirmed 
the presence of V. cholerae in the gastrointestinal tract of 
the experimental animals. The ompW signature was detect-
able in the faecal pellets of all the co-infection groups at 
24 h, but the abundance dwindled over time and was below 
the detection limit in the faeces at 48 and 72 h post-infec-
tion. Nonetheless, using confocal microscopy, we detected 
the retention of small micro-colonies of V. cholerae cells 
in the intestine of all V. cholerae-infected mice. The result 
is consistent with the previous finding that V. cholerae are 
able to persist in the distal segment of small intestine of 
specific-pathogen-free mice for at least 72 h [55]. Taken 
together, our result suggests that the adult mice model can 
be used to monitor the transmission and colonisation of 
V. cholerae. It is noteworthy that eubacterial signals were 
observed despite antibiotic treatment. The presence of the 
commensals might contribute unknown effect in the exper-
iment. For instance, microcolonies of yellow (commen-
sals) and orange (V. cholerae), including those in peach, 
probably the mixture of both were observed (Fig.  4). 
Nonetheless, we assumed that the effects are equal across 
both single and co-infection models, and thus does not 
impact the validity of the comparison.

Fig. 6   Amount of V. cholerae detected in faecal samples after 24  h 
post-infection from a N16961 co-infection group, b VC1761 co-
infection group. Data represent mean ± SE (n = 6 per group) from 
three independent experiments. Student’s t test, *p < 0.05
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Fig. 7   Cytokine expression levels of a IL-5 and b IL-10 after 72 h of infection. The experiment was carried out in duplicates for each sample. 
Asterisks and dots represent outliers within each distribution
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Histopathological changes in adult mouse model

In the aspect of histopathological changes, the sectioned 
distal intestinal segments of control groups consisting of 
only V. cholerae strains (N16961 and VC1761) showed no 
signs of inflammation in this study. The non- and minimal 
invasiveness of El Tor strains in causing marked inflam-
mation of the intestinal epithelium in ligated rabbit ileal 
loop and cholera patients has been known previously [60, 
61]. Interestingly, mild inflammation was observed in co-
infection groups instead (but absent in EC and ECOLI), 
providing evidence on the potential role of coaggregation 
partnership in enhancing the pathogenicity of V. cholerae. 
Although it should be cautioned that V. cholerae uses 
T6SS secretion system to ablate competitors (in this case 
EC and ECOLI) which may also contribute to the observed 
inflammation. Histopathological changes such as partial 
degeneration of villous, dilated blood vessels and slight 
increase in vascularity of submucosa were observed. The 
severity comparison among the co-infection groups how-
ever, is not possible in this study due to the very minimal 
changes and lack of defined histomorphological scoring 
schemata for evaluation.

Recovery of V. cholerae cells from faecal pellets

One of the important aspects of infection other than suc-
cessful intestinal colonisation is the ability of the pathogen 
to multiply and grow within the host prior to excretion 
back into the environment. For this reason, we monitored 
the amount of V. cholerae cells recovered from faecal pel-
lets, as described in a previous study [62]. We found that at 
24 h post-infection, both V. cholerae strains were detected 
in faecal pellets of single-species infection and co-infec-
tion arms. In the single-species infection, the detectable 
amount of N16961 was higher than VC1761 but not sta-
tistically significant. When N16961 were co-administered 
with ECOLI, the recovered V. cholerae cells were 40-fold 
significantly higher than that of EC. Although not statisti-
cally significant (p > 0.05), higher level of V. cholerae cells 
were detected in coaggregating partnership of VC1761 and 
ECOLI. This suggests the potential ability of E. coli in 
enhancing the replication and growth of V. cholerae within 
the gastrointestinal tract, and thus increased pathogenicity. 
Commensals were found to play an important role in host 
immunity [63, 64]. However, it was shown recently that 

Fig. 8   Production of AI-2 from cell-free extracts from the control and 
co-infection groups during the 6- (T6) and 24-h (T24) measurement 
time points. Luminescence values are reported as the fold induction 
of luminescence by the V. harveyi BB170 reporter strain above the 

negative medium control. This figure represents mean ± SE from 
three independent experiments. Means with different letters are sig-
nificantly different (Kruskal–Wallis test and pairwise comparisons 
with Bonferroni correction, *p < 0.05)
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commensals may also promote the infection of virus and 
parasitic helminths in human host [65, 66].

At the later stage of infection, the detached V. cholerae 
from the small intestine will disseminate along the small 
intestine and excretion of V. cholerae either in the form of 
planktonic or biofilm-aggregates as cholera stool [67–71]. 
If this is the case, then we believe that the coaggregation 
partnership of V. cholerae with E. coli elicited better growth 
of V. cholerae can also contribute to the transmission and 
amplification of the cholera outbreak.

Immunological response

Marginally but statistically insignificant levels (p > 0.05) 
of IL-5 and IL-10 were found in the coaggregating ECOLI 
and V. cholerae than that of EC. The elevated levels of both 
cytokines indicate the activation of CD4 T helper 2 cells in 
response to cholera toxin prior to the enhancement of cyto-
plasmic cAMP [72]. IL-10 has also been shown to down-
regulate most cytokines produced by macrophages [73, 74], 
and as proposed by Olivier et al. [75], this could be aided 
by accessory toxins in El Tor O1 strains such as multifunc-
tional autoprocessing RTX toxin (MARTX) and hemolysin, 
which in turn reduce the influx of phagocytic cells. This 
again explains the presence and persistence of V. cholerae 
cells in the intestines at 72 h post-infection.

Role of quorum sensing in V. cholerae pathogenicity

Quorum sensing via AI-2 signalling also allows the bacterial 
cells to monitor their population density and release neces-
sary toxins or enzymes for survival, micro-colonies forma-
tion and dispersion for further colonisation [76]. At high cell 
density, AI-2 accumulates and activates the expression of the 
master quorum sensing HapR and HapA which represses the 
virulence gene expression and promote detachment of bac-
teria from intestine [77, 78]. In a recent study, Hay and Zhu 
reported that gut bacteria Ruminococcus obeum is able to 
restrict the colonisation of V. cholerae [79]. This particular 
bacterium prematurely induces V. cholerae quorum sensing 
by producing AI-2 and hence, represses the virulence and 
colonisation of V. cholerae in the gut [79]. The accumula-
tion of AI-2 is also shown to negatively affect the biofilm 
formation and EPS biosynthesis [80]. As such, strong quo-
rum sensing is expected to be reflected in high AI-2 concen-
tration difference between the initiation (T6) and matured 
phase (T24) of the biofilm.

It is also notable that AI-2 production level in N16961 
alone is significantly higher AI-2 than VC1761, suggesting 
stronger biofilm regulation via quorum sensing in N16961. 
This finding complemented our qPCR results where the 
coaggregating partnership of ECOLI with V. cholerae pro-
duced significantly higher levels of detectable quantities of 

V. cholerae cells recovered from faecal pellets at 24 h of 
infection. Nevertheless, the production of AI-2 is largely 
similar between the co-infection groups. The enhanced 
infectivity of the coaggregating partnership as reflected by 
the histopathological changes, bacterial cell density in fae-
cal pellets and host immunological responses did not act 
through the quorum sensing system. The host inflammatory 
responses (intestinal inflammation and cytokines profile) 
could be triggered by high levels of cholera toxin in ECOLI 
and V. cholerae partnership, which then shifted the nutrient 
availability in the gut where more fluid such as electrolytes 
[81] and mucin [82] were secreted. The nutrient-rich fluid 
coincidentally produced an ideal growth medium for V. 
cholerae and the binding of V. cholerae to intestinal mucin 
by GbpA increased intestinal mucosal production which in 
turns favoured the adherence of more bacteria to the mucosa 
of small intestines as previously described by Bhowmick 
et al. [82]. While the production of AI-2 levels is taken into 
account in this study, the expression of HapR could further 
validate the current findings.

Overall differences in biofilm formation, 
pathogenicity and quorum sensing ability 
between V. cholerae El Tor and El Tor variant strains

We compared the Malaysian V. cholerae VC1761 with the 
wild-type strain N16961 in the aspects of their pathogenic-
ity, quorum sensing and biofilm production. Both the patho-
genicity (virulence gene expression) and biofilm production 
are centrally regulated by HapR. At high cell densities, the 
accumulation of CAI-1 autoinducer terminates small regu-
lator RNA (sRNA) transcription and expression of HapR 
[83, 84]. HapR antagonistically decreases c-di-GMP pool 
which represses VpsT responsible in biofilm formation [85]. 
Additionally, HapR also represses the expression of AphA 
which downregulates virulence gene expression (ctxA and 
tcpA) [86]. Due to a frameshift mutation in HapR gene [77], 
the expression and downstream processes of HapR are dis-
rupted. This may explain the higher colonisation observed 
in N16961 (than VC1761) which confer better survival 
within the host [77]. The HapR mutation also suppresses 
HA protease that plays a role in cell detachment, as well 
as promoting the production of thick and densely packed 
biofilm [77]. As RNA extraction was not conducted in this 
study, the quantification of HapR and other quorum sensing 
gene expression (e.g. T6SS, CAI-1, etc.) was not possible. 
A separate study is required to understand the mechanism of 
interaction between V. cholerae, EC and ECOLI.

We speculated that EC might be competing for same 
niche in the host with N16961, resulting to lower cell count 
in the partnership of N16961 with EC than the partnership 
of N16961 with ECOLI. In contrast, low biofilm production 
exhibited by VC1761 may attributes to the natural response 
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of HapR to high cell density (HapR positive). Further, the 
general lower cell counts in the partnership of VC1761 with 
EC and ECOLI might be suggestive of competition. Such 
interaction may be comparable for phenotypically and geno-
typically similar strains.

In summary, we showed that the co-infection of V. chol-
erae with ECOLI and V. cholerae with EC were able to 
induce stronger histopathological response than both the 
tested V. cholerae strain alone in the intestine of adult mouse 
model. In addition, a stronger synergy was observed in the 
co-infection group of V. cholerae and ECOLI than V. chol-
erae and EC. Further investigation with different genotypes 
of V. cholerae strains is crucial to evaluate the presence of 
strains specific responses. In addition, parallel study that 
investigations the coaggregation relationship of V. cholerae 
with other important known commensals and probiotic cul-
tures is warranted to determine the role of commensals in 
cholera development. From an applied perspective, the fun-
damental understanding of bacterial partners for the devel-
opment of infection in this study may facilitate new preven-
tion and treatment strategy for cholera.
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