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Vibrio cholerae remains a major global health threat, dispropor-
tionately impacting parts of the world without adequate infra-
structure and sanitation resources. In aquatic environments, V.
cholerae exists both as planktonic cells and as biofilms, which
are held together by an extracellular matrix. V. cholerae biofilms
have been shown to be hyperinfective, but the mechanism of
hyperinfectivity is unclear. Here we show that biofilm-grown cells,
irrespective of the surfaces on which they are formed, are able to
markedly outcompete planktonic-grown cells in the infant mouse.
Using an imaging technique designed to render intestinal tissue
optically transparent and preserve the spatial integrity of infected
intestines, we reveal and compare three-dimensional V. cholerae
colonization patterns of planktonic-grown and biofilm-grown
cells. Quantitative image analyses show that V. cholerae colonizes
mainly the medial portion of the small intestine and that both the
abundance and localization patterns of biofilm-grown cells differ
from that of planktonic-grown cells. In vitro biofilm-grown cells
activate expression of the virulence cascade, including the toxin
coregulated pilus (TCP), and are able to acquire the cholera toxin-
carrying CTXV phage. Overall, virulence factor gene expression is
also higher in vivo when infected with biofilm-grown cells, and
modulation of their regulation is sufficient to cause the biofilm
hyperinfectivity phenotype. Together, these results indicate that
the altered biogeography of biofilm-grown cells and their en-
hanced production of virulence factors in the intestine underpin
the biofilm hyperinfectivity phenotype.
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Cholera is an acute diarrheal illness caused by the ingestion of
the pathogenic bacterium Vibrio cholerae in contaminated

drinking water and food. It remains a major public health con-
cern in the 21st century, and improvements in mitigation mea-
sures are needed to alleviate its impact (1, 2). V. cholerae occurs
naturally in various aquatic environments. Its ability to survive in
these habitats is tied to its capacity to cause cholera outbreaks
when it is transmitted to a human host.
One key factor that is predicted to be important for the in-

fection cycle of V. cholerae is its ability to form biofilms, which
are matrix-enclosed, surface-associated cellular communities
(3–5). Biofilm formation increases environmental fitness of V.
cholerae in natural settings by providing protection from a
number of environmental stresses, including predation by pro-
tozoa and bacteriophages (6, 7). In cholera endemic areas, re-
moval of particles >20 μm in diameter from surface waters can
reduce cholera incidence by 48%, suggesting that biofilms are
critical for the transmission of V. cholerae (8). Stool samples
from cholera patients contain V. cholerae both as planktonic cells
and biofilm aggregates; the average infectivity of the biofilm
aggregates is significantly higher than that of planktonic cells
(9–11). Maintenance of biofilm architectural properties appears
to be dispensable for this phenotype, as both intact and dispersed
biofilms are markedly more infectious than free-living cells (3).

Taken together, these studies underscore the significance of
the biofilm growth mode in the environmental, transmission, and
infectivity phases of V. cholerae’s life cycle. Despite this aware-
ness, the molecular mechanisms responsible for the biofilm-
related hyperinfectious phenotype in V. cholerae are poorly un-
derstood. Here we demonstrate that the altered biogeography of
biofilm-grown cells and enhanced production of virulence factors
by biofilm-grown cells govern the biofilm hyperinfectivity
phenotype.

Results and Discussion
V. cholerae Biofilms Are Hyperinfectious. To further understand the
hyperinfectivity mechanisms of biofilm-grown V. cholerae cells,
we grew V. cholerae biofilms on different surfaces (plastic, glass,
and chitin) and compared the ability of planktonic-grown and
biofilm-grown cells to colonize the infant mouse intestine using a
competitive index (CI) assay. In each case, biofilm-grown cells
colonized the small intestine ∼7–10 times more effectively than
planktonic-grown cells (Fig. 1A). Mice infected with biofilm-
grown cells also exhibited more severe diarrheal symptoms, as
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measured by fluid accumulation (Fig. 1B). These findings dem-
onstrate that biofilm-grown cells, regardless of the surface on
which they are formed, are in a hyperinfectious state and are able
to better colonize the infant mouse intestine than planktonic-
grown cells.

Abundance and Spatial Patterns of Colonization Are Altered in
Intestines Infected with Biofilm-Grown Cells. The geography of a
colonization site directly affects microbial activity, including
processes that determine virulence (12). We hypothesized that
planktonic-grown and biofilm-grown cells may have altered col-
onization niches that contribute to the hyperinfectivity of
biofilm-grown cells. To test this, we paired quantitative three-
dimensional (3D) confocal microscopy with microbial identifi-
cation after passive CLARITY technique (MiPACT) to analyze
V. cholerae infection outcomes of planktonic-grown and biofilm-
grown bacteria in the intestine, using a murine model of infection
(13). MiPACT involves fixing and embedding tissue in an ac-
rylamide hydrogel to provide structural integrity (important for
the often mucous-rich and unstable sites of bacterial coloniza-
tion) and subsequent optical clearing of the tissue to allow deep
imaging (14, 15). Hybridization chain reaction (HCR) was then
used to label bacterial ribosomal RNA (rRNA) and messenger
RNA (mRNA) to identify cells and quantify their activity in the
context of their spatial arrangement (16–18). The tcpA mRNA
probe was validated in vitro in pTAC::toxT, pTAC::toxTΔtcpA,
wild-type (WT), and ΔtcpA strains and in vivo in phosphate-
buffered saline (PBS)-infected intestines (SI Appendix, Fig.
S4 A–C). The V. cholerae specific rRNA probe was also validated
in vivo in PBS-infected intestines (SI Appendix, Fig. S4D). By
applying this technique to infected intestines, we were able to
comprehensively characterize V. cholerae colonization in the 3D
intestinal space (Fig. 2 A and B).
To quantify bacterial biomass and evaluate the spatial distri-

bution pattern in the intestine, images were analyzed using
BiofilmQ, a software tool we developed for quantifying spatially
resolved biofilm properties (19). For both biofilm- and
planktonic-grown cell infections, we observed that the majority
of the cells were found in the medial portion of the intestine
(sections 2 and 3), consistent with previous observations
(Fig. 2 D and E and SI Appendix, Figs. S1 and S2) (20). We
therefore focused on these regions for the remainder of our
analysis (Fig. 2 C–E and Movies S1 and S2). In the medial

segment of the intestine, total biomass of biofilm-grown cells was
consistently observed to be much more abundant than
planktonic-grown cells (4-fold), indicating that biofilm-grown
cells were more efficient at colonizing within that niche
(Fig. 2D). While the bacterial load was lower in the proximal and
distal portions of the small intestine, biofilm-grown cells were
still more successful at colonizing these regions (SI Appendix,
Figs. S1 and S2). Quantitative analysis of the fraction of in-
testinal surface that has been colonized also showed that biofilm-
grown cells colonized a greater portion of the intestine than
planktonic-grown cells (Fig. 2E). It is important to note that due
to increased fluid accumulation in mice infected with biofilm-
grown cells, their abundance could be underestimated at late
infection (Fig. 1B).
With respect to the spatial distribution, we observed that

planktonic-grown cells were predominantly found along the
bottom half of the villi, consistent with previous reports (20). In
contrast, a greater proportion of biofilm-grown cells were lo-
calized to the top half of the villi (Fig. 2F). Preferential locali-
zation of planktonic-grown cells to the base of the villi has been
suggested to protect cells from peristalsis in the lumen (20).
Localization of biofilms to the top half of the villi may indicate
that these cells can adhere more tightly and, furthermore, that
this location may protect cells from host-associated defenses
produced in the crypts (21). This spatial preference may con-
tribute to the increased bacterial load observed in mice infected
with biofilm-grown cells. Application of detection and quantifi-
cation techniques allowed us to reveal that planktonic-grown and
biofilm-grown cells exhibit differences in colonization and spatial
distribution along the intestine.

Enhanced Production of Virulence Factors Accounts for Biofilm
Hyperinfectivity Phenotype. We next sought to identify the
mechanism by which biofilms become hyperinfectious. To do this
we first compared whole-genome expression profiles of cells
from biofilms grown on plastic surfaces and planktonic-grown
cells (22). As expected, transcript abundance of genes involved
in the biofilm matrix assembly, including the key biofilm regu-
lators vpsR and vpsT and Vibrio polysaccharide (vps) genes, was
higher in cells grown in biofilms, and transcript abundance of
genes involved in flagellar motility was decreased in cells grown
in biofilms (Fig. 3 A and B). In addition to these expected dif-
ferences, message abundance of a number of virulence-related
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Fig. 1. Biofilm-grown cells are more virulent than planktonic-grown cells. (A) The ability of V. cholerae planktonic and biofilm-grown cells to colonize the
infant mouse intestine was analyzed using a competition assay, resulting in the measurement of a CI that compares the wild-type V. cholerae grown in
different conditions prior to intragastrical inoculation: Planktonic indicates that cells were grown planktonically, Biofilm Plastic indicates that biofilms were
grown in plastic tubes, Biofilm Glass indicates that biofilms were grown on glass slides, and Biofilm Chitin indicates that biofilms were grown on chitin. Each
symbol represents the CI in an individual mouse (n ≥ 7); horizontal bars indicate the mean. Statistical analysis was carried out using a one-way ANOVA and
Kruskal-Wallis test (*P < 0.05, **P < 0.005). (B) Fluid accumulation (FA) ratio was measured in mice infected with a PBS control, wild-type planktonic-grown, or
wild-type plastic tube–biofilm-grown cells (n ≥ 9). Statistical analysis was carried out using a one-way ANOVA and Kruskal-Wallis test (***P < 0.0001).
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Fig. 2. MiPACT imaging of infected infant mouse intestines reveals differences in abundance and spatial patterns of colonization between planktonic-grown
and biofilm-grown cells. (A) Schematic showing the MiPACT and HCR protocol. CLSM, confocal laser scanning microscopy. (B) Mouse gastrointestinal tract
sections: proximal (section 1), medial (sections 2 and 3), and distal (section 4). The large intestine was treated as one section (section 5). From the central
regions of these sections, 1-mm segments were used for tissue clearing, HCR treatment, staining, and imaging. (C) Three-dimensional rendering of the medial
sections of the small intestine infected with planktonic- or biofilm-grown V. cholerae (showing representative images from n ≥ 9 taken from 4 to 5 mice).
(Scale bar, 100 μm.) (D) Total biovolume of cells found in sections 2 and 3 of the intestines infected with planktonic- or biofilm-grown cells (n ≥ 9). Statistical
analysis was carried out using an unpaired two-sample t test (**P < 0.005). (E) Bacterial biomass volume normalized by the intestinal surface area in medial
sections of the intestines (n ≥ 9). Statistical analysis was carried out using an unpaired two-sample t test (**P < 0.005). (F) Spatial distribution of planktonic
and biofilm-grown cells along the villi of the intestines in sections 2 and 3 of the intestines (n ≥ 9).
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genes was increased in biofilm-grown cells, including the major
virulence regulators toxT, toxR, toxS, tcpP, and tcpH as well as the
crucial virulence factors regulated by them. These include the
toxin-coregulated pilus (TCP), a Type IV pilus that is required
for intestinal colonization, and cholera toxin (CTX), a secreted
enterotoxin responsible for inducing the watery diarrhea asso-
ciated with cholera (Fig. 3 A and B) (23–25). We confirmed that

expression of vpsL, tcpA, and ctxA was indeed higher in biofilm-
grown cells using qPCR as a complementary approach (SI Ap-
pendix, Fig. S3A).
TCP is also a receptor for the CTXV, which is a lysogenic

bacteriophage carrying the CTX gene cluster that can infect
nonpathogenic Vibrio species and confer virulence to these
strains (26). Given that TCP transcript levels were more
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Fig. 3. Up-regulation of virulence genes in biofilm-grown cells contributes to the hyperinfectious phenotype. (A) RNA-seq analysis was performed comparing
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abundant in biofilm-grown cells than planktonic-grown cells, we
reasoned that biofilm-grown cells would undergo increased
transduction events compared to planktonic-grown cells (26).
CTXV also encode for repressors of CTXV replication, thus
preventing a secondary infection by an identical phage (27, 28).
Therefore, to test our hypothesis, we first generated a strain
lacking one of the CTXV repressors (ΔVC1464) to overcome
phage immunity. We then assessed the transduction efficiency of
cells transduced in either biofilm-grown or planktonic-grown
cells and observed that biofilm-grown cells were transduced
∼1,000-fold more than planktonic-grown cells (Table 1). This
finding not only confirms that TCP is more abundant in biofilms
but also indicates that the biofilm growth mode likely contributes
to the evolution of pathogenic strains of V. cholerae and hyper-
infectivity once ctx genes are acquired.
Overall transcript abundance of virulence genes was higher

under biofilm conditions indicating that biofilm-grown cells
might be primed for host infection. To test this, we first assayed
the ability of planktonic-grown and biofilm-grown ΔtcpA cells to
compete with wild type during intestinal colonization. Under
both conditions, the ΔtcpA strain was unable to colonize as well
as wild type, exhibiting more than a 125-fold decrease in colo-
nization (Fig. 3C). Additionally, single-strain colonization assays
with biofilm-grown wild type or biofilm-grown ΔtcpA cells
showed an even greater defect in intestinal colonization, as the
tcpA mutant abundance in the intestine was decreased 6,000-fold
compared to wild type (Fig. 3D). However, additional virulence
factors could also contribute to the biofilm hyperinfectivity
phenotype in addition to TCP. Because transcriptomic analyses
showed that toxT, the most downstream regulator of the viru-
lence cascade, is more abundant in biofilm-grown than plank-
tonic cells, we decided to selectively control its expression as a
different way of probing the hyperinfectivity phenotype. We
modulated expression of toxT from an isopropyl β-D-1-thio-
galactopyranoside (IPTG) inducible promoter (Ptac promoter)
to similar levels in both planktonic and biofilm-grown cells and
performed a competition assay (SI Appendix, Fig. S3 B and C).
Under these conditions, biofilm-grown cells no longer out-
competed planktonic-grown cells, and planktonic-grown cells
demonstrated a slight advantage in intestinal colonization
(Fig. 3E). This finding supports the hypothesis that biofilm-
induced up-regulation of virulence genes is the key contributor
to the hyperinfectivity phenotype of V. cholerae biofilm cells.
Based on these results, we predicted that biofilm-grown cells

would express TCP more highly in the intestine than planktonic-
grown cells. To test this prediction in situ, we used MiPACT and
HCR. We were able to detect and localize the tcp message in 3D
space within infected intestinal samples (Fig. 4A). Using Bio-
filmQ, we quantified tcpA mRNA using two different metrics.
Analysis of tcpA signal, normalized by biomass (Fig. 4B), dem-
onstrated that 22 h postinoculation, at late-stage infection, tcpA
is similarly expressed in planktonic and biofilm-grown cells.
However, given the overall increased bacterial load per intestinal
surface area for biofilm-infected intestines (Fig. 2E), the overall
tcpA abundance per intestinal surface area was also higher
(Fig. 4C). Collectively, these results showed that biofilm-grown
cells highly express tcpA prior to infection and that biofilm-

infected intestines have enhanced levels of tcpA mRNA,
thereby contributing to the enhanced adherence, colonization,
and severity of the disease.
The contribution of biofilms in chronic infections to antimi-

crobial resistance and protection from host defenses is well
established; however, the role of biofilms in acute infections is
less understood (29). In Pseudomonas aeruginosa and Staphylo-
coccus aureus, it is generally accepted that acute infection is
marked by rapidly replicating bacteria producing high levels of
virulence factors, while chronic infection is marked by slower-
growing bacteria adhering to tissues or another surface to form
biofilms (30). However, the growth state of bacteria during in-
fection is often dynamic, and very little work has been done to
compare the impact of planktonic-grown cells and biofilm-grown
cells on transmission and initiation of acute infection. In V.
cholerae, biofilm-grown cells require a lower infectious dose
(lower ID50), grow faster during acute infection, achieve a higher
level of colonization, and exhibit different temporal infection
dynamics in the small intestines of infant mice, compared with
the cells that were grown planktonically (3, 31).
We discovered that biofilm-grown V. cholerae cells are primed

for enhanced infectivity by producing the core virulence factors
TCP and CTX. Previous work demonstrated that the master
biofilm regulator, VpsR, positively regulates AphA, a positive
upstream regulator of virulence factors (32–34). This regulatory
pathway could contribute to the enhanced expression of viru-
lence factors during biofilm formation. The quorum-sensing
regulator, HapR, has been shown to impact hyperinfectivity in
intact biofilms, but is dispensable in dispersed biofilms (3, 35).
This suggests that HapR likely mediates detachment from the
biofilm in vivo and that detachment during infection may be
required to fully unlock the biofilm hyperinfectivity phenotype. It
is known that HapR negatively regulates AphA, indicating that
virulence production during different stages of infection is tightly
controlled by numerous regulators (36). We additionally showed
that, due to the enhanced TCP production, biofilms are likely to
be hotbeds for phage transduction and the generation of toxi-
genic V. cholerae variants. More broadly, our imaging and
quantification methods provide biological insights into Vibrio
biofilm-mediated hyperinfectivity and technical advancements
that will enhance our understanding of other biofilm-related
pathogens in the context of the host.

Materials and Methods
Ethics Statement. All animal procedures used were in strict accordance with
the Guide for the Care and Use of Laboratory Animals (37) and were ap-
proved by the University of California (UC), Santa Cruz, Institutional Animal
Care and Use Committee, Santa Cruz, CA (approval number Yildf1206).

Bacterial Strains, Plasmids, and Culture Conditions. The strains used in this
study are listed in the SI Appendix, Table S1. V. cholerae and Escherichia coli
strains were grown aerobically in Lysogeny-Broth (LB) broth (1% tryptone,
0.5% yeast extract, 1% NaCl [pH 7.5]) at 30 °C and 37 °C, respectively. LB
agar contained granulated agar (Difco, Becton Dickinson) at 1.5% (wt/vol).
Planktonic cultures were grown in 5 mL LB at 30 °C for 16 h under shaking
conditions (200 rpm). Biofilms were grown as follows: for biofilms grown in
plastic tubes, cells were grown in 15-cm silicon tubes (ID 0.125/OD 0.250)
with 2% LB medium (0.02% tryptone, 0.01% yeast extract, 1% NaCl [pH 7.5])
and incubated at room temperature for 48 h using a peristaltic pump to
deliver constant flow at a rate of 4.4 mL per hour; biofilms on chitin and
glass surfaces were formed using drip flow reactors in LB medium. Biofilm-
grown cells were prepared by scraping into 1× PBS and resuspended by
pipetting. Medium additives were used when necessary at the following
concentrations: rifampin, 100 μg/mL; ampicillin, 100 μg/mL; kanamycin,
50 μg/mL; and IPTG, 1 mM.

DNA Manipulations. Plasmids were constructed using the Gibson assembly
recombinant DNA technique (New England BioLabs). Gene deletions were
carried out using allelic exchange of the native open reading frame (ORF)
with the truncated ORF, as previously described (38). The deletion constructs

Table 1. CTX-Kmϕ transduction of planktonic-grown or biofilm-
grown cells

Strain Growth Mode CTX-Kmϕ Transduction Efficiency

ΔVC1464 Planktonic-grown cells 3 cfu/mL
ΔVC1464 Biofilm-grown cells 3 × 103*** cfu/mL

Statistical analysis was carried out using an unpaired two-sample t test
(***P < 0.0001).
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were sequenced (UC Berkeley DNA Sequencing Facility) and are listed in the
SI Appendix, Table S1.

Competitive Index. An in vivo competition assay for intestinal colonization
determination was performed as described previously (39). Five-day-old
suckling CD-1 mice were inoculated intragastrically with 106 cells that were
in planktonic- or biofilm-growth mode as indicated. This inoculum consisted
of a mixture of two strains, at ∼1:1 colony-forming units (cfu) ratio, sus-
pended in PBS. The two strains in this mixture were the V. cholerae ΔlacZ
control strain and V. cholerae wild-type or mutant strains. The inoculum was
plated on LB agar plates containing 5-bromo-4-chloro-3-indoyl-β-D-gal-
actopyranoside (X-Gal) to differentiate the colonies of the ΔlacZ strain and
the other strains and to determine the input ratio. At 22 h postinoculation,
small intestines were removed, weighed, homogenized, and plated on ap-
propriate selective and differential media to enumerate strain (wild-type or
mutant)/condition #1 (planktonic-grown or biofilm-grown) and strain
(wild-type or mutant)/condition #2 (planktonic-grown or biofilm-grown)
cells recovered to obtain the output ratios. In vivo competitive indices were
calculated by dividing the small-intestine output ratio of strain (wild-type or

mutant)/condition #1 (planktonic-grown or biofilm-grown) to strain
(wild-type or mutant)/condition #2 (planktonic-grown or biofilm-grown) by
the inoculum input ratio of strain/condition #1 to strain (wild-type or mu-
tant)/condition #2 (planktonic-grown or biofilm-grown).

Fluid Accumulation. After V. cholerae oral inoculation as indicated previously,
mice were sacrificed 22 h postinfection, and the fluid accumulation (FA) ratio
was determined as: weight of stomach and intestines (gut)/(mouse body
weight − gut weight) (40). All animal procedures used were in strict accor-
dance with the NIH Guide for the Care and Use of Laboratory Animals (37)
and were approved by the UC Santa Cruz Institutional Animal Care and Use
Committee (Yildf1806).

RNA Isolation. V. choleraewild-type cells were grown in planktonic or biofilm
mode as described above. Cells were collected and supernatant removed
after centrifugation. Pellets were immediately resuspended in 2 mL of TRIzol
(Invitrogen) and stored at −80 °C. Total RNA was isolated according to the
TRIzol manufacturer’s instructions. To remove contaminating DNA, total
RNA was incubated with RNase-free DNase I (Ambion), and RNeasy mini kit

C

A

B

tc
pA

 s
ig

na
l/b

io
m

as
s 

vo
lu

m
e 

(a
.u

.)

0

10

20

30

40

Plan
kto

nic

Biof
ilm

-1

0

1

2

3

4

Plan
kto

nic

Biof
ilm

B
io

fil
m

P
la

nk
to

ni
c

All channels  Apctearelohc .V mRNA

tc
pA

 s
ig

na
l/i

nt
es

tin
al

 s
ur

fa
ce

 a
re

a 
(a

.u
.)

**

Fig. 4. Biofilm-grown cells enhance total tcp expression in vivo. (A) Three-dimensional rendering of the medial section of the small intestine infected with
planktonic- or biofilm-grown V. cholerae expressing tcpA (n = 6). (Scale bar, 100 μm.) (B) Abundance of tcpA transcript HCR fluorescence signal per bacterial
biomass volume of cells found in medial sections of the intestines infected with planktonic- or biofilm-grown cells (n ≥ 5). Statistical analysis was carried out
using an unpaired two-sample t test. (C) Abundance of tcpA transcript signal per intestinal surface area (including villi and crypts) found in medial sections of
the intestines infected with planktonic- or biofilm-grown cells (n ≥ 5). Statistical analysis was carried out using an unpaired two-sample t test (**P < 0.005).
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(Qiagen), and ethanol precipitation was used to clean up RNA after DNase
digestion. The RNA concentration was determined with a NanoDrop spec-
trophotometer (ThermoFisher), and the RNA quality was evaluated using a
2100 Bioanalyzer (Agilent Technologies). Three biological replicates were
generated for each condition.

Complementary DNA (cDNA) Library Construction and Illumina HiSeq Sequencing.
Total RNA (5 μg) was treated with a MICROBExpress Kit (Ambion) to remove
ribosomal RNA, and the efficiency was confirmed using a 2100 Bioanalyzer.
Libraries for RNA-seq were prepared using NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (New England Biolabs). Twelve indexed samples
were sequenced per single lane using the HiSeq4000 Illumina sequencing
platform for 100-bp single reads (UC Davis Genome Center, UC Davis, CA).

RNA-Seq Informatics Analysis. Raw reads were quality-trimmed and mapped
to the V. cholerae genome using J. Craig Venter Institute’s in-house pipeline.
Briefly, rRNA reads were filtered using riboPicker version 2.4.3 (41), and
nonrRNA reads were mapped to V. cholerae O1 biovar El Tor str. N16961
(assembly GCA_000006745.1) transcripts using CLC-NGS Cell version 4.4.2
(Qiagen). Significantly regulated genes were determined using EdgeR (42); a
fold change greater than 2.0 and a false discovery rate of less than 1% were
used as a cutoff.

Quantitative Real Time PCR. RNA was isolated as described above. The reverse
transcription reaction to generate cDNAwas carried out using the SuperScript
III Reverse Transcriptase (Invitrogen) according to the manufacturer’s in-
structions; briefly, 1 μg of RNA in a 20-μL final volume was incubated at 25 °C
for 5 min, 50 °C for 1h, and 70 °C for 15 min. The product was used in a PCR
using suitable primers, and RNA without reverse transcriptase treatment was
used as a negative control. For qRT-PCR expression analysis, real-time PCR
was performed using a Bio-Rad CFX1000 thermal cycler and Bio-Rad
CFX96 real-time imager with specific primer pairs (designed within the
coding region of the target gene) and SsoAdvanced SYBR green supermix
(Bio-Rad). Results are from n = 3–4 independent experiments, each per-
formed in triplicate. All samples were normalized to the expression of the
housekeeping gene recA using the ΔΔCt method.

Transduction Assays. CTX-kanamycin (Km) V was isolated by growing V.
cholerae O395 (pCTX-Km) overnight in 5 mL LB with kanamycin (50 μg/mL),
pH 8.5 at 37 °C and filtering supernatant fluid through 0.22-μm filters
(Millipore). The CTXV ΔVC1464 repressor was deleted in order to eliminate
phage immunity (28). ΔVC1464 was grown planktonically or in plastic tube-
biofilms, as described under “culture conditions.” Harvested cells were
normalized to an OD560 of 1.0 and mixed in a 1:100 ratio with CTX-Km V
cells for 30 min at 30 °C. After 30 min, cells were plated on LB plates and LB
plates containing Km (50 μg/mL) plates, and the percentage of transduced
cells was calculated using Km-resistant colonies divided by the total cfu.
Three biological replicates were analyzed. Two-tailed unpaired Student’s t-
tests were used for statistical analyses for all experiments using the Prism 8
software (GraphPad Software, Inc.).

MiPACT-HCR.
Fixation. Mouse intestines (groups of 5 mice) were removed at the indicated
time points and immediately fixed in methacarn solution (10% acetic acid,
30% chloroform, and 60% methanol).
Embedding. Samples were incubated in 50-mL conical tubeswith 20mL of B4P1
(4% acrylamide/bis-acrylamide mix [29:1], 1% paraformaldehyde, and 0.25%
VA-044 in 1× PBS) overnight at 4 °C with gentle rocking. Intestines were then
strung through a rubber tube (∼15 cm long and 0.5-cm inner diameter),
which was subsequently placed in a glass screw-cap tube. The glass tube was
filled with fresh B4P1, left open for 5 min in an anaerobic chamber, and then
sealed and removed from the chamber. Sealed tubes were then incubated at
37 °C in a water bath for 3 h for acrylamide polymerization. After poly-
merization, the rubber tube (with embedded intestines inside) was removed
from the glass tube, and the acrylamide-embedded intestine was then re-
moved from the rubber tube. The large intestine was separated from the
small intestine, and small intestines were cut into four equal-length seg-
ments. All embedded samples were stored in 1× PBS with 0.05% sodium
azide at 4 °C until further processing.
Clearing. Samples were incubated in a clearing chamber filled with 6–8%
sodium dodecyl sulfate (SDS) in 1× PBS, pH 8.0 at 37 °C for 24 h with stirring
(43). Samples were removed, washed 3 times with 1 mL 1× PBS (each wash
for 20 min on a rocking platform), and then incubated in 1 mL of 1 mg/mL
proteinase K in 10 mM Tris·HCl (pH 7.6), shaking at 37 °C for 3 h. Samples

were incubated again in the clearing chamber for 24 h and washed in
1× PBS.
Initiator probe HCR hybridization. Approximately 1-mm-long intestine samples
were cut from the intestine segments (n ≥ 2). HCR on cleared samples was
performed as described in DePas 2016 with some modifications (13). Briefly,
samples were incubated in 1 mL of hybridization buffer (25% formamide, 2X
sodium chloride-sodium citrate [SSC], 10% dextran sulfate) with 1 μM of an
single-stranded DNA (ssDNA) primer (for blocking) and 30 nM rRNA initiator
probes or 10 nM mRNA initiator probes on a 46 °C shaking (250 rpm) heat block
for 48 h. To identify V. cholerae, a specific rRNA probe [Vchomim1276, 5′-ACT TTG
TGA GAT TCG CTC CAC CTC G -3′ (44)] was conjugated to the B4 HCR initiator
sequence using HCR 2.0 (17). For tcpA-mRNA identification, 10 probes comple-
mentary to the tcpA-mRNA sequence were conjugated to the B1 HCR initiator
sequence using HCR 3.0 (16). HCR 3.0 probes and hairpins were ordered from
Molecular Technologies. Samples were washed in 50 mL of hybridization wash
buffer (84 mM NaCl, 20 mM Tris·HCl pH 7.6, 5 mM ethylenediaminetetraacetic
acid (EDTA) pH 7.2, 0.01% SDS) in a 52 °C water bath for 6 h.
HCR amplification. B1 initiator probes were coupled to Alexafluor647-
conjugated hairpins, and B4 initiator probes were coupled to Alexafluor488-
conjugated hairpins. Hairpin pairs were prepared individually by heating to
95 °C for 1.5 min in a thermocycler in PCR tubes. They were then cooled at
room temperature for 30 min. Each hairpin in a pair was added to 120 nM in
120 μL amplification buffer (2× SSC, 10% dextran sulfate). Samples were in-
cubated with gentle shaking at room temperature for 24 h. Samples were
then washed in 50 mL of amplification buffer (337.5 mM NaCl, 20 mM Tris·HCl
pH 7.6, 5 mM EDTA pH 7.2, 0.01% SDS) in a 48 °C water bath for 3 h.
Staining and RIMS. Samples were incubated in 1 mL of 1× PBS with 5 μg/mL
DAPI (from a dimethyl sulfoxide (DMSO)-suspended stock) for 24 h at room
temperature with gentle rocking. After washing 2× with 1 mL of 1× PBS,
samples were incubated in 400 μL of RIMS (refractive index matching solu-
tion) + 1 μg/mL DAPI until imaging.
Cultured cell controls. For tcpA HCR specificity controls (SI Appendix, Fig. S4),
pTAC::toxT and pTAC::toxT ΔtcpA strains were grown at 30 °C in the pres-
ence or absence of 1 mM IPTG until they reached an OD600 of ∼1.0. Cells
were then spun down, resuspended in 1× PBS by pipetting, fixed, and em-
bedded. Wild-type V. cholerae or a ΔtcpA strain were also grown as biofilms
in vitro. After 48 h of growth, biofilm-grown cells were prepared by scraping
into 1× PBS and resuspended by pipetting, fixed with 4% para-
formaldehyde, and cells were diluted to 0.36 OD600 and embedded in 1 mL
of B4P1. HCR with Vchomim1276 and the tcpA-specific probes were per-
formed as described for the intestine samples.

Image Analysis. To capture a comprehensive view of intestinal colonization,
we used a 10X air immersion, numerical aperture 0.45 objective to image the
entire circumference of the intestine to 100 μm in depth. To detect bacterial
biomass in the intestine and measure its abundance, images were analyzed
using BiofilmQ, a software tool we developed for quantifying spatially re-
solved biofilm properties, which is available at https://drescherlab.org/data/
BiofilmQ. This 3D image analysis encompassed the following key steps: After
applying a convolution filter to decrease image noise, biomass was identi-
fied by thresholding the images in the 488-nm channel. The lumen was
detected analogously from fluorescence images in the 405-nm channel. To
quantify bacterial location and abundance relative to the crypts and lumen
in different sections, a Matlab script was developed, which identified crypts
based on the radial intensity profile of the fluorescence image proceeding
from the center of the lumen or, in cases where the positions of the crypts
were unclear, based on manual user input. At least two intestinal segments
were analyzed from each mouse (n = 5).

For the analysis of tcpA-mRNA abundance and spatial location in the
intestine, bacterial cells and their position relative to the lumen and crypts
were obtained in the 488-nm channel by the same analysis as described
above and for each cell. The integrated as well as mean intensity of the
647-nm channel, which measures the tcpA-reporter activity, was calculated
using BiofilmQ. At least two intestinal segments were analyzed from each
mouse (n = 5).

Analysis of tcp Production. Cells were grown in LB with or without the ad-
dition of 1 mM IPTG and imaged using an AxioImager light microscope with a
20X air immersion, numerical aperture 0.3 objective (n = 2). For Western blot
analysis, cells were either grown as planktonic or biofilms. Protein pellets
from whole cells were suspended in 2% SDS, and protein concentrations
were estimated using a Pierce BCA protein assay kit (Thermo Scientific).
Equal amounts of total protein (15 μg) were loaded onto an SDS 13%
polyacrylamide gel electrophoresis (SDS/PAGE). Western blot analyses were
performed as described using anti-TcpA polyclonal antiserum (n = 2).
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Data Availability. RNA-seq data are available through NCBI GEO with series
number GSE135887.
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