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Vibrio cholerae is best known as the infectious agent that causes the human disease cholera. Outside the human host, V. cholerae primarily
exists in the aquatic environment, where it interacts with a variety of higher aquatic species. Vertebrate fish are known to be an environmental
host and are a potential V. cholerae reservoir in nature. Both V. cholerae and the teleost fish species Danio rerio, commonly known as zebrafish,
originate from the Indian subcontinent, suggesting a long-standing interaction in aquatic environments. Zebrafish are an ideal model organism
for studying many aspects of biology, including infectious diseases. Zebrafish can be easily and rapidly colonized by V. cholerae after exposure
in water. Intestinal colonization by V. cholerae leads to the production of diarrhea and the excretion of replicated V. cholerae. These excreted
bacteria can then go on to colonize new fish hosts. Here, we demonstrate how to assess V. cholerae-intestinal colonization in zebrafish and how
to quantify V. cholerae-induced zebrafish diarrhea. The colonization model should be useful to researchers who are studying whether genes of
interest may be important for host colonization and/or for environmental survival. The quantification of zebrafish diarrhea should be useful to
researchers studying any intestinal pathogen who are interested in exploring zebrafish as a model system.

Video Link

The video component of this article can be found at https://www.jove.com/video/57767/

Introduction

Vibrio cholerae is an aquatic, Gram-negative bacterium that causes the human disease cholera as well as sporadic diarrhea’. V. cholerae
is found in the environment in many areas of the globe, often associated with other aquatic organisms. These associating organisms include
plankton, insect egg masses, shellfish, and vertebrate fish species3'4’5'6'7. Several studies have isolated V. cholerae from the intestinal tracts of
fish in different geographical areas’®%'°. The presence of V. cholerae in fish indicates that fish may act as an environmental reservoir. Fish could

also be implicated in transmitting the disease to humans and in the geographic spreading of V. cholerae strains®.

To better understand how V. cholerae interacts with fish, Danio rerio, better known as zebrafish, was developed as a model system for studying
V. cholerae"". Zebrafish are native to southern Asia, including the Bay of Bengal region, which is thought to be the earliest reservoir of V.
cholerae. Prior to the first cholera pandemic beginning in 1817, cholera had not been reported outside of what is now India and Bangladesh.
Therefore, zebrafish and V. cholerae almost certainly associated with each other over evolutionary time scales, suggesting that zebrafish are a V.
cholerae host in the natural environment'2.

The zebrafish model for V. cholerae is simple to execute and can be used to study the entire pathogenic V. cholerae life cycle. Fish are exposed
to V. cholerae by bathing in water that has been inoculated with a known number of V. cholerae. Within a few hours, intestinal colonization takes
place, followed by the production of diarrhea. Diarrhea consists of mucin, proteins, excreted bacteria, and other intestinal contents. The degree
of diarrhea can be quantified using a few simple measurements'®. V. cholerae that has been excreted by infected fish can then goon to infect
naive fish, completing the infectious cycle. Therefore, the zebrafish model recapitulates the V. cholerae human disease process 214,

The most frequently used V. cholerae animal models have historically been mice and rabbits'1®161""8 These models have been instrumental in

adding to our knowledge of V. cholerae pathogenesis. However, because mice and rabbits are not natural V. cholerae hosts, there are limitations
to what aspects of the V. cholerae life cycle can be studied. The V. cholerae colonization of mice and rabbits typically requires the absence of
intestinal microbiota or a pretreatment with antibiotics to damage the intestinal microbiota. Both models require either gavage to introduce the
bacteria to the digestive tract or surgical manipulation to directly inject the bacteria into the intestines. Zebrafish have an advantage in that adult
fish with an intact intestinal microbiota are readily colonized and the infectious process happens naturally, without any manipulation required.

The present work demonstrates the utilization of zebrafish as a model in V. cholerae infection. The infection, dissection, enumeration of
colonizing V. cholerae, and the quantification of diarrhea caused by V. cholerae will be described®". This model is likely to be useful to
scientists interested both in the V. cholerae disease process and in the V. cholerae environmental lifestyle.
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All methods described here have been apgroved by the Institutional Animal Care and Use Committee (IACUC) of Wayne State University. This
method was first described in Runft et al.’

1. Determination of Intestinal Colonization Levels

NOTE: Intestinal colonization is the most useful metric in the zebrafish model as it can be used to compare the relative fithess of various V.
cholerae strains or the effects of mutations or gene knockouts.

1. Inoculation of zebrafish by immersion
NOTE: This means of exposure resembles the natural course of infection.
1. Preparation of V. cholerae

1. Inoculate 5 mL of lysogeny broth (LB) with an isolated V. cholerae colony from an LB plate and incubate it at 37 °C with shaking
(180 rpm) for 6-8 h (overnight culture).

2. Inoculate 25 mL of fresh autoclaved LB medium in a 250 mL conical flask with 50 L of the above overnight culture. Incubate it
for 16—18 h at 37 °C with shaking (150 rpm).

3. Read the optical density at 600 nm (ODgqp) of a 1/10 dilution of the overnight culture to estimate the number of bacteria per mL
(the ODggp = 1 is ~10° CFU/mL.)

4. Harvest the cells by centrifugation at 6,000 g for 10 min. Remove the media with a pipette or pour it off into a disinfectant
solution. Resuspend the cells in sterile PBS to the desired concentration, typically between 1 x 10" to 1x 10" per ml of PBS.
NOTE: Here, we refer to autoclaved reverse-osmosis water containing 60 mg/L sea salts as sterile infection water.

2. Inoculation and incubation
1. Place four or five zebrafish into a 400 mL beaker containing 200 mL of sterile infection water.
2. Add 1 mL of V. cholerae (from step 1.1.1.4.) to get the desired infection concentration (typically 5 x 10*to 5 x 107 CFU/mL) in 200
mL of infection water.
3. Cover the beaker with a perforated lid to prevent the fish from jumping out; the top of a 200 pL tip box works well for this.
4. Label each beaker and place them into a glass-front incubator set at 28 °C for the duration of the experiment.

3. Procedure for transitory exposure
NOTE: A transitory exposure to V. cholerae (typically 6 h) followed by the removal of the inoculating bacteria is useful for studying the
transmission and for the more accurate quantification of excreted bacteria.
1. After 6 h of exposure, pour out the beaker water through a fishnet to collect the fish. Discard the infected water into a container of
bleach to kill the V. cholerae.
2. Place the removed fish in a beaker of 200 mL of sterile infection water. Allow the fish to swim in this clean water for 5 min to
remove the surface bacteria from the fish.
3. Repeat the net procedure (step 1.2.2) and place the fish in a new beaker of 200 mL sterile infection water. Keep the fish in this
beaker for the duration of the experiment.

2. Euthanasia
1. When the experiment has reached its desired endpoint, take a sample of the infection water (15 mL is usually sufficient) to allow for
excreted bacterial counts and the measurement of diarrhea (such as mucin assay, protein content, and/or OD), if desired (section 2).
2. Pour off the remainder of the water through a fishnet (to collect the fish) into bleach to kill the V. cholerae in the water.
3. Place the fish into a beaker containing infection water plus 336 pg/mL of Ethyl 3-aminobenzoate methanesulfonate (tricaine) and
incubate the fish in this tricaine solution for 20 min at RT.
NOTE: The fishnets were sterilized with a 10% bleach solution.

3. Dissection
1. Preparation of fish
1. Scoop a fish out of the tricaine solution with a disposable plastic spoon and place it on the dissecting surface.
2. Position the fish with its ventral side facing upward and pin it through the lower jaw, with the blunt end of the pin angled away
from the center of the body. Place another pin just posterior to the anus, also angled away from the body.

2. Exposure of intestinal tract

1. Swab the ventral surface of the fish with a lint-free wipe dipped in 70% ethanol.

2. Sterilize a scalpel and Vannas scissors by dipping them in 70% ethanol and flaming them.

3. Make a small incision lengthwise in the belly just under the skin by penetrating the scales and using the scalpel. Be careful not to
cut too deeply, as the intestinal tract is located just under the skin.

4. Using the scissors, extend the incision carefully along the length of the body, cutting no deeper than skin level and avoiding the
anus.

5. Make two lateral cuts with the scissors toward the head of the fish to allow an opening of the incision.

6. Pin the skin on each side of the lateral incisions to the dissecting surface, angling the pins out, away from the body.
NOTE: The tips of the pins were previously sterilized by flaming them with alcohol.

3. Removal of intestinal tract
NOTE: The intestinal tract should be visible as a pale, very thin tube on top of the other organs.
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1. Flame-sterilize the forceps and then use them to remove the entire intestinal tract (typically 12—15 mm in length). Place the
intestine into a homogenization tube containing glass beads (see steps 1.4.1-1.4.2) and 1 mL of 1x PBS or LB, on ice.

4. Homogenization

1.

2.
3.

4.

Prepare the homogenization tubes in advance by pouring ~1.5 g of 1 mm glass beads into 2 mL screw cap tubes (fill them
approximately half-way) and then sterilize them by autoclaving.

Add 1 mL of sterile LB or 1x PBS.

Once the zebrafish intestines have been added (step 1.3.3.1) to the tubes, screw the caps on very tightly, and then secure the tubes in
the vortex homogenizer.

Homogenize the samples for 1 min on the maximum setting, then cool them on ice for 1-2 min. Repeat this homogenization cycle once
more for a complete homogenization.

Note: Several alternative methods for homogenization will also work.

5. Quantifying intestinal colonization levels

1.

Prepare tubes (either small glass test tubes or 1.5 mL microcentrifuge tubes) for the serial dilution of the homogenate by adding 900
uL of LB or 1x PBS to each tube. For each fish, prepare 5-6 tubes and make 10-fold serial dilutions of the intestinal homogenate by
adding 100 pL of homogenate to the first tube, vortexing it to mix, and then adding 100 pL from the first tube to the second tube.
Repeat this procedure until all dilutions have been prepared.

Plate 100—200 pL of each dilution on LB agar plates containing 100 pg/mL of streptomycin (if using Streptomycin resistant strains) and
40 pg/mL of X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside). Incubate the plates at 30 °C for 16—18 h.

After the overnight incubation, count V. cholerae colonies on the plates, either using an automated colony counter or manually counting
the colonies; it is helpful to mark the counted colonies with a marker tip.

Determine the CFU per fish intestine by multiplying the plate count by the dilution factor of the suspension, taking into account the
volume that was plated.

2. Measurement of Fish Diarrhea

NOTE: Four different metrics were used to assess fish diarrhea: the mucin levels in the water, the overall excreted protein levels in the water, the
ODg of the water, and the V. cholerae CFU in the water'®. Diarrhea normally becomes visually evident approximately 6 h after the exposure of
the zebrafish to V. cholerae as described above.

1. Determine mucin levels
NOTE: Mucin secretion is induced during the V. cholerae colonization and is a good measure of excretion levels, especially early in
infection'®. The mucin assay is a variation on the microtiter periodic acid Schiff assay19.

1.

Prepare the following materials: 50% (w/v) periodic acid stock solution and 0.1% periodic acid working solution (10 pL of the 50%

periodic acid stock added to 5 mL of 7% acetic acid—use immediately after making), mucin standards, 96-well microtiter plates, Schiff's

reagent.

1. Prepare mucin standards by suspending the following amounts of mucin (from a porcine stomach type Ill) in a sodium acetate

buffer (100 mM sodium acetate, 5mM EDTA, pH to 5.5 with glacial acetic acid): 400 pg/mL, 300 pg/mL, 200 pg/mL, 150 pg/mL,
100 pg/mL, 75 pg/mL, 50 pg/mL, 25 pg/mL, and 10 pg/mL.
Prepare the plate by adding 100 pL of infection water to each well that will be used in the assay as follows: blank 1x PBS; mucin
standards as described above, or a water sample from the fish infection. Do each sample in triplicate.

Add 50 L of fresh 0.1% periodic acid solution to each well with a multichannel pipette and mix it by pipetting up and down several
times.

Wrap the plate tightly in plastic wrap and incubate it at 37 °C for 1-1.5 h.

Cool the plate down to room temperature for 5-10 min. Add 100 uL of Fuchsin solution (Schiff’s reagent) to each well, and pipet up and
down to mix it.

Wrap the plate in plastic wrap and incubate it at room temperature on a rocking platform until color has developed; the color is
generally developed within 20 min. Read the absorbance at 560 nm using a plate reader.

Plot a mucin standard curve (ODsgq vs. pg/mL mucin standard). Determine the mucin levels of the unknowns by identifying where the
ODsg of each unknown falls on the standard curve and reading the corresponding mucin concentration for that value.

2. Determine protein levels
NOTE: Aside from mucin, overall protein levels in the water are another proxy for the levels of diarrhea (cloudy, liquid stool) produced by
the fish. This procedure uses a standard Bradford assay to estimate protein levels. Protein levels are estimated based upon a bovine serum
albumin (BSA) standard curve.

1.

Mix 100 pL of one of the BSA standards (see note below) or 100 pL of infection water (water from the beaker containing the infected
fish) with 900 uL of Bradford assay reagent (the Pierce protein assay reagent works well for this) in a disposable cuvette. Incubate all
samples at room temperature for 2 min.

Note: The following BSA standards were used: 1,800 pg/mL, 1,000 pg/mL, 750 pg/mL, 500 pg/mL, 250 pg/mL, 125 pg/mL, 50 pg/mL,
and 25 pyg/mL. The BSA standards were diluted in autoclaved distilled water.

Read the ODggq of each standard or sample them using a spectrophotometer.

Plot the BSA standard curve (ODggp vs. ug/mL). Determine the protein levels of the unknowns by identifying where the ODgg, oOf each
unknown falls on the BSA standard curve and read the corresponding mucin concentration for that value.

3. Measure ODgq
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NOTE: The presence of diarrhea (cloudy, liquid stool) is visibly evident after several h and a simple ODggq determination can be used to
quantify this.
1. Invert the tube containing the infection water several times to evenly distribute the contents. Add 1 mL of the water sample to a
disposable cuvette. Use 1 mL of sterile infection water as the negative control.
2. Perform a “blank” measurement using the spectrophotometer at 600 nm using the negative control sample. Read each water sample at
600 nm and record the results.

4. Determination of excreted V. cholerae CFU/mL after infection

NOTE: A major component of the diarrhea produced by the zebrafish is excreted V. cholerae. The determination of the CFU/mL can be used
for purposes such as estimating the bacterial replication in the fish intestinal tract and as a measure of an infectious dose in transmission
experiments. This measure is best done when a transitory infection has taken place. If a 24 h infection is used, then this assay will measure
the combined inoculum plus the excreted V. cholerae.

1. Take a water sample at the desired time point and serially dilute it as described previously.

2. Plate the serial dilutions on selective media (LB agar containing streptomycin or another appropriate antibiotic or DCLS) and incubate

them at 30 °C for 24 h.
3. Count the colonies. Calculate the CFU per mL of water as described in step 1.5.

Representative Results

V. cholerae colonization of zebrafish intestinal tracts

To provide an example of the typical colonization levels we observe, we inoculated 5 x 10°® CFU of the pandemic EL Tor V. cholerae strain
N16961 in 200 mL of water in a beaker containing several zebrafish. After 6 h of infection, the fish were washed in fresh water and transferred
into a beaker of 200 mL of autoclaved infection water as described in the protocol. 18 h after the transfer (or 24 h after the primary infection),
the fish were euthanized, and their intestines were taken to determine the colonization levels. Approximately 10° to 10° V. cholerae cells per fish
intestine were typically observed in the intestinal tract 24 h post-infection (hpi) (Figure 1) with the 5 x 10° inoculum size.

Quantification of fish diarrhea

Diarrhea was quantified using the four simple assays described above. The first assay, the CFU of excreted V. cholerae, is shown in Figure 1.
Serial dilutions of the water 24 hpi were plated to count the V. cholerae CFU. Relatively high levels of excreted V. cholerae are usually observed;
in this example, approximately 10° V. cholerae per mL of water were detected. Uninfected fish do not produce detectible V. cholerae (data not
shown).

The second assay used to quantify diarrhea is excreted mucin. Figure 2 shows the effects of three different V. cholerae infectious doses on the
mucin levels in water 24 hpi. A higher infectious dose is correlated with a higher excretion of mucin into the water. As a control, four fish were
placed in an identical beaker of water, but PBS was added instead of the V. cholerae suspension. The control fish excreted very little mucin.

The third diarrheal quantification assay is the ODggg of the water 24 hpi. As shown in Figure 3, the ODgqq of this water was significantly higher in
the beaker containing zebrafish infected with V. cholerae than in the beaker containing uninfected zebrafish.

Finally, the total protein levels were measured in the water. Water containing the infected fish contained total protein levels nearly twice that
observed in the water containing the uninfected fish (Figure 4). Collectively, these four assays illustrate the effects V. cholerae infection has on
zebrafish excretion.
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Figure 1: Intestinal colonization of zebrafish by V. cholerae. The fish were infected for 6 h, then washed and incubated for a total of 24 h.
The left side of the figure illustrates the total CFU per intestine of four fish (black dots.) The right side of the figure indicates the V. cholerae CFU
per mL measured in water 24 hpi (black squares.) The means of both data sets are shown with a large horizontal line and the standard deviation
are indicated by error bars. Please click here to view a larger version of this figure.
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Figure 2: Mucin assay. Three different V. cholerae infectious doses were used, along with an uninfected control, as indicated under the x-axis.
The mean values of the mucin detected in the water by the modified Periodic acid Schiff (PAS) assay are indicated by the black bars above each
infectious dose. The error bars indicate the standard deviation. The asterisks indicate p <0.05 as determined by Student's unpaired t-test. Please
click here to view a larger version of this figure.
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Figure 3: ODgq assay as a proxy for diarrhea. The ODgyq of 1 mL of water from the beakers containing either V. cholerae infected or
uninfected fish was measured. The black bars indicate the mean value and the error bars indicate the standard deviation. The asterisks indicate
p <0.05 as determined by Student's unpaired t-test. Please click here to view a larger version of this figure.
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Figure 4: Total protein levels in water. The total protein was estimated by a Bradford assay as described. The black bars indicate the mean
values and the error bars indicate the standard deviation. The asterisks indicate p <0.05 as determined by Student's unpaired t-test. Please click
here to view a larger version of this figure.

The zebrafish is a relatively new model for studying V. cholerae but holds much promise for the future discovery of previously unknown aspects
of V. cholerae biology and pathogenesis11’12’13. The adult zebrafish model has the advantages of being both a natural V. cholerae host that
contains intact, mature intestinal microbiota and an environmental model. Disadvantages of the model are that the two major human virulence
factors, cholera toxin and toxin-coregulated pilus, are not required for zebrafish colonization or pathogenesis12. However, this could alternatively
be viewed as another advantage that could enable the identification of novel V. cholerae colonization factors and facilitate the study of other

V. cholerae toxins. This is especially relevant to the vast majority of non-O1/0139 "environmental" V. cholerae strains, most of which do not
produce cholera toxin or toxin-coregulated pilus and yet can still cause disease®®?".

The problems most likely to arise using this model are related to the abundant intestinal microbiota. Plating on nonselective media will make
this model essentially unusable as it will be impossible to identify the V. cholerae colonies. Even using selective or partially selective media such
as LB plus streptomycin or DCLS, a background of colonies from intestinal microbiota will be present. It is essential to verify that the colonies
that are being counted are bona fide V. cholerae by patching the colonies produced by the plating on less selective media onto a very selective
medium such as TCBS. Alternatively, the insertion of a better selective marker into the genome of a strain of interest would greatly simplify the
identification of V. cholerae from intestinal homogenates.

The advantage of the assays used to quantify zebrafish diarrhea is that they are simple and inexpensive to execute'. The disadvantage is

that these assays are largely nonspecific, aside from counting excreted V. cholerae CFU directly, and it can become difficult to determine if the
diarrhea is directly due to V. cholerae pathogenesis, or to some other stressor. The development of variations of these or other assays to improve
their specificity will likely aid in future measurements of V. cholerae pathogenesis in zebrafish.
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