
Engineered bacterial communication prevents Vibrio
cholerae virulence in an infant mouse model
Faping Duan and John C. March1

Department of Biological and Environmental Engineering, Cornell University, Ithaca, NY 14853

Edited by Rita R. Colwell, University of Maryland, College Park, MD, and approved May 13, 2010 (received for review February 1, 2010)

To investigate the possibility of using commensal bacteria as signal
mediators for inhibiting the disease cholera, we stably transformed
Escherichia coli Nissle 1917 (Nissle) to express the autoinducer
molecule cholera autoinducer 1 (CAI-1) (shown previously to pre-
vent virulence when present with another signaling molecule,
autoinducer 2, at high concentrations) and determined the effect
on Vibrio cholerae virulence gene expression and colonization in
an infant mouse model. We found that pretreatment of mice for
8 h with Nissle engineered to express CAI-1 (Nissle-cqsA) greatly
increased the mice’s survival (92%) from ingestion of V. cholerae.
Pretreatment with Nissle-cqsA for only 4 h increased survival by
77%,whereas ingesting Nissle-cqsA at the same time as V. cholerae
increased survival rates by 27%. Immunostaining revealed an 80%
reduction in cholera toxin binding to the intestines of mice pre-
treated for 8 h with Nissle-cqsA. Further, the numbers of V. choler-
ae in treated mouse intestines was reduced by 69% after 40 h. This
finding points to an easily administered and inexpensive approach
where commensal bacteria are engineered to communicate with
invasive species and potentially prevent human disease.
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The human gastrointestinal (GI) tract is home to hundreds of
bacterial species required for normal metabolism and com-

prises the first line of defense against ingested pathogens (1).
Commensal bacteria in the GI tract coexist with their human
hosts and with each other through a complex system of checks
and balances (2). Human defenses against enteric microorgan-
isms include innate and adaptive immunity. Immunoprotection
allows commensal populations to colonize both the large and
small bowel without causing sepsis. Signaling interactions be-
tween bacterial populations within the GI tract are only recently
being resolved at the molecular level (3–7). For example, it has
been shown that bacterial secretion of formate within the intest-
inal lumen controls Salmonella typhimurium’s colonization of the
GI tract (8). Formate secretion from non-S. typhimurium bacteria
allows S. typhimurium to colonize the distal ileum rather than
other sections of the bowel that have much lower concentrations
of formate.

Some bacterial signaling allows colonies to behave in manners
analogous to tissues of multicellular organisms. Termed “quorum
sensing” (QS) (9, 10) for its dependence on bacterial population
density, this type of signaling relies on extracellular signals (auto-
inducers) that accumulate as bacteria grow. At high population
densities, autoinducers bind to transmembrane-spanning recep-
tors to mediate colony-wide, coordinated gene expression. This
phenomenon is seen in both Gram-negative and Gram-positive
bacteria (11). One of the most widely studied autoinducers, auto-
inducer 2 (AI-2), is present in at least 50different species (11).AI-2
(a furanosyl borate diester; ref. 12) is expressed in Escherichia coli
and in that bacterium has been linked to biofilm formation (13)
and stress from heterologous protein expression (14, 15). For a
review of AI-2 in E. coli see ref. 16.

AI-2 is also expressed by the marine bacterium Vibrio cholerae,
the causative organism for the enteric disease cholera. In V. cho-
lerae as well as Vibrio harveyi AI-2 is expressed with another

externally secreted autoinducer, cholera autoinducer 1[CAI-1,
an (S)-3-hydroxytridecan-4-one] (17) (Fig. 1). The final step in
CAI-1 synthesis is carried out by the gene product of cqsA
(18). For AI-2 synthesis, the final step is mediated by the gene
product of luxS (19). AI-2 and CAI-1 work with a third, internal
QS circuit to coordinate gene expression when V. cholerae popu-
lations reach higher concentrations (20) (Fig. 1). This circuit is
almost identical in V. cholerae and V. harveyi. In the latter, the
third component is external and involves a V. harveyi-specific
autoinducer harveyi autoinducer 1 (HAI-1) (21) which activates
the lux operon leading to bioluminescence at high cell densities
(20). In V. cholerae, high cell densities lead to the cessation of
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Fig. 1. Quorum sensing in V. cholerae. V. cholerae QS is comprised of three
systems (A). These converge at the response regulator LuxO which serves to
downregulate virulence expression at high cell densities. Two external auto-
inducers, AI-2 (black triangles, synthesized by LuxS) and CAI-1 (black circles,
synthesized by CqsA) bind to their respective sensor proteins (LuxP/LuxQ for
AI-2 and CqsS for CAI-1) at high concentrations outside the cell. Autoinducer
binding converts internal kinases to phosphatases and prevents the transcrip-
tion of sRNAs responsible for blocking virulence inhibition. The result is the
cessation of virulence gene expression at high cell densities. Arrows indicate
regulation direction at low cell densities (i.e., when autoinducer is unbound).
V. cholerae CAI-1 is an (S)-3-hydroxytridecan-4-one (B). OM, outer membrane;
IM, inner membrane.
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virulence gene expression (22). At low cell density, V. cholerae
expresses virulence factors cholera toxin (CT) and the toxin
coregulated pilus (TCP) (23). TCP allows for attachment to
the intestinal wall (24, 25), whereas CT causes massive diarrhea
and dehydration by interrupting cAMP synthesis in intestinal
epithelia (26). V. cholerae enters through tainted water into the
GI tract where it can grow and continue to express virulence fac-
tors. It grows rapidly and can reach very high densities within a few
hours (27). Once at high cell density, virulence factor expression is
greatly reduced and protease expression allows for degradation of
the attachment matrix andmovement ofV. cholerae out of the host
with diarrheal fluids.

As temperatures around the world increase, it is expected
that threats from water borne illnesses will increase as well
(28). Cholera poses a particularly strong threat to developing
nations (29). South America, Africa, and the Indian subcontinent
are hardest hit with an estimated annual death toll between
120,000 and 200,000 (30). To investigate the possibility of using
commensal bacteria as a prophylactic against V. cholerae, we
stably transformed the commercially available probiotic E. coli
Nissle 1917 (Nissle) (31) to express CAI-1 (Nissle already ex-
presses AI-2) and determined the effect on V. cholerae virulence
gene expression and colonization. Previously we reported re-
duced CT and TCP expression in cocultures of V. cholerae and
Caco-2 human epithelia (32). In those experiments, Caco-2 cells
were first incubated with cell-free media from Nissle expressing
CAI-1 before being challenged with V. cholerae. The result was a
reduction in V. cholerae virulence gene expression. The objective
for the work described here was to determine if simple feeding
of engineered Nissle to infant mice could reduce CT levels and
V. cholerae colonization in mouse intestines.

Results
Nissle, a model commensal bacterium which has been proven safe
and effective as a delivery vehicle for therapeutics (31), was stably
transformed to express the gene cqsA (the gene encoding the final
CAI-1 synthesis enzyme; Fig. 1) under control of the native con-
stitutive promoter fliC to make the strain Nissle-cqsA. AI-2 and
CAI-1expression comparable to V. cholerae was confirmed for this
strain via bioassay (Figs. S1 and S2, respectively). As a pretreat-
ment against cholera, 2–3-day-old mice were fed at three differ-
ent times preinfection (0, 4, and 8 h) with Nissle, Nissle-cqsA, or
no pretreatment and subsequently challenged with V. cholerae. To
determine the limits of protection in this model, various numbers
of Nissle and Nissle-cqsA were fed to the mice as a pretreatment.
Survivability of mice was assayed 48 h after V. cholerae challenge
(Fig. 2). Mice fed the highest number of Nissle-cqsA (109 cells)
8 h before V. cholerae ingestion exhibited a 92% survival rate
(Fig. 2B). When less Nissle-cqsA was fed in the pretreatment
at 8 h, lower survivability was seen: 69% for 107 cells (Fig. 2C)
and 29% for 105 cells (Fig. 2D). Similarly, when mice were fed
Nissle-cqsA at 109 cells for shorter times, protection was lessened
to 77% for 4 h and 27% for mice fed Nissle-cqsA at the same time
as V. cholerae (Fig. 2 F and G, respectively). The unmodified
Nissle strains gave no protection from V. cholerae at the concen-
trations tested (Fig. 2 A and E). No mice fed V. cholerae survived
without pretreatment (Fig. 2H) and all mice not fed V. cholerae
survived without pretreatment (Fig. 2I).

At 16 and 40 h after infection with V. cholerae, some of the mice
were killed and their intestinal tracts were homogenized. After
16 h, plate counts indicated that the numbers of V. cholerae bac-
teria surviving in the GI tract were the same for mice fed
Nissle (109 cells 8 h prior to challenge), Nissle-cqsA (109 cells
8 h prior to challenge) and a control that had no pretreatment
(Fig. 3). After 40 h, the amounts of V. cholerae in plate counts
from homogenized intestinal tissue was relatively unchanged
for mice fed Nissle or only V. cholerae. However, mice fed
Nissle-cqsA had significantly fewer V. cholerae colonies (69%

on average) than they had at 16 h (Fig. 3). For mice fed 109 Nis-
sle-cqsA 8 h prior to V. cholerae challenge, plate counts indicated
that Nissle-cqsA survivability was on average 6.5 × 106 cfu (per
mouse after 16 h and 7.2 × 106 CFU per mouse after 40 h)
(Fig. S3).

Fig. 2. Survival of infant mice fed V. cholerae with different pretreatments.
Infant mice were fed with E. coli Nissle 1917 (Nissle), E. coli Nissle 1917 ex-
pressing the V. cholerae autoinducer gene cqsA chromosomally (Nissle-cqsA),
or no bacteria (no pretreatment) before being challenged with V. cholerae
(A–H). “No pretreatment” mice were either challenged with V. cholerae (H)
or not (I). Pretreatment times, numbers of bacteria fed, and bacterial strains
used are shown in the figure under the bar graph. Mice were fed with bac-
terial treatments either 0, 4, or 8 h before V. cholerae challenge. Survival of
mice after 48 h is shown. The total amount of bacteria fed each mouse (num-
ber) is also given. Directly below each bar on the chart is the set of conditions
for that experiment. For example, in B, 109 cells of Nissle-cqsA were fed to
mice 8 h before V. cholerae challenge and 11 out of 12 mice survived for a
survivability of 92%. In D, 105 cells of Nissle-cqsA were fed to mice 8 h before
V. cholerae challenge and 4 out of 14 mice survived for a survivability of
29%. The numbers of mice surviving in each group is shown over the total
number of mice in that group.

Fig. 3. Survival of V. cholerae in mouse intestinal tracts. Infant mice were fed
with E. coli Nissle 1917 (Nissle), E. coli Nissle 1917 expressing the V. cholerae
autoinducer gene cqsA (Nissle-cqsA), or no bacteria (VC only) before being
challenged with V. cholerae. Plate counts determined the cfu of V. cholerae
present in the intestines after 16 h and again after 40 h. Values are averages
of duplicate mice. Error bars represent 1 SD. The p values are for a Student t
test with n ¼ 2.
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After 48 h of V. cholerae challenge dissected mouse GI tracts
were subject to immunohistochemical staining for CT (Fig. 4).
Red staining indicated the presence of CTwhich mostly accumu-
lated on the epithelial surface of infected cells as expected (Fig. 4
A–D). To quantify the amount of CT bound, images of intestinal
slices from three mice per treatment were analyzed for percent
coverage by CT using ImageJ software from the National Insti-
tutes of Health (NIH) (Fig. 4E). For mice fed only V. cholerae
(without Nissle) the amount of CT coverage was approximately
22% (Fig. 4A). Nissle-fed (109 cells, 8 h prior to V. cholerae chal-
lenge) mice also had close to 22% coverage with CT following
V. cholerae challenge (Fig. 4B). Mice fed Nissle-cqsA (109 cells,
8 h prior to V. cholerae challenge) had significantly lower CT
(4% coverage with CT on average) after V. cholerae challenge
(Fig. 4 C and E) than all other mice except those not challenged
with V. cholerae which exhibited less than 1% of red staining
(Fig. 4D). Although there was no significant difference in cover-
age between nonpretreated mice and mice fed Nissle, there was a
significant reduction (80%) in CT coverage for mice pretreated
with Nissle-cqsA.

Discussion
The data in Fig. 2 demonstrate a dose-dependent benefit to
feeding with Nissle-cqsA prior to challenge with V. cholerae. Of
interest as well is the time dependence of the protection. For mice
whose pretreatment was only 4 h later (from 8 to 4 h and from 4 to
0 h) there was a drop in protection. In time-dependent experi-
ments, it became clear that the duration and quantity of Nis-
sle-cqsA fed will be crucial to its efficacy as a prophylactic.
Further, it could be surmised from the data in Figs. 2 and 4 that
less CT binding to the intestinal epithelia was correlated with
increased survivability. The red staining (less than 1%) for non-
infected cells was attributed to nonspecific staining of mucin-
containing goblet cells (Fig. 3D). In comparing these results with
those of our previous work (32), we found that the reduced
amount of CT detected in the infant mouse to be similar to what
was seen in human epithelial cells (an 80% reduction in mice and
an almost 70% reduction in human cells). This protective effect,
although not 100%, appears to be sufficient to allow for a high
level of survival (92%).

Although longer experiments would likely have been informa-
tive, one of the limitations of the infant mouse model is the
6–9 day duration for V. cholerae susceptibility in infant mice
(33). Adult mice are resistant to long-term V. cholerae coloniza-
tion. Hence, the duration of protection that could be expected
from feeding Nissle-cqsA to infant mice could not be determined.
However, these data suggest that in the event of a cholera out-
break feeding of Nissle-cqsA would have to already be underta-
ken at least 8 h prior to exposure to provide a high level of
protection. This implies a preventative that would become part
of the diet in impoverished areas or something that would be dis-
tributed as part of aid to areas where a recent natural disaster
would make the likelihood of cholera outbreak high.

That V. cholerae were significantly cleared from the mice
(Fig. 3) indicates feeding Nissle-cqsA was effective at both redu-
cing CTaccumulation and reducing V. cholerae binding to the GI
tract. Although less CT secretion from V. cholerae was demon-
strated previously to be a result of Nissle-cqsA activity (32), it
could not be determined from the results presented here if the
reduction in CTwas caused by lower CTsecretion from V. cholerae
or from there being fewer V. cholerae adhered to the mouse small
intestines. The amount of time that was required to see a differ-
ence in V. cholerae colonization was expected as the mechanism
for removal of nonadherent bacteria from the GI tract would be
normal bowel movements in a mouse not experiencing diarrhea.
V. cholerae can appear in human stools for weeks and even years
after ingestion (27). Here again, a longer experiment would have
been useful but not possible with the infant mouse model. Future
work may make use of a recently developed adult mouse model
that requires the use of several exogenous factors to facilitate
colonization (34) or a Drosophila melanogaster model (35). Dro-
sophila reportedly exhibits a much more human-like colonization
pattern than do nonhuman mammals.

Engineering probiotic bacteria to prevent or treat cholera has
been described previously. Focareta and coworkers engineered
commensal bacteria to express the GM1 ganglioside (the target
of CT) as a method for effectively sorbing CT and reducing
V. cholerae virulence. However, there is significant potential to
illicit immune responses to GM1 (a ubiquitous ganglioside in
the GI tract) using this approach (36). By using a bacterial auto-
inducer as a preventative, immune responses to the host’s own
biochemistry are avoided. Still, there is potential for stimulating
immune responses (specifically, IgA) against CAI-1 in an intest-
inal tract containing bacteria secreting CAI-1. IgA are secreted
into the mucosa and lumen of the small intestine in response
to ligands from intestinal bacteria, food, and other intestinal con-
tents. Although the pathways leading to IgA secretion against
specific ligands are not fully understood (37), the result is that
secreted IgA can bind to ligands within the lumen and render
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Fig. 4. CT binding to mouse intestines. Infant mice were given the following
pretreatments: no treatment (A), E. coli Nissle 1917 (Nissle) (B), E. coli Nissle
1917 engineered to express V. cholerae cqsA (Nissle-cqsA) (C). Mice in A–C
were then challenged with V. cholerae. Mice in D were not pretreated
and were not challenged with V. cholerae. Intestines were stained for the
presence of CT. Red staining indicates the presence of CT. Arrows in C indicate
red staining. Slides from triplicate mice for each treatment were analyzed
using ImageJ software (NIH) to quantify the amount of red staining (CT) pre-
sent. The percentage of red coverage for each slide was determined and the
values averaged (D). Error bars represent 1 SD. The p values are for a Student
t test with n ¼ 3. Images in A–D were taken at 40× magnification.
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them ineffective. This allows for noninflammatory immunopro-
tection of the host (38). If CAI-1 were targeted by IgA it could
lead to heightened pathogenicity in the presence of V. cholerae as
CAI-1 is bound by IgA and thereby potentially prevented from
reentering V. cholerae. Without effective CAI-1 accumulation,
V. cholerae virulence would not abate at high cell densities.
The result to the host would be sustained CT expression from
V. cholerae still expressing binding protein (TCP) and not expres-
sing the proteases needed to release it from the intestinal wall.
Clearly, further study is required to determine if CAI-1 elicits
immunoresponses in the host. In order to best answer this ques-
tion, human subjects fed bacteria secreting CAI-1 for extended
periods of time would have to be tested for expression of IgA-
decorated CAI-1.

Reported here is an important step toward determining if com-
mensal bacteria could be engineered to serve as a prophylactic
against cholera. Although further study is needed to elucidate
the long-term effects of feeding engineered bacteria to human
hosts, our findings are encouraging. They highlight the potential
of engineering commensal bacteria to serve as in vivo signal med-
iators. In this case, pathogen-specific communication is used to
lower pathogenic bacterial virulence. In other work, we have
shown how signaling between commensal bacteria and the host’s
epithelial cells can potentially treat autoimmune disease (39).
These examples point to an exciting and versatile approach to
preventing and treating disease where the body’s own bacteria
are engineered to communicate on the body’s behalf.

Materials and Methods
Unless otherwise indicated all chemicals and reagents were purchased from
VWR International. All cloning was carried out using standard techniques
(40). A construct was prepared for chromosomal insertion of the cqsA gene
under control of the native fliC promoter. The construct was used to chromo-
somally insert the cqsA gene into Nissle using established methods (41).
Briefly, one-step inactivation was used to insert the cqsA gene in place of
fliC downstream of the fliC promoter region in the Nissle chromosome. This
technique uses two plasmids, pKD3 (conferring chloramphenicol resistance)
and pKD46 (conferring ampicillin resistance) (41).

Nissle 1917 and all other E. coli strains were maintained in LB at 37 °C, with
shaking at 225 rpm. For infection experiments, a streptomycin-resistant strain
of V. cholerae El Tor C6706str (kind gift from Ronald Taylor, Dartmouth Med-
ical School, Hanover, NH) was used. V. cholerae were maintained at 30 °C
without shaking in either LB or AKFD (15 g∕L peptone, 4 g∕L yeast extract,
10 g∕L sodium chloride, pH 7.4) media. V. harveyi strains BB120 (wild type)
and BB170 (ΔluxS) were used as positive control and reporter strain for AI-2
assays, respectively. Both strains were maintained in AB medium (0.3 M NaCl,
0.05M MgSO4, 0.2% vitamin-free casamino acids (Difco), adjusted to pH 7.5
with KOH. The medium was sterilized and then 10 mL 1 M potassium phos-
phate (pH 7.0), 10 mL of 0.1 M L-arginine, 20 mL of Glycerol, 1 mL of
10 μg mL−1 riboflavin, and 1 mL of 1 mg mL−1 thiamine was added per liter)
(42) at 30 °C with shaking at 225 rpm. V. choleraeMM920 [ΔcqsA ΔluxQ pBB1
(luxCDABE from V. harveyi)] was used as the reporter strain for CAI-1 and
maintained in LB medium at 30 °C with shaking at 225 rpm. BB120,
BB170, andMM920 were kind gifts from Bonnie Bassler (Princeton University,
Princeton, NJ).

E. coli DH5α (DH5α), Nissle, and Nissle with a cqsA chromosomal insertion
(Nissle-cqsA) were grown in AKFD at 37 °C shaking at 225 rpm for 8 h. V. cho-
leraewas grown in AKFDwith 10 μg/mL streptomycin at 30 °C at 225 rpm and
V. harveyi BB120 was grown in AB medium, at 225 rpm and 30 °C, both for
8 h. After 8 h, all bacteria were spun down and washed three times with the
corresponding culture medium. All cultures were adjusted to the same OD600

and inoculated into the same amount of culture medium. After inoculation,
DH5α, Nissle, and Nissle-cqsA were grown overnight in AKFD at 37 °C shaking
at 200 rpm. V. cholerae was grown overnight at 30 °C shaking at 200 rpm in
AKFD and V. harveyi BB120 was grown overnight at 30 °C shaking at
200 rpm in AB medium. After growing 14–16 h, overnights were centrifuged
at 4;000 × g for 30min at 4 °C. The supernatantwas filtered (0.2 μm, PALL Life
Sciences). The cell-free culture medium was diluted to OD600 ¼ 1 with AKFD,
and 10 ng∕mL leupeptinwas added to inhibit proteases before storageat 4 °C.

To test for AI-2 activity V. harveyi BB170 was grown overnight in AB med-
ium and diluted 1∶3;000 in AB medium. Overnights of strains to be tested for
AI-2 activity were centrifuged (4;000 × g) and 10 μL of their cell-free super-
natant was added to 90 μL of diluted V. harveyi BB170 in a sterile 96-well
plate and incubated at 30 °C with shaking at 225 rpm. Luminescence from
the reporter strain was measured in a microtiter plate reader (FLX800,
BIO-TEK Instruments, Inc.) every 0.5 h until the luminescence of the control
increased. As controls, we tested the strains DH5α [an AI-2 mutant strain (19)
that has no CAI-1 activity] and V. harveyi BB120 (which has both CAI-1 and
AI-2 activity).

To test for CAI-1 activity, V. cholera MM920 was grown to a high density
overnight and diluted 1∶10 in LB with 5 μgmL−1 tetracycline. Overnights of
strains to be tested for CAI-1 activity were centrifuged (4;000 × g) and 30 μL
of cell-free supernatant was added to 70 μL of diluted V. cholera reporter
MM920 (diluted in LB) in a sterile 96-well plate and incubated at 30 °C with
shaking at 225 rpm. Luminescence was measured by microtiter plate reader
(FLX800, BIO-TEK Instruments, Inc.) every 0.5 h until the luminescence
decreased. As controls we tested the strains DH5α (an AI-2 mutant strain that
has no CAI-1 activity) and V. harveyi BB120 (which has both CAI-1 and AI-2
activity).

All mice used in these experiments were treated in accordance with pro-
tocols approved by the Cornell University Institutional Animal Care and Use
Committee. All mice were housed at the Transgenic Mouse Core Facility at
the Cornell University Veterinary School. Pregnant mice (CD-1) used in this
study were purchased from Charles River Laboratories. Briefly, 2–3-day-old
suckling CD-1 mice were separated from their mothers for 1 h. Each mouse
was fed with cultures of Nissle (Nissle or Nissle-cqsA) that had been grown
10 h in LB and then washed with 1×PBS and concentrated to either 105,
107, or 109 cells in 20 μL 20% sucrose and blue food-coloring dye (Evans Blue,
VWR; the dye provided visual confirmation of bacteria through the mouse
skin). Nissle-fed mice were put back with their mothers.

After 0, 4, or 8 h, each mouse was fed with 2 × 107 V. cholerae except for
the blank control group. Some of the mice were euthanized after 16 or 40 h
of V. cholerae challenge and their guts were removed and mechanically
homogenized in 2 mL of LB. For colony counting at 16 and 40 h, serial
dilutions of extracts from homogenized guts of those mice receiving either
109 cells of Nissle, Nissle-cqsA, or no treatment were plated onto thiosulfate
citrate bile salts sucrose agar supplemented with 100 μg∕mL streptomycin to
enumerate V. cholerae cfu. To count Nissle-cqsA survival at 16 and 40 h,
homogenized guts were plated onto MacConkey agar supplemented with
10 μg∕mL chloramphenicol.

The numbers of mice still living after 48 h was recorded before all of the
remaining mice were euthanized. The gut tissues of mice sacrificed after 48 h
were fixed in 4% paraformaldehyde (Mallinckrodt) overnight and washed
three times with 1×PBS and soaked in 70% ethanol. Fixed gut tissues were
then dissected. After deparaffinization, fixed tissue slides were steamed
in 0.01 M citrate buffer pH 6.0 and immersed in 0.5% hydrogen peroxide
(Fisher) in methanol for 10 min to block endogenous peroxidase. After wash-
ing in 0.01 M PBS (pH 7.2), 10% normal blocking goat serum (Invitrogen) was
applied for 20 min at room temperature in a humid chamber. Anticholera
toxin subunit B (US Biological) diluted in PBS plus 1× casein (Vector) was
applied to blocked samples that were then incubated in a humid chamber
for 1.5 h at 37 °C. After washing four times in PBS, a biotinylated secondary
antibody (Vector) diluted 1∶200 in PBS was applied to samples for 20 min at
room temperature in a humid chamber. Samples were incubated with strep-
tavidin peroxidase (Invitrogen) for 20 min at room temperature in a humid
chamber and washed three times with PBS. Samples were incubated with
3-amino-9-ethylcarbazole chromogen/substrate solution (Invitrogen) at
room temperature. Color development was monitored under ordinary light
microscopy for approximately 5–15 min. A distilled H2O rinse was used to
stop the reaction. Brightfield slides were counterstained with hematoxylin
(Fisher) for 30 s before rinsing in tap H2O for 5 min. Samples were mounted
using an aqueous mounting medium Fluoromount (Fisher). Pictures were
taken with a color camera under an ordinary light microscope (Leica). The
stained gut tissue pictures were analyzed by Image J software (NIH-National
Center for Biotechnology Information) for the percent coverage by CT as
estimated from red coloring.
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