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ABSTRACT The Vibrio cholerae O1 serogroup is responsible for pandemic cholera
and is divided into the classical and El Tor biotypes. Classical V. cholerae produces
acid when using glucose as a carbon source, whereas El Tor V. cholerae produces
the neutral product acetoin when using glucose as a carbon source. An earlier study
demonstrated that Escherichia coli strains that metabolize glucose to acidic by-
products drastically reduced the survival of V. cholerae strains in vitro. In the present
study, zebrafish were fed 1% glucose and either inoculated with single V. cholerae or
E. coli strains or coinfected with both V. cholerae and E. coli. A significant decrease in
classical biotype colonization was observed after glucose feeding due to acid pro-
duction in the zebrafish intestine. El Tor colonization was unaffected by glucose
alone. However, the El Tor strain exhibited significantly lower colonization of the ze-
brafish when either of the acid-producing E. coli strains was coinoculated in the
presence of glucose. An E. coli sugar transport mutant had no effect on V. cholerae
colonization even in presence of glucose. Glucose and E. coli produced a prophylac-
tic effect on El Tor colonization in zebrafish when E. coli was inoculated before V.
cholerae infection. Thus, the probiotic feeding of E. coli inhibits V. cholerae coloniza-
tion in a natural host. This suggests that a similar inhibitory effect could be seen in
cholera patients, especially if a glucose-based oral rehydration solution (ORS) is ad-
ministered in combination with probiotic E. coli during cholera treatment.
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Cholera is a severe acute watery diarrhea of humans that is caused by Vibrio cholerae
and is a major problem in developing countries (1). More than 200 serogroups of

Vibrio cholerae have been identified as causative agents of human diarrhea. Of these,
serogroups O1 and O139 are the main causes of epidemic cholera (2). Despite large
gains in collective understanding and decades of research, cholera remains a large
burden on human health resources worldwide. For example, in 2010 and 2017, 700,000
Haitians and over a million Yemenis, respectively, were infected with cholera during
particularly severe epidemics (3–5). WHO estimates that over 3 million people contract
cholera annually, leading to over 100,000 deaths. According to the U.S. CDC, adminis-
tration of oral rehydration solution (ORS) is the preferred treatment course for cholera
(6). Vaccines may be of use during an outbreak to limit the spread of cholera but cannot
aid patients who have already contracted the disease. The use of antibiotics to treat
cholera is also common but is less preferable because rampant use of antibiotics leads
to multidrug resistance (MDR) (7–9).

Every reported cholera pandemic has been caused by strains of the O1 serogroup
of V. cholerae that can be classified into two major biotypes, classical and El Tor. In
recent years, the O1 serogroup El Tor biotype has been the major disease-causing
biotype, replacing the previously predominant classical biotype (10). The Ogawa sero-
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type of the El Tor biotype was most common in past years, but recently the Inaba
serotype was also reported to cause outbreaks in India (11). In the presence of
exogenous sugars (such as glucose), the classical biotype strains (e.g., O395) produce
organic acids, resulting in a sharp decrease in medium pH and drastic loss of viability.
El Tor strains (e.g., N16961) have evolved to metabolize sugars to produce acetoin, a
neutral fermentation end product that does not inhibit bacterial growth (12). It has
been suggested that the ability to metabolize sugars without production of growth-
inhibitory acidic products might account for the increased evolutionary fitness of the V.
cholerae El Tor biotype, leading to displacement of the classical biotype as the pre-
dominant cause of epidemic cholera (12). In previous work, V. cholerae classical and El
Tor biotype strains were cocultured in the presence of glucose with Escherichia coli
strains that produce acidic by-products of glucose metabolism. The hypothesis was that
this would circumvent the mechanisms used by El Tor V. cholerae to prevent acidifi-
cation and loss of viability. The results of that study showed that E. coli strains that
metabolize glucose to acidic compounds significantly reduced V. cholerae survival in
vitro (13).

Previously, we described the use of zebrafish as a novel animal model for the study
of V. cholerae colonization and transmission. There are many advantages to using
zebrafish as a V. cholerae model. The natural habitat of zebrafish in Asia broadly
overlaps areas of cholera endemicity, strongly suggesting that there is an interaction
between zebrafish and V. cholerae in the wild (14). Fish are natural V. cholerae hosts, and
V. cholerae rapidly colonizes the zebrafish intestine after exposure by immersion in
inoculated water. This colonization occurs in the presence of intact, mature intestinal
microbiota and results in production of diarrhea, which can transmit V. cholerae to
naive fish. Thus, zebrafish provide a model in which the entire V. cholerae infectious
cycle can be studied in a natural host (15). Here, we developed a glucose feeding model
of zebrafish and studied the effect of acid-producing E. coli strains on V. cholerae
colonization in the presence of glucose in the zebrafish intestine. Our results suggest
that probiotic E. coli can indeed reduce the bacterial load of V. cholerae in a natural host.

RESULTS
Glucose content in the fish intestine. To understand the effect of glucose on V.

cholerae colonization in zebrafish intestine, it first had to be established that enough
glucose would be present in the zebrafish intestine. To accomplish this, fish were fed
glucose by addition to water. Glucose (1%) was dissolved in fish infection water
(autoclaved fish housing system water), and fish were kept in the glucose-water for 6,
12, or 24 h. A semiquantitative assay with Benedict’s solution was done with the fish
intestinal homogenate to roughly quantify the amount of glucose present in the fish
gut. Depending on the color and appearance of the precipitate (ppt) after boiling
intestinal homogenate with Benedict’s solution, we found 0 to 2 mg, 2 to 5 mg, and
5 to 9 mg of glucose per gut after 6 h, 12 h, and 24 h of glucose feeding, respec-
tively (n � 8) (Table 1; Fig. 1). However, one out of eight fish died during the 24-h
glucose feeding. Therefore, we did our subsequent colonization experiments using
12 h of glucose feeding.

Effect of glucose on V. cholerae colonization in zebrafish. As observed previously
when glucose was present in the medium in vitro, the growth of classical V. cholerae

TABLE 1 Glucose content of fish intestine

Sample Color and appearance of ppt or solution Glucose content

Negative control (1� PBS) Blue transparent solution 0
Positive control (1% glucose solution) Brick red ppt 1% (wt/vol)
Negative working control (fish gut without glucose feeding) Blue cloudy solution 0

Fish gut with glucose feeding for:
6 h Blue-green solution 0–2 mg/gut
12 h Green ppt 2–5 mg/gut
24 h Green to yellow-green ppt 5–9 mg/gut
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strain O395 was severely inhibited in Luria broth medium supplemented with 1%
glucose (LBG) (references 12 and 13 and data not shown). Classical biotype V. cholerae
produces acidic by-products of glucose metabolism, leading to a pH drop. V. cholerae
El Tor biotype strain N16961, which metabolizes glucose to the neutral product acetoin,
grew normally in LBG (12, 13). To determine whether these in vitro results could be
recapitulated in a fish infection model, zebrafish were bathed in water containing
glucose prior to exposure to V. cholerae. When zebrafish were infected with V. cholerae
classical strain O395 after 12 h of glucose feeding, we observed a 30-fold decrease in
colonization compared to O395 colonization of fish without glucose feeding (n � 5;
P � 0.005). When zebrafish were infected with V. cholerae El Tor strain N16961 after 12 h
of glucose feeding, we observed an �5-fold increase in colonization compared to
N16961 colonization of fish without glucose feeding (n � 5; P � 0.0636) (Fig. 2). The pH
of the fish intestinal homogenates was assessed using pH paper to obtain an approx-
imate pH. We observed acidic intestinal homogenate (pH �6.5) in glucose-treated,
O395-infected fish. We observed no differences in pH between glucose-treated,
N16961-infected fish and control fish without glucose feeding that were infected with
either O395 or N16961 (pH �8) (Fig. 2). These results suggested that glucose feeding
reduced the colonization of classical biotype V. cholerae due to acid production in the

FIG 1 Glucose content in zebrafish intestine after 12 h of 1% glucose feeding. One percent glucose was
dissolved in autoclaved fish tank water. Five fish were kept in the water for 6, 12, and 24 h of glucose
feeding. Fish intestines were homogenized, heated with Benedict’s solution in boiling water, and
observed for color formation. Samples were 1� PBS (tube 1), 1% glucose (tube 2), control fish intestine
without glucose feeding (tube 3), and fish intestine with 6 h (tube 4), 12 h (tube 5), and 24 h (tube 6) of
glucose feeding. The results shown are representative of multiple experiments conducted. The content
of glucose in fish intestine is listed in Table 1.

FIG 2 Effect of glucose feeding on classical and El Tor V. cholerae colonization of zebrafish intestine.
Zebrafish were fed 1% glucose for 12 h, and �5 � 106 CFU/ml of either V. cholerae O395 or N16961 was
inoculated in zebrafish. V. cholerae levels were determined by plating of serial dilutions of the intestinal
homogenates. *, P � 0.005.
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fish intestine but did not hinder the colonization of El Tor V. cholerae because no acidic
compounds were produced.

Effect of E. coli strains on V. cholerae colonization in the presence or absence
of glucose in the zebrafish intestine. As observed above, glucose feeding to zebrafish
can reduce the colonization of classical V. cholerae strains but not El Tor V. cholerae
strains. El Tor strains have evolved to metabolize sugars to produce acetoin, a neutral
fermentation end product. A previous study found two E. coli human isolate strains (see
Table S1 in the supplemental material) that produce acids from glucose under in vitro
culture conditions (13). In coculture with N16961 in LBG, E. coli strains produce acid and
reduce N16961 growth. We hypothesized that this effect of E. coli plus glucose may be
useful to reduce the V. cholerae load during infection.

To assess the effects of E. coli strains on V. cholerae colonization of zebrafish in the
presence of glucose, the first step was to establish the colonization efficacy of these two
E. coli strains in zebrafish intestine. Fish were inoculated for 6 h with E. coli by bath as
described above for V. cholerae, and then the fish were washed to remove external
bacteria and incubated in fresh water for 18 h. Both E. coli strains were found to
abundantly colonize zebrafish intestines (n � 5) (see Fig. S1 in the supplemental
material). E. coli colonization and acid production in the presence of glucose were
determined by feeding fish 1% glucose for 12 h and then inoculating with E. coli for 6 h.
Colonization was assessed at 6 h, 12 h, 24 h, 48 h, and 72 h after E. coli inoculation. We
observed abundant colonization by all three E. coli strains tested, i.e., E. coli 40, E. coli
N, and an E. coli ΔptsG (sugar transport) mutant, up to 72 h after inoculation (n � 5) (see
Fig. S2A in the supplemental material). A low pH of fish intestinal homogenates was
observed with colonization of E. coli 40 and E. coli N but not with the E. coli ΔptsG (see
Table S2 in the supplemental material). If the fish were fed a single dose of glucose
before E. coli inoculation, the intestinal pH was restored to normal levels after 24 h. If
the fish were fed 1% glucose daily for 6 h, the low pH of fish intestinal homogenates
was maintained throughout the colonization period up to 72 h (Table S2). The mucin
level in excreted water, which is used as a measurement of diarrhea induced by V.
cholerae colonization (16), was measured after 24 h of colonization with all three E. coli
(40, N, and ΔptsG)-infected fish groups. There was a nonsignificant increase of mucin
secretion by the three E. coli-infected groups compared to the uninfected control group
(Fig. S2B). The effective optical density (OD) was calculated by subtraction of the OD of
phosphate-buffered saline (PBS) alone from the OD of fish excreted water.

The next step was to determine if the colonizing E. coli would alter V. cholerae
colonization in the presence of glucose. Zebrafish were fed 1% glucose in water for 12 h
as described above. The fish were then inoculated with a 1:1 ratio of V. cholerae (O395
or N16961) and E. coli (40 or N) for 6 h. Finally, the fish were transferred to fresh sterile
water twice to remove external bacteria and incubated for 18 h in fresh water. After the
fish were euthanized, serial dilutions of intestinal homogenates were plated to assess
the colonization of V. cholerae under the different experimental conditions. In the case
of the classical strain (O395), we again observed significantly reduced colonization with
1% glucose and no E. coli (n � 10; P � 0.0001) (Fig. 3A). Coinfection with either E. coli
strain had no significant effect on V. cholerae O395 colonization in the presence of
glucose (n � 10) (Fig. 3A). In the case of the El Tor strain (N16961), glucose alone had
no significant effect on V. cholerae colonization, as observed above. However, coinfec-
tion with either of the E. coli strains in the presence of glucose caused an �40-fold
decrease in V. cholerae colonization compared to the coinfected group without glucose
feeding (n � 10; P � 0.0001) and the glucose feeding group without E. coli coinfection
(n � 10; P � 0.0001) (Fig. 3B). In both cases (O395 and N16961 infection groups), E. coli
strains alone had no significant effect on V. cholerae colonization. However, both E. coli
strains were found to colonize simultaneously with V. cholerae strains (see Fig. S3 in the
supplemental material). A sugar transport mutant of E. coli strain MG1655 (ΔptsG),
which cannot metabolize glucose to acid, was used to verify that reduced colonization
of V. cholerae was caused by reduced pH and not simply the E. coli coinfection. This
ΔptsG strain was unable to reduce the fish intestinal pH in the presence of glucose
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(Table S2). In a separate experiment, when N16961 was inoculated together with the E.
coli ΔptsG mutant, no significant difference in N16961 colonization was observed (see
Fig. S4 in the supplemental material).

To verify that E. coli was reducing the pH in the presence of glucose, the pH of
the fish intestinal homogenate was semiquantitatively analyzed at 6, 12, and 24 h
after the coinfection using pH strips. An intestinal homogenate pH between 6 and
7 was observed during these time periods in coinfected fish that were also fed
glucose, whereas a pH of �8 was observed in coinfected fish that were not fed
glucose (Table 2).

To assess whether a larger E. coli inoculum may have a greater effect on El Tor V.
cholerae colonization, the ratio of E. coli to V. cholerae was increased to 10:1 or 100:1
and the same experiment assessing colonization in fish with 1% glucose feeding was
conducted. Increasing the ratio of E. coli to V. cholerae to 10:1 in the presence of glucose
did not reduce V. cholerae significantly below what was observed for a 1:1 ratio (Fig.
4A). Similarly, increasing the ratio of E. coli to V. cholerae to 100:1 in the presence of
glucose did not reduce V. cholerae significantly below what was observed for a 1:1 or
10:1 ratio (Fig. 4B). This suggests that the number of E. coli organisms that colonized at
the 1:1 ratio filled the available niche, so further addition of E. coli had little effect.
However, a 100:1 E. coli-to-V. cholerae coinfection without glucose feeding did produce
an �5-fold decrease in N16961 colonization due to competition of V. cholerae with the
higher number of E. coli organisms (Fig. 4B).

FIG 3 Effect of E. coli strains plus glucose on V. cholerae colonization of zebrafish intestine. Zebrafish were
fed 1% glucose for 12 h, and �5 � 106 CFU/ml of E. coli 40 and N was coinoculated with �5 � 106

CFU/ml of either V. cholerae O395 or N16961. (A) Coinfection of E. coli with classical V. cholerae strain
O395. (B) Coinfection of E. coli with El Tor V. cholerae strain N16961. V. cholerae levels were determined
by plating of serial dilutions of the intestinal homogenates. Horizontal bars indicate the mean coloni-
zation level for each group, and individual symbols indicate the results for individual fish. ***, P � 0.0001;
**, P � 0.001; NS, nonsignificant differences.
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Prophylactic effects of glucose and E. coli on V. cholerae colonization in
zebrafish. The results of previous experiments suggest that E. coli coinfection in the
presence of glucose significantly reduces the colonization of El Tor strain N16961 in
zebrafish. To evaluate the prophylactic effect of glucose and E. coli on V. cholerae
colonization, fish were fed 1% glucose for 12 h and during the final 6 h of glucose
feeding were inoculated with either probiotic E. coli strain (E. coli 40 or N) for 6 h. Fish

TABLE 2 Gut pH of fish after V. cholerae and E. coli coinoculation with or without glucose

Inoculum Approx gut pH

O395 plus:
No addition 8
Glucose 6.5
E. coli 40 8
E. coli 40 � glucose 6.5
E. coli N 7.5
E. coli N � glucose 6

N16961 plus:
No addition 8
Glucose 8
E. coli 40 8
E. coli 40 � glucose 6.5
E. coli N 8
E. coli N � glucose 6.5

FIG 4 Effect of different doses of E. coli strains plus glucose on V. cholerae colonization of zebrafish
intestine. Zebrafish were fed 1% glucose for 12 h, and �5 � 107 CFU/ml or �5 � 108 CFU/ml of E. coli
40 or N was coinoculated with �5 � 106 CFU/ml of either V. cholerae O395 or N16961. The ratio of the
coinfection of E. coli to V. cholerae was 10:1 (A) or 100:1 (B). The same N16961 control group was used
during both experiments, and these results are shown in both panels to facilitate comparisons. V.
cholerae levels were determined by plating of serial dilutions of the intestinal homogenates. ***, P �
0.0001; NS, nonsignificant differences.
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were then infected with V. cholerae N16961 for 6 h, washed as described above to
remove external bacteria, and transferred to fresh water for 18 h of incubation. Fish that
were inoculated with E. coli strains plus glucose before N16961 infection showed an
�20-fold decrease in N16961 colonization compared to the fish inoculated with E. coli
strains without glucose (E. coli 40-preinfected group [n � 10; P � 0.0017] and E. coli
N-preinfected group [n � 10; P � 0.0055]) (Fig. 5). In the previous experiment we
showed the E. coli strains can colonize well in the presence of glucose for up to 72 h.
The prophylactic effect of E. coli and glucose on V. cholerae colonization requires a daily
dose of glucose to maintain a low gut pH (Table S2).

Excreted mucin levels in water. To determine whether E. coli could also reduce the
diarrhea induced by V. cholerae colonization, we quantified the level of mucin secreted
by zebrafish in the excretory water after colonization. Mucus is a major component of
rice-water stool in human cholera diarrhea as well as in zebrafish diarrhea induced by
V. cholerae colonization (16, 17). Higher numbers of colonizing V. cholerae organisms
correlate with higher excretion of mucin into the water. Coinfection of V. cholerae and
E. coli in the presence of glucose reduced both colonization of V. cholerae, as described
above, and the mucin level in the excretory water. These observations were consistent
in the three coinfection groups, with E. coli-to-V. cholerae ratios of 1:1 (Fig. 6A and B),
10:1 (Fig. 6C), and 100:1 (Fig. 6D). The mucin levels in the excretory water were also
assessed in the prophylactic E. coli experiment described above, in which E. coli and
glucose were administered to fish for 6 h before inoculation with V. cholerae (Fig. 6E).
The mucin levels in excretory water following infection with only E. coli were not
significantly higher than in the uninfected control group (Fig. S2B), indicating that
mucin excretion is induced by V. cholerae and not by E. coli.

DISCUSSION

The V. cholerae O1 serogroup classical biotype ferments glucose and produces a
mixture of organic acids in its microenvironment, resulting in decreased pH and a
drastic loss of viability (12). In contrast, the V. cholerae O1 serogroup El Tor biotype
ferments glucose and produces acetoin, known as 3-hydroxy-2-butanone or acetyl
methyl carbinol, converting two molecules of pyruvate to avoid the resulting acidic
stress (18, 19). Because acetoin is a neutral fermentation end product and this biosyn-
thetic reaction consumes intracellular protons, bacterial growth can occur on a glucose
carbon source without a pH decrease (19, 20). Additionally, acetoin production offers V.
cholerae cells a survival advantage during infection by downregulating the host innate
immune responses (21). Another report showed that inhibiting acetoin production

FIG 5 Effect of E. coli feeding plus glucose before V. cholerae infection on N16961 colonization in
zebrafish. Fish were fed 1% glucose for 12 h, and during the last 6 h of glucose feeding fish were
inoculated with �5 � 106 CFU/ml of either E. coli strain (E. coli 40 or N) for 6 h. Fish were then infected
with �5 � 106 CFU/ml N16961 for 6 h. **, P � 0.001; NS, nonsignificant differences.
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could be an antibacterial mechanism for V. cholerae elimination (22). Previous work
explored another way to reduce the growth of El Tor strains in vitro by using a coculture
of E. coli that is acid producing in the presence of glucose in the medium (13). In the
present work, we showed the effect of acid-producing E. coli strains in the presence of
glucose on V. cholerae colonization in the zebrafish model.

All the carbohydrates that can be metabolized by glycolysis in V. cholerae are
fermented into either organic acids (classical strains) or neutral products (El Tor strains).
Glucose is the primary substrate of glycolysis. All other carbohydrates must be con-
verted into glucose before entering the glycolytic pathway. Based on this as well as the
previous work showing the effects of glucose on V. cholerae growth in vitro (13, 19), we
chose glucose to examine the effects of E. coli glycolysis on V. cholerae colonization.

FIG 6 Mucin assay to assess diarrhea. Different combinations of infection with V. cholerae, E. coli, and glucose were used as indicated
under the x axes. Mean values of mucin detected in water by modified periodic acid-Schiff stain (PAS) assay are indicated by the black
bars above each infectious dose. The bar graphs show the mucin levels in excreted water after 24 h of 1:1 (A and B), 1:10 (C), and 1:100
(D) coinfection with V. cholerae and E. coli with or without glucose feeding in zebrafish or the mucin levels in excreted water after the
prophylactic E. coli and glucose administration followed by V. cholerae inoculation (E). Error bars indicate standard deviation. *, P �
0.05; **, P � 0.005.
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Glucose is also a crucial component of ORS, as glucose can induce Na�/K� ion uptake
in the intestine. This ion uptake is essential to replace the lost electrolytes and water
caused by the voluminous diarrhea caused by cholera toxin (23). On the other hand,
there are concerns that the glucose content in ORS might worsen the disease by
increasing the expression of toxic genes in El Tor strains (22). Here we reversed the
inductive effect of glucose on El Tor strains by using acid-producing E. coli. In the
previous study, a human-isolated commensal E. coli strain, sample 40 (E. coli 40), which
can produce acid from glucose, was identified (13, 24). In addition, another well-studied
commercially available probiotic strain of E. coli, Nissle 1917 (E. coli N), which is also able
to produce acid from glucose, was used (13, 25).

The commensal and probiotic E. coli N strain has been used clinically against
ulcerative colitis and Crohn’s disease (25–27). Other than clinical use, E. coli N and other
nonpathogenic E. coli strains have been evaluated for their potential as delivery
vehicles (28), in reducing intestinal colonization of Salmonella enterica serovar Typhi-
murium (29), and in cancer therapy (30). As these strains are human isolates, they
should colonize well in the human intestine despite the presence of a complex
heterogeneous microbiome and should produce an acidic environment upon metab-
olism of glucose, which would accordingly reduce V. cholerae colonization. Thus, these
nonpathogenic commensal and probiotic E. coli strains have tremendous potential for
therapeutic use in combination with glucose against cholera.

Glucose or glucose-based ORS can be fed to humans orally. Therefore, an oral
feeding model in zebrafish was used here by adding glucose to incubation water. We
observed significant glucose content in fish intestines, which did not have any obvious
effect on fish health unless incubation with glucose water was extended to 24 h.
Zebrafish is an effective model for this study for three reasons. First, the development
of cholera in humans is a complex, multifactorial process that can be reproduced in
zebrafish very easily. Second, the animal models typically used in cholera research are
not native cholera hosts, and the mechanisms of their colonization may be different;
however, zebrafish naturally host V. cholerae (31, 32). Third, V. cholerae colonization in
other animal models requires the disruption or absence of intestinal microbiota,
whereas V. cholerae colonization in zebrafish occurs in the presence of intact intestinal
microbiota (15, 17).

This is the first observation that glucose feeding to zebrafish can significantly reduce
the colonization of classical strain O395 and increase the colonization of El Tor strain
N16961. Other groups previously showed the effect of glucose on V. cholerae coloni-
zation in the infant mouse model, but the glucose treatment of V. cholerae was in vitro
before the infection (22). In a clinical scenario, pathogenic bacteria cannot be treated
before infection; glucose must be an effector of colonization during the treatment.
Therefore, the new observation in a natural host model has implications for clinical
treatments.

The colonization of classical strain O395 was hampered by glucose due to acid
production by the strain itself. Acid-producing E. coli had no additional effect in
reducing classical strain colonization. Conversely, the colonization of El Tor strain
N16961 was enhanced by glucose due to production of acetoin. Acid-producing E. coli
metabolized glucose in the gut, which lowered the pH and reduced the El Tor
colonization. The two E. coli strains tested (E. coli 40 and N) colonized zebrafish
intestines without any prior modification of gut microbiota, indicating their fitness in
this environment and their ability to compete with the intestinal microbiota for
colonization niches. In the presence of glucose, these E. coli strains produced an acidic
pH, which was confirmed by testing the pH of the gut homogenate. This mirrors a
previous study in which it was also shown that the ingestion of acid-producing bacteria
in the presence of carbohydrate leads to decreased gut pH (33). When the sugar
transport mutant of E. coli (ΔptsG) was tested in the presence of glucose, E. coli
colonization was observed in fish intestine, but V. cholerae colonization was not
hampered by this mutant E. coli strain, suggesting that the inhibition of N16961
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colonization in other experiments was the result of acid production by E. coli and not
its mere presence.

Coinfection of equal numbers of either E. coli strain with V. cholerae N16961 caused
a significant decrease in N16961 colonization in the presence of glucose. Generally, V.
cholerae competes with other bacteria for colonization of a niche using its type six
secretion system (T6SS), resulting in fewer competitors (34, 35). Another recent obser-
vation was that the V. cholerae T6SS acts primarily to increase the strength of gut
contractions to expel competitors, rather than directly killing the bacterial competitor
(35). Here, E. coli strains colonized simultaneously with V. cholerae and produced an
acidic pH, which killed V. cholerae. A possible reason behind this might be that at an
early time point after coinfection, E. coli colonized faster than V. cholerae. Another
possibility is that E. coli strains were able to produce acid within a short time period
before either species colonized, which reduced the V. cholerae load in gut and thus
reduced the ability of killing by T6SS. A third possibility is that E. coli and V. cholerae
colonize different niches in the intestinal tract but that the pH-lowering effect of E. coli
extends to the area colonized by V. cholerae. A slightly lower colonization of E. coli
during coinfection in the absence of glucose was observed (see Fig. S2 in the supple-
mental material), which suggests that in the absence of glucose, V. cholerae can
colonize and compete with E. coli to some degree. When the coinfection ratio was
increased to 10 and 100 times E. coli to V. cholerae, effects similar to those with the
equal coinfection were noted. A small decrease in N16961 colonization due to com-
petition with the higher numbers of E. coli was observed in the second case (100:1).

One possibility for future clinical treatments would be prophylactic use of E. coli
probiotics to reduce V. cholerae colonization of a vulnerable population. Administering
glucose and E. coli before the onset of V. cholerae infection did have a prophylactic
effect, but the prophylactic effect was lesser than the effect observed during coinfec-
tion experiments. Our results suggest that a single dose of E. coli can colonize in fish
intestine for up to 72 h in the presence of glucose. To maintain the low pH during E. coli
colonization, glucose should be fed periodically. As the tested E. coli strains are from a
human source, it is possible that these strains may have a greater capacity to colonize
the human intestine than the fish intestine. A daily feeding of glucose in ORS could be
applied to maintain the low gut pH during rehydration therapy. Therefore, therapeutic
treatment with probiotic E. coli as a supplement to ORS may be preferable to prophy-
lactic treatment.

In summary, the results presented here suggest that use of probiotic E. coli strains
plus glucose could be a successful therapeutic measure against V. cholerae infection.
Administration of probiotic E. coli could also be used as a preventive measure to reduce
the spread of disease during a cholera outbreak.

MATERIALS AND METHODS
Strains and culture condition. V. cholerae El Tor strain N16961 (Smr [100 �g/ml]), V. cholerae

classical strain O395 (Smr [100 �g/ml]), and probiotic E. coli strains Nissle (E. coli N), human commensal
E. coli strain sample 40 (E. coli 40), and E. coli MG 1655 ΔptsG (E. coli ΔptsG) were used for this study (13).
E. coli N and 40 were transformed with either pSMC21 (Ampr [100 �g/ml] Kanr [50 �g/ml]) or pKK-1773R1
(Ampr [100 �g/ml]), and E. coli ΔptsG was transformed with pBAD 18 (Kanr [50 �g/ml]), for this study. All
strains were frozen in 15% glycerol in Luria-Bertani (LB) broth (Difco, NJ, USA) at �80°C. Prior to
experimentation, each strain was grown in LB broth (Difco, NJ, USA) at 37°C under shaking conditions
(100 rpm) or on plates in LB agar (Difco, NJ, USA) with the appropriate antibiotic(s). Thiosulfate-citrate-
bile-sucrose (TCBS) agar (Difco, NJ, USA) and deoxycholate-citrate-lactose-sucrose (DCLS) agar (Sigma, St.
Louis, MO, USA) were used as selective media for V. cholerae. LB agar with the desired antibiotic
concentrations was prepared for the selection of strains during colonization study.

Animal model: zebrafish. Adult, wild-type ZDR zebrafish were used in all experiments. The fish were
housed in an automated recirculating tank system (Aquaneering, CA, USA) using water filtered by reverse
osmosis and maintained at pH 7.0 to 7.5. The tank water was conditioned with Instant Ocean salt
(Aquarium Systems, OH, USA) to a conductivity of 600 to 700 �S. The fish were fasted for at least 12 h
prior to each experiment. Zebrafish were euthanized in 100 ml of 32-�g/ml Tricaine-S (tricaine methane
sulfonate; MS-222 [Western Chemical, WA, USA]) for a minimum of 25 min. All animal protocols were
approved by the Wayne State University IACUC.

Glucose feeding and detection of glucose in zebrafish intestine. Five zebrafish per experimental
group were placed into a 40-ml beaker with a perforated lid containing 200 ml of sterile infection water
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(autoclaved tank water), and then 1% glucose (Fisher Chemicals, NH, USA) was added to the infection
water. Fish were kept in glucose water for 6, 12, and 24 h. The glucose content of fish intestine was
measured by homogenizing the intestinal tract and using Benedict’s solution (Sigma, MO, USA). Briefly,
after glucose feeding, the fish were euthanized and their intestines were homogenized in 1 ml 1� PBS
(pH 7.4) (VWR, PA, USA) with 1.5 g of 1-mm glass beads (BioSpec Products Inc., OK, USA) in a bead beater
homogenizer (BioSpec Products, Inc.). Three milliliters of Benedict’s reagent was added with 1 ml of
intestinal homogenate. The mixture was heated in a boiling water bath until the color changed. The
approximate concentration of the glucose in the solution was measured visually by the color and texture
of any precipitate (ppt) formed (for example, brick-red ppt for greater than 10 mg/ml of glucose, green
to yellow-green ppt for 5 to 9 mg/ml of glucose, green ppt for 2 to 5 mg/ml of glucose, and blue-green
suspension for less than 2 mg/ml of glucose). In this experiment, 1 ml of 1% glucose solution was used
as positive control, 1 ml of 1� PBS was used as negative control, and intestinal homogenate from control
fish (without glucose feeding) was used as a working control.

Infection procedure in zebrafish. Four or five zebrafish per experimental group were placed into a
400-ml beaker with a perforated lid containing 200 ml of sterile infection water (autoclaved tank water).
Bacterial cultures were grown with aeration in LB broth at 37°C for 16 to 18 h. Cells were centrifuged at
10,000 � g for 10 min. The resulting pellet was washed twice with 1� PBS and resuspended in 1� PBS
to an estimated concentration of 109 CFU/ml by measuring the OD at 600 nm. One milliliter of bacterial
inoculum was added to the beaker containing the fish. The final V. cholerae cell density used was
�5 � 106 CFU/ml (infection dose) for this study and was verified by plating serial dilutions of the
inoculated infection water. The CFU of E. coli used was equal to, 10 times the number, or 100 times the
number of V. cholerae CFU in the inoculum. The fish were infected with bacteria for 6 h, and then the fish
were washed twice for removal of surface bacteria and kept in fresh sterile water for 18 h. The control
group included fish that were exposed to 1 ml of 1� PBS only. E. coli was inoculated either with
(coinfection) or before V. cholerae infection. Each beaker was placed into a glass-front incubator set at
28°C for the duration of the experiment.

Colonization assay. After the specified time points, fish were euthanized, the intestine of each fish
was aseptically dissected, placed into homogenization tubes (2.0-ml screw-cap tubes; Sarstedt, Nüm-
brecht, Germany) with 1.5 g of 1.0-mm glass beads (BioSpec Products, Inc., Bartlesville, OK) and 1 ml of
1� PBS, and held on ice. Homogenization tubes were loaded into a Mini-Beadbeater-24 (BioSpec
Products, Inc.) and shaken at maximum speed for two 1-min cycles, with the samples being incubated
for 1 min on ice after both the first and last cycles. Intestinal homogenates from each fish were diluted
and plated for enumeration on appropriate LB agar plates with appropriate antibiotics. The plates were
incubated overnight at 37°C. After glucose feeding and the inoculation with E. coli, the pH of the fish gut
homogenates was measured at 6, 12, and 24 h after the first inoculation. The fish intestine was
homogenized in 200 �l of normal saline water, and 20 �l of the suspension was dropped on Whatman
pH measuring paper (GE Healthcare Bio-Sciences, PA, USA) to get a semiquantitative result.

Processing of infection water with fish excretion. With a 60-ml syringe (BD 309653; BD, NJ, USA),
50 ml of fish infection water was extracted before the colonization assay, in duplicate, and put into two
50-ml conical tubes. For all assays, 50-ml conical tubes were centrifuged at 10,000 rpm for 15 min at 4°C
and supernatant was decanted, with care not to disturb the pellet. Each pellet was resuspended in 2 ml
of 1� PBS. Unprocessed water samples were stored at 4°C for up to 1 week before analysis.

Mucin assay. The mucin content in excreted water was determined as described earlier (17, 36). Prior
to the procedure, 1 ml of a 50% (wt/vol) periodic acid (Sigma-Aldrich) stock solution was made. A 96-well
plate (Corning Costar; Corning, NY, USA) was loaded with 100 �l/well of the blank (1� PBS) and mucin
standards, and samples were loaded in triplicate. A volume of 50 �l/well of fresh 0.1% periodic acid
solution (10 �l of the 50% periodic acid stock added to 5 ml of 7% acetic acid, used immediately after
making) was added and mixed by pipetting. The plate was covered in plastic wrap and incubated at 37°C
for 1 to 1.5 h. After incubation, the plate was cooled to room temperature before adding 100 �l/well
Schiff’s reagent (Sigma-Aldrich), and the contents were mixed with a pipette. The plate was again
covered in plastic wrap and placed on a rocker or shaker for 15 to 40 min or until sufficient color
developed. Absorbance was read at 560 nm using a plate reader (Tecan Spectra Fluor plus; Tecan,
Männedorf, Switzerland). The effective ODs of test samples were calculated by subtraction of the OD of
the PBS control (uninfected fish) excreted water from that of the test (infected) fish excreted water.

Statistical analysis. Each experiment was performed a minimum of three times on separate
occasions, unless otherwise specified in the figure legends. Analyzed data are presented as the mean �
standard deviation (SD). Significant frequencies were compared using the �2 test, and continuous
variables were compared using Student’s t test. A two-tailed t test was performed to test against a control
as described in the figure legends. Analyses were performed using GraphPad Prism 7.0.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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