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In vivo repressed genes of Vibrio cholerae reveal
inverse requirements of an H*/CI™ transporter
along the gastrointestinal passage
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The facultative human pathogen Vibrio cholerae changes its tran-
scriptional profile upon oral ingestion by the host to facilitate
survival and colonization fitness. Here, we used a modified version
of recombination-based in vivo expression technology to investigate
gene silencing during the in vivo passage, which has been under-
studied. Using a murine model of cholera, we screened a V. cholerae
transposon library composed of 10,000 randomly generated reporter
fusions and identified 101 in vivo repressed (ivr) genes. Our data
indicate that constitutive expression of ivr genes reduces coloniza-
tion fitness, highlighting the necessity to down-regulate these genes
in vivo. For example, the ivr gene clcA, encoding an H*/CI~ trans-
porter, could be linked to the acid tolerance response against hydro-
chloric acid. In a chloride-dependent manner, ClcA facilitates survival
under low pH (e.g., the stomach), but its presence becomes detri-
mental under alkaline conditions (e.g., lower gastrointestinal tract).
This pH-dependent clcA expression is controlled by the LysR-type
activator AphB, which acts in concert with AphA to initiate the vir-
ulence cascade in V. cholerae after oral ingestion. Thus, transcrip-
tional networks dictating induction of virulence factors and the
repression of ivr genes overlap to regulate in vivo colonization dy-
namics. Overall, the results presented herein highlight the impact of
spatiotemporal gene silencing in vivo. The molecular characterization
of the underlying mechanisms can provide important insights into in
vivo physiology and virulence network regulation.

Vibrio cholerae | cholera | murine model | in vivo expression technology |
acid tolerance response

he Gram-negative bacterium Vibrio cholerae is the causative

agent of the life-threatening secretory diarrheal disease
cholera, which has an estimated global burden of 3 million cases
per year (1). The rapid spread of cholera during an outbreak is
highlighted by the current situation in Yemen, which has recorded
more than 900,000 cases between October 2016 and November 2017
(2). As a facultative pathogen, V. cholerae transits between two very
dissimilar environments, persisting in aquatic ecosystems between
the outbreaks and colonizing the intestinal tract of the human host.
Upon oral ingestion, V. cholerae passages through the stomach to
reach the small intestine, its primary site of colonization. The in-
duction of a complex regulatory cascade, summarized as the ToxR
regulon, activates the expression of virulence factors. With the onset
of acute secretory diarrhea, V. cholerae is released back into the
aquatic environment. During interepidemic periods, V. cholerae is
thought to persist outside of the host in estuarine and coastal aquatic
reservoirs in a biofilm or viable but nonculturable state.

During its life cycle, V. cholerae has to cope with environ-
mental and host-associated stressors (3). The fast adaptation of
V. cholerae to different conditions is remarkable and represents a
key feature for the transition fitness between the different stages
of the V. cholerae life cycle allowing explosive spreads of cholera.
Several studies have been conducted to analyze gene expression
profiles of V. cholerae during the in vivo stage, in stool derived
from cholera patients, in the transition from patient to aquatic
environment, or during biofilm development (4-10). These
studies have mainly focused on gene induction to reveal factors
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facilitating the fitness under the condition of interest. Less at-
tention has been given to the genes silenced during a specific
stage of the life cycle. One notable example is the work by Hsiao
et al. (11), who demonstrated that repression of the mannose-
sensitive hemagglutinin (MSHA) type IV pilus is essential for in
vivo colonization. It is likely that MSHA represents just one
example of a negatively regulated gene and that silencing the
expression of many other genes occurs to allow proper coloni-
zation and achieve full virulence in vivo.

Diverse techniques are available for V. cholerae to investigate
differential gene expression, including reporter-based screens such
as in vivo expression technology (IVET) and recombination-based
in vivo expression technology (RIVET), as well as microarrays or
RNAseq. The latter have two main limitations, including the
consequences of averaging heterogeneity in the bacterial pop-
ulation and the restriction to a snapshot analysis (12, 13). Any
unique spatial or temporal gene expression patterns related to
specific regions in the intestinal tract or a certain period during
infection might be lost. However, recent studies indicate the
presence of spatiotemporal expression profiles during V. cholerae
in vivo colonization (5, 6, 14). In comparison with other tech-
nologies, the single cell-based reporter system RIVET is capable
of detecting gene induction in subpopulations according to their
spatial and temporal expression (14-16). RIVET resembles a
temporally controlled reporter system allowing the detection of
gene induction based on a resolvase (TnpR)-mediated excision of
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a reporter gene cassette (res cassette) flanked by TnpR-recognition
sites (res). The induction of a gene transcriptionally fused with
the promoterless tmpR results in the expression of TnpR and
consequently leads to an irreversible excision of the res cassette
containing two selectable marker genes. RIVET has been suc-
cessfully applied in a variety of studies to identify genes in-
duced during in vivo colonization or biofilm formation (14, 17—
22) but currently does not allow the detection of genes that are
transcriptionally silenced.

Here, we aimed to investigate genes repressed by V. cholerae
during intestinal colonization using an advanced version of the
recombination-based expression technology. Having identified
101 in vivo repressed genes, initial characterization of a subset
revealed that, in the majority of cases, in vivo silencing is es-
sential to achieve full colonization fitness. Furthermore, the
detailed characterization of clcA revealed that expression is
tightly controlled spatiotemporally. CIcA is involved in the acid
tolerance response of V. cholerae, which facilitates survival upon
oral ingestion and stomach passage but becomes detrimental for
colonization in the alkaline environment of the intestine. Our
findings also provide a physiologically relevant characterization
of the proposed function of chloride channel (CLC) family
members as an electrical shunt for an outwardly directed proton
pump along pH gradients in the environment (23).

Results

Introducing the TetR-Controlled Recombination-Based in Vivo Expression
Technology. To comprehensively characterize gene repression during
the in vivo stage of V. cholerae, we constructed a modified version of
the resolvase-based technology (RIVET) using the transcriptional
repressor TetR as an additional control element. TetR-controlled
recombination-based in vivo expression technology (TRIVET)
consists of three parts: a fetR-phoA-cat (fpc) reporter cassette, an
integrated pTRIVET suicide plasmid carrying the TetR-controlled
mpR gene, and the TnpR target, the res cassette (Fig. 14). The res
cassette used for TRIVET, harboring neo and sacB genes, is iden-
tical to the latest RIVET version and integrates in the lacZ locus of
the V. cholerae chromosome, conferring kanamycin resistance Km®
and sucrose sensitivity Suc® (18). The fpc cassette consists of pro-
moterless ferR and phoA genes, encoding the TetR repressor and
the alkaline phosphatase (PhoA), respectively. Furthermore, the #pc
cassette contains a constitutively expressed cat cassette allowing di-
rect selection via chloramphenicol resistance (Cm™). When subcl-
oned on a suicide vector, the #pc cassette can either be randomly
inserted into the chromosome via transposon mutagenesis using
pLOF (24) derivatives containing the 7n10 system, or integrated
downstream of a specific promoter of interest via homologous re-
combination using pCVD442 (25) derivatives for gene allelic ex-
change in bacteria. In both cases, the expression of fetR and phoA is
controlled by upstream chromosomal sequences carrying V. cholerae
promoters. Finally, the suicide plasmid pTRIVET carries the
TetR-controlled TnpR, as well as a homologous sequence for
integration onto the V. cholerae chromosome downstream of the
lacZ locus. The orientation of insertion thereof uses the tran-
scriptional terminator of lacZ to prevent RNA polymerase read-
through transcription of mpR. Hence, the expression of tmpR
solely relies on the TetR-controlled promoter. It should be noted
that pLOF, pCVD442, and the pTRIVET share homologous se-
quences: e.g., the oribK and RP4 mob region. Thus, the con-
struction of the TRIVET library needs to follow an exact order to
avoid interference of the individual suicide plasmids, as described
in Methods (for details, see Construction of the V. cholerae
TRIVET Libraries).

Sufficient tefR expression via the integrated fpc cassette results
in repression of tpR and consequently a stable presence of the
res cassette, which can be monitored via the resistance profile
(Km® and Suc®). In contrast, insufficient expression of tetR
causes derepression of mpR, resulting in excision and irreversible

Cakar et al.

Promoter Promoter TetR-controlled
of geneX of cat promoter
geneX' tetR phoA| cat lacZ’ neo sacB ‘lacZ | inpR mob bla

= -] =] o e me
1S10 1S10 res res ori6K
tpc reporter cassette integrated pTRIVET

resolvase substrate

B -—@-— Resolution Frequency == PhoA Activity -—i —Gene Expression

100 60

! / .
AN S 4 -
DN )

\.\ T/Y T i

10

T

Resolution (%)
T

8 8 83 8

uoissaidxg auac) aanejey

(Ananov saiin) Ananoy voud

0

=S
R - T

2,2-Bipyridyl FeSO,
[uM]

Fig. 1. A resolvase-based screen to identify in vivo repressed genes.
(A) Schematic illustration of the genetic components of the TetR-controlled
in vivo expression technology (TRIVET). Chromosomal sequences are high-
lighted in light gray, tetR-phoA-cat (tpc) cassette in black, integrated
PTRIVET in dark gray, and the res cassette parts in open shapes. The tpc
cassette is integrated into a V. cholerae hypothetical geneX via Tn70 mu-
tagenesis, resulting in a transcriptional fusion of tetR and phoA to the
chromosomal promoter of geneX. Subsequently, pTRIVET is integrated
downstream of lacZ. Thus, the expression level of TetR via the geneX pro-
moter dictates the expression of TnpR, which catalyzes the excision of the res
cassette. The IS70 elements and constitutive cat promoter of the tpc cassette,
the TetR-controlled tnpR, mobilization (mob), origin of replication (oriR6K),
and ApR (bla) regions of pTRIVET, as well as the gene for KmR (neo), Suc®
(sacB), and the target sites of resolvase (res) of the res cassette are indicated.
(B) Shown are the effects of iron availability on resolution frequency (red) and
alkaline phosphatase (PhoA) activity (black) of strain VVc_res1_TRIVET irgA::tpc,
as well as the relative expression of irgA (green) in WT determined by qRT-PCR.
LB was supplemented with varying amounts of 2,2-bipyridyl or FeSO,4 as in-
dicated to mimic low and high iron concentrations, respectively. Resolution
frequencies and PhoA activities were determined after 8 h while samples for
gene expression analyses were taken during the exponential phase. Data are
presented as the median with interquartile range (n > 6).

loss of the res cassette. Hence, the loss of the res cassette can be
monitored by a phenotypic change to Km® and Suc®, allowing
the subsequent identification of resolved strains on sucrose
plates similar to the latest RIVET screens (14, 17, 21, 22). The
detectable gene repression spectrum was increased by modula-
tion of the system sensitivity using variations of the res cassette
and the tmpR-promoter element with the TetR-binding sites. In
comparison with the WT res sites, the mutant resl sequences
contain a point mutation at their cross-over sites thought to re-
sult in a decreased recombination efficiency. Furthermore, the
plasmids pTRIVET and pTRIVET1 differ in the tnpR allele
promoter elements. The original promoter sequence of the
tetracycline-resistance gene fet4 was used for pTRIVET while a
more tightly regulated version of the promoter is present in
pTRIVET], resulting in lower transcriptional efficacy of mpR.
Overall, the diverse combinations should allow a broad-spectrum
identification of in vivo repressed genes altering expression levels
from high to low, high to moderate, and moderate to low.

To confirm the functionality of TRIVET, the #pc reporter cas-
sette was transcriptionally fused to the iron-regulated irg4 pro-
moter, which is highly expressed at low iron levels and repressed at
high concentrations of iron (26-29). The combinations of res
cassettes and pTRIVET versions resulted in the following four
strains: Vc_res_TRIVET irgA::tpc, Vc_res TRIVETI irgA::tpc,
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Vc_resl_TRIVET irgA::tpc, and Vc_resl _TRIVET1 irgA::tpc.
The extent of resolution and the PhoA activity was determined
after 8 h growth in Luria—Bertani (LB) broth supplemented with
varying amounts of the iron chelator 2,2’-bipyridyl or FeSO, to
mimic differential iron availability in vitro. Consistent with the
reported transcriptional regulation of irg4, the level of PhoA ac-
tivity decreased as the concentration of ferrous iron increased
(Fig. 1B, black line). In contrast to variants of the res cassette and
the tmpR promoter, all four strains harbored the same #pc reporter
cassette and consequently an identical phoA allele. Thus, the
measured PhoA activity for each of the four strains was similar at
a given iron concentration. That is why the curve presented in Fig.
1B (black line) reflects the PhoA activities for all four strains at a
given iron concentration. The PhoA activity reached very low
levels, preventing detection of irg4 gene silencing, especially after
addition of FeSO,4 Thus, the relative expression levels of irg4
were additionally determined by quantitative real-time RT-PCR
(qRT-PCR) along the tested iron concentrations. Consistent with
the PhoA activity, the relative expression level of irg4 decreased
with increasing iron concentrations, but the decline was more
steady and allowed monitoring of irg4 repression along the range
of iron concentration used in this study (Fig. 1B, green line).
Conversely, the level of resolution for each of the strains increased
with increasing the iron concentration, although with a different
dose-response for each strain (Fig. 1B, red line and Fig. S1). The
strains Vc_res_TRIVET irg4::tpc and Vc_resl_TRIVET irgA::tpc
harboring the relatively strong TetR-controlled promoter up-
stream of tmpR resolved more readily than the corresponding
strains Vc_res TRIVET1 irgA::tpc and Vc_resl TRIVET1 irgA::
tpc, which contained pTRIVET1 with a more tightly regulated
promoter element (Fig. S1). Strains with the more sensitive res
cassette showed a marginally higher (only in a few cases sig-
nificantly higher) resolution throughout the tested iron con-
centrations compared with isogenic strains, which contained
the resl mutant cassette (Fig. S1). In summary, all four strains
followed dose-dependent resolution frequencies, although with
different sensitivities.

To determine the dynamics of resolution upon shifting bacteria
from low to high iron concentrations, we examined the kinetics of
resolution frequencies for strain Vc_res TRIVET irg4::tpc, which
showed the greatest increase in resolution frequency between low
and high iron concentrations. In parallel, repression of irg4 was
indirectly determined by assaying PhoA activity. Vc_res TRIVET
irgA::tpc was grown under iron-limiting conditions (LB supple-
mented with 150 pM 2,2'-bipyridyl) to logarithmic phase and then
transferred into high iron media (LB supplemented with 25 pM
FeSO,) and further cultivated for up to 8 h. After a lag time of
~40 min, we observed a steep rise in resolution that reached a
plateau at ~240 min, with maximum resolution of ~70% for the
tested iron concentration. PhoA activities showed similar induction
kinetics, but a more linear rise in activity, reaching the limit of
detection also at ~240 min (Fig. S2). As discussed previously (30), a
direct comparison of these two reporter assays is limited by the
enzymatic differences: i.e., resolvase-mediated DNA recombination
of few substrate molecules in the cytoplasm vs. PhoA cleavage of an
excess of substrate molecules in the periplasm. However, our results
demonstrated that repression of irgA after transfer of the bacteria
to high iron growth conditions resulted in a detectable increase of
resolution from 60 to 240 min, which represents a suitable temporal
window to identify repressed genes during in vivo colonization.

In Vivo Repressed Genes (ivr) Identified by in Vivo Library Screening. The
final TRIVET library with sufficient TetR expression to stabilize the
res/resl cassette in vitro comprised 20 independent pools with
~500 independent transposon insertions per pool for each of the
four different combinations Vc_res TRIVET::pLOFtpc, Vc resl
TRIVET::pLOFtpc, Vc_res TRIVET1::pLOFtpc, and Vc_resl_
TRIVET1::pLOFtpc.
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The pools were used to intragastrically inoculate infant mice,
followed by harvest of small intestines ~22 h postinfection and
plating of serial dilutions of the intestinal homogenates on LB-
Sm/Suc plates. Resolved strains were subsequently screened for
high PhoA activity (>10 Miller units) during in vitro growth to
reduce the false positive rate. The exact insertion site of the #pc
cassette was identified by sequence analyses of 186 resolved
strains (Methods). In total, we identified 101 unique gene fusions
that were repressed during in vivo colonization. A comprehen-
sive list of the identified genes can be found in Table S3. Since
our reporter system is based on detection of infection-repressed
promoters, the table also indicates the predicted operons con-
taining repressed genes. Genes involved in cellular and meta-
bolic processes (40 genes) or associated with transport systems
(11 genes) constitute the major groups. Previous reports focusing
on in vivo induced genes describe similar results in terms of the
gene distribution in these categories, indicating distinct changes
in the cellular physiology during the in vitro to in vivo transition.
This supports the hypothesis that V. cholerae faces differences in
the nutrient content and availability inside the host compared
with in vitro cultivation. Importantly, three ivr genes belong to
the biosynthesis cluster of the MSHA pilus, which was recently
reported to interfere in mucosal penetration and epithelial cell
attachment if not silenced during in vivo colonization (11). The
identification of the MSHA biosynthesis gene cluster thus vali-
dates the functionality of the TRIVET screen. Five ivr genes
involved in regulatory systems have been identified, including the
key regulator for the flagellar biogenesis FIrA. An additional
four ivr genes are related to bacterial motility and chemotaxis.
Based on the current model, flagellar motility is activated upon
entrance in the human host to allow proper attachment and
penetration through the mucosal layer. After the initial stage of
infection and in agreement with our results, down-regulation of
flagellar synthesis is essential to relieve the repression on virulence
factors and enhance colonization fitness (31, 32). In contrast,
bacteria initiate an RpoS-dependent mucosal escape response at
later stages, where the bacteria up-regulate chemotaxis and motility
genes, detach from the epithelial surface into the fluid-filled lumen,
and eventually exit the host (5, 33). Notably, four ivr genes encode
GGDEF/EAL proteins, which modulate levels of c-di-GMP,
a secondary messenger that represses motility and virulence in
V. cholerae (34). Hence, lowering c-di-GMP levels during in-
fection is essential for colonization fitness (35).

Overexpression of ivr Genes Decreases in Vivo Fitness. It is tempting
to speculate that constitutive expression of ivr genes may have
adverse effects on colonization fitness in the host. To test this
hypothesis, we constructed strains constitutively expressing ivr
genes by replacing the fet4 gene of pBR322 with the ivr gene of
interest. The chosen ivr genes represented diverse functional
groups, including transporters, motility, c-di-GMP modulation,
and LPS-biosynthesis. Subsequently, the colonization fitness of the
resulting strains was analyzed in direct competition to the parental
WT carrying the empty vector. Our results revealed that six of the
nine strains constitutively expressing ivr genes showed a significant
attenuation in vivo compared with the in vitro control (Fig. 2).
It should be taken into account that constitutive expression of ivr
genes resulted, in some cases, in decent attenuation in vitro: e.g., in
case of VC0072, VC2137, or VCA0576. In general, the pBR322
and its derivatives for constitutive expression of ivr genes were
stably maintained for at least 16 h, even in the absence of antibiotic
selection, while plasmids constitutively expressing VC0072 or
VCAO0576 represent two notable exceptions (Fig. S3). It should be
mentioned that placing an ivr gene under control of the fet4 pro-
moter may rather cause an overexpression than a constitutive ex-
pression. Thus, we cannot exclude that interference in the natural
expression level could induce stress, affect plasmid mainte-
nance, and cause severe attenuation in vitro. Thus, for future
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Fig. 2. Constitutive expression of jvr genes reduces in vivo colonization fitness.
Results are presented as the competitive index (Cl) representing the output ratio
of strains constitutively expressing the gene(s) of interest from a pBR322c de-
rivative versus a fully virulent LacZ™ derivative of the WT harboring the empty
vector in LB broth (in vitro) and in vivo using the infant mouse model. The fol-
lowing competitions are shown: (A) WT pVC0072 vs. AlacZ p; (B) WT pVC0227 vs.
AlacZ p; (C) WT pVC0704-2 vs. AlacZ p; (D) WT pVC0784 vs. AlacZ p; (E) WT
pVC0998 vs. AlacZ p; (F) WT pVC1033 vs. AlacZ p; (G) WT pVC2137 vs. AlacZ p; (H)
WT pclcA vs. AlacZ p; (I) WT pVCA0576 vs. AlacZ p. Each circle represents the Cl
from a single assay. Horizontal bars indicate the median of each dataset. The
asterisks indicate significantly different medians of the in vivo compared with the
respective in vitro dataset (n > 6, P < 0.05, using a Mann-Whitney U test).

studies, alternative strategies should be considered: e.g., expression
of ivr genes from the chromosome using an in vivo active promoter.

The ivr genes with adverse effects on colonization fitness include
the VC0702-4 operon, encoding the c-di-GMP phosphodiesterase
MbaA and the polyamine sensor NspS, both involved in biofilm
regulation, and a predicted NTPase with unknown function (36,
37). VC0998 (HubP) and VC2137 (FIrA) are involved in motility,
with FIrA acting as the master regulator of V. cholerae flagellar
biosynthesis. The transmembrane protein HubP is necessary for the
proper polar localization of ParA-like proteins, such as the flagella
gene regulator FIhG, thereby controlling the chemotactic machin-
ery and the flagellum (38). Constitutive expression of transporter
associated ivr genes [ie., VC0784 (sodium/alanine symporter),
VC1033 (zinc/cadmium/mercury/lead-transporting ATPase), and
VCAO0526 (chloride channel protein, ClcA)] also resulted in re-
duced colonization fitness in vivo, respectively. We found only
three cases where constitutive expression did not result in a sig-
nificant attenuation in vivo compared with in vitro condition: i.e.,
VC0072, VC0227, and VCAO0576 (Fig. 2).

In summary, our results support the hypothesis that silencing
of several ivr genes is crucial for V. cholerae to achieve proper
colonization fitness.
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ClcA Enhances Survival Fitness in the Stomach but Becomes Detrimental
in the Lower Gastrointestinal Tract. In particular, constitutive ex-
pression of ClcA resulted in a robust 50-fold attenuation in vivo
compared with in vitro. CIcA belongs to the H*/CI™ transporters of
the CLC family, which consists of integral membrane proteins re-
sponsible for translocating chloride through cell membranes. It was
recently proposed that CLC family members in Escherichia coli may
contribute to the acid resistance mechanism and function as an
electrical shunt for an outwardly directed proton pump that is
linked to arginine/agmatine (Arg*/Agm®") or glutamate/GABA
amino acid decarboxylation systems (23). In general, these systems
move a positive charge outward (e.g., Arg" exchanging for Agm**).
Consequently, an electrical shunt is needed to prevent the ex-
cessive inner membrane hyperpolarization that would other-
wise paralyze the system. A similar situation would apply for
V. cholerae, which uses the lysine decarboxylase CadA along with
the lysine/cadaverin antiporter CadB to detoxify the protons
leaking into the cell at low pH. Indeed, Ding and Waldor (39)
reported in 2003 that a V. cholerae clcA mutant exhibits reduced
acid resistance and enhanced in vivo fitness without further
characterization of these observations.

Intrigued by these facts, we compared the fitness of strains with
altered CIcA expression in LB broth adjusted to different pH
using HCI or NaOH, as well as during colonization of the mouse
model using competition assays. Compared with the fully virulent
AlacZ, the clcA mutant showed a significant defect in acidic
conditions (pH 5, reflecting stomach pH of infant mice) (Fig. S4)
after only 1 h of incubation, which steadily increased and resulted
in severe attenuation within 4 h (Fig. 34, black circles). In con-
trast, no disadvantage was observed under neutral (pH 7) and
alkaline (pH 9) conditions. Presence of an empty vector (pBR322)
in both strains (AclcA p vs. AlacZ p) did not massively impact the
observed attenuation under acidic conditions (Fig. 34, gray filled
circles), excluding the possibility that the presence of a plasmid
abolishes the phenotype due to altered bacterial growth. Consti-
tutive expression of CIcA from a plasmid in trans completely re-
stored the defect of AclcA (Fig. 34, blue triangles).

Next, we competed a strain constitutively expressing CIcA
against the clcA mutant under acidic, neutral, and alkaline con-
ditions. In comparison with a complete lack of ClcA, the consti-
tutive expression of ClcA resulted in a slight, but significant,
advantage at acidic pH, equal fitness under neutral pH, and a
severe defect at alkaline pH (Fig. 3B). Consistent with the in vitro
results, deletion of clcA resulted in a defect compared with the
WT in the stomach, reflecting acidic environments (Fig. S4), but
higher colonization fitness along the small intestine and cecum
with colon, representing alkaline environments (Fig. 3C, black
circles). In contrast, the strain constitutively expressing ClcA had a
significant advantage over the clc4 mutant in the stomach but
exhibited severe attenuation in the small intestine and cecum with
colon (Fig. 3C, red squares). These results highlight the essential
role of CIcA for survival at low pH, its dispensability at neutral
pH, and a detrimental effect when present at alkaline pH.

Notably, the low pH condition was achieved by addition of
HCI. Thus, the chloride levels also changed within the in vitro
cultivation and may affect the fitness of strains with altered ClcA
expression. To decipher the impact of chloride levels and pH on
the observed fitness defects, we performed competitions between
the strains with altered ClcA expression (AclcA vs. AlacZ or
AcleA peleA€ vs. AclcAAlacZ p) in LB broth adjusted to different
pH (using H3PO, or NaOH) and varying CI” concentrations,
respectively (Fig. 3 D and E). Consistent with previous results
obtained by adjusting low pH using HCl, the clc4 mutant showed
a pronounced defect in broth supplemented with regular or high
chloride levels (Fig. 3 A and D). In contrast, low chloride levels
negated the growth defect of AclcA to WT levels under acidic
conditions. At neutral or alkaline conditions, the clcA mutant
and WT competed equally for almost all chloride concentrations
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Fig. 3. ClIcA affects survival fitness in acidic and alkaline environments in a chloride-dependent manner. Results are shown as the competitive index (Cl) for
colonization experiments comparing the following strains: Ac/cA to a fully virulent AlacZ (black circles), AclcA with empty vector (p) to AlacZ with empty vector (p,
gray filled black circles), AclcA constitutively expressing clcA from a plasmid (Ac/cA pclcAS) to AlacZ carrying the empty vector (p, blue triangles), or AclcA pclcAS to
AclcAAlacZ with empty vector (p, red squares). (A and B) In vitro competitions were performed for 1 to 4 h as indicated in LB adjusted to pH 5, 7, or 9 using HCl or
NaOH, respectively. (C) Competitions were performed in vitro (LB, pH 7) or in vivo using the infant mouse model. (D and E) In vitro competitions were performed
for 4 h in LB with various chloride concentrations adjusted to pH 5, 7, or 9 using H3PO,4 or NaOH, respectively. Different chloride concentrations were achieved by
addition of no NaCl (low chloride), 171 mM Nacl (regular), or 750 mM Nadl (high chloride), respectively. Each circle represents the Cl from a single assay (n > 6), the
horizontal bars indicate the median of each dataset, and the asterisks indicate significant differences (P < 0.05) using either a Wilcoxon signed-rank test to indicate
Cls significantly different to hypothetical value of 1 (A) or a Kruskal-Wallis test followed by post hoc Dunn’s multiple comparisons (B-E).

tested. Only under alkaline condition and low chloride was a
slight growth defect of AclcA observed (Fig. 3D).

In full concordance with previous results, the constitutive ex-
pression of ClcA resulted in a marked attenuation at alkaline pH
with regular or high chloride levels (Fig. 3E). However, the de-
fect was absent in alkaline broth with low chloride levels. Fur-
thermore, the results indicate that constitutive expression of clcA
can be disadvantageous even at neutral pH, if chloride levels are
elevated. High chloride levels are only tolerated under acidic
conditions by a strain constitutively expressing clcA, and, under
such conditions, the clcA allele can confer a slight advantage over
the WT. Thus, the initially observed effects of CIlcA on growth
fitness under acidic and alkaline environments can be refined.
Sufficient chloride concentrations are necessary to cause a ClcA-
dependent fitness advantage under acidic conditions or cause a
defect under alkaline conditions. In low chloride concentrations,
ClcA-dependent disadvantages are negligible, probably due to
the limiting amounts of chloride acting as counter ion for the
H*/CI™ transporter.

E2380 | www.pnas.org/cgi/doi/10.1073/pnas.1716973115

Expression of c/cA Is pH-Dependent and Regulated by AphB. Upon
oral ingestion by the host, V. cholerae has to passage through the
low pH of the stomach, which implies the induction of factors
mediating acid resistance: e.g., CIcA. Thus, the silencing of clcA
to allow its identification as an ivr gene should occur in the lower
gastrointestinal tract. To elucidate the spatial silencing expres-
sion of clcA in vivo and further investigate transcriptional regu-
lation in vitro, the unresolved strain Vc_resl TRIVET clcA::tpc
was reconstructed. This strain harbors the pc cassette tran-
scriptionally fused to the promoter of clcA together with a TetR-
controlled resolvase and the resl cassette. Thus, the expression
level of CIcA directly correlates with the PhoA activity while the
resolution frequency follows an inverse relationship. To identify
the spatial repression of clcA in vivo, resolution frequencies of
Vc_resl_TRIVET clcA::tpc were assayed in different parts of the
murine gastrointestinal tract (Fig. 44). While almost no resolu-
tion could be detected in the stomach, resolution frequencies
significantly increased in the upper and lower small intestine, to
reach the highest median levels of ~40% in the colon. These
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data suggest that clcA is expressed in the stomach, followed by a
silencing of the gene expression in the small intestine and cecum
with colon. Concordant with these in vivo results, the in vitro
cultivation of the same strain in LB adjusted to pH 5, pH 7, and
pH 9 confirmed elevated resolution frequencies at alkaline
conditions, compared with neutral or acidic conditions (Fig. 4B,
open bars). Conversely, PhoA activity was highest under low pH
and significantly dropped with increasing pH to reach the lowest
levels during growth in alkaline conditions (Fig. 4C, open bars).
Based on the measured PhoA activities, clcA expression is even
enhanced under low chloride conditions at acidic and neutral pH
(Fig. 4 C and D). Thus, the absence of the growth defect of AclcA
cannot simply be explained by a repression of clcA4 in the WT at
low chloride (Fig. 3D).

Expression patterns of clcA in the WT were confirmed by
qRT-PCR, with relatively high expression of clc4 during growth
in acidic conditions and low during growth in alkaline conditions
in comparison with neutral conditions, respectively (Fig. S5,
black circles). Unfortunately, we failed to detect any signal for
clcA from in vivo derived samples, indicating that the in vivo
expression levels of clcA are below the limit of detection, which
corresponds to an at least 10-fold lower expression level com-
pared with neutral in vitro conditions (Fig. S5).

Notably, a recent study by Kovacikova et al. identified the
LysR-type activator protein AphB as a key regulator for genes
involved in the V. cholerae response to anaerobic conditions and
acidic pH. AphB was shown to activate several genes by binding
to their promoter regions, including clcA and cadC, encoding the
activator for the cadBA operon, which encodes a lysine/cadav-
erine antiporter and lysine decarboxylase relevant for survival in
acidic environments (40). To verify whether AphB is responsible
for the pH-dependent expression pattern of ClcA, we assessed
the resolution frequency, the PhoA activity, and the cle4 ex-
pression level in a AaphB background (Fig. 4 B and C, gray bars,
as well as Fig. S5, red circles). The observed high-resolution
frequencies, low PhoA activities, and low clcA expression levels
even in cultivation of acidic conditions indicate a loss of in-
duction upon deletion of AphB. This confirms that AphB is es-
sential for the clc4 induction upon low pH. Furthermore, neither
the resolution frequency, the PhoA activity, nor the clcA ex-
pression level significantly changed upon variation of the pH in a
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AaphB background. Thus, AphB is essential for the pH-dependent
expression pattern of ClIcA.

Furthermore, AphB still acts as an activating element under
low chloride levels. Notably, at acidic and neutral pH, the overall
PhoA activities under low chloride were generally higher, compared
with regular chloride in both strains tested: i.e., Vc_res]_TRIVET
clcA::tpc and AaphB Vc_resl TRIVET clcA::tpc, respectively
(Fig. 4 C and D). This result suggests that clc4 expression is ac-
tivated under low chloride levels in addition to AphB by a cur-
rently unknown factor.

In summary, the results imply an AphB-dependent activation
of clcA expression in acidic environments, as well as a chloride-
dependent regulation resulting in high clcA expression at low
chloride levels. Concordantly, CIcA is crucial for survival fitness
of V. cholerae in the presence of chloride. Interestingly, under
alkaline conditions, CIcA not only becomes dispensable, but its
expression is even detrimental for survival fitness in the presence
of chloride.

Discussion

A hallmark of the V. cholerae life cycle is the transition between
the aquatic reservoir and the gastrointestinal tract of the human
host. Both are complex environments with diverse niches and
varying conditions. V. cholerae adapts to the diverse conditions
presented during different aspects of its life cycle by changing the
transcriptional profile. Therefore, V. cholerae encodes a large
number of transcriptional regulators (157), two component sys-
tems [59 according to ref. 41], and complex signaling pathways
(e.g., CAMP, c-di-GMP, or quorum sensing).

While several studies have focused on genes induced by
V. cholerae during a defined stage in the life cycle to identify factors
facilitating survival fitness, silencing of genes has been somewhat
neglected. It could be hypothesized that repression of certain genes
during the in vivo colonization is as important as the induction of
virulence factors. In this study, we successfully established TRIVET,
representing a modified variant of the recombination-based tech-
nology, and identified 101 ivr genes of V. cholerae. As seen with
other techniques, a recombination-based reporter technology has
certain limitations, but also unique advantages, such as single cell
expression profiling and detection of transient gene silencing
during the entire infection period. The implementation of phoA as
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a second reporter was used to eliminate false positives by enabling
confirmation of substantial expression levels during growth in vitro
for each ivr candidates. Moreover, phoA is a valuable reporter to
analyze ivr gene expression under diverse in vitro conditions, as
exemplified for clcA in this study. In six out of nine cases, con-
stitutive expression of an ivr gene resulted in significant attenua-
tion in vivo compared with the WT. Thus, silencing of ivr genes
seems to be crucial to achieve full colonization fitness. For most
ivr genes we identified, additional studies are needed to elucidate
whether their constitutive expression results in a fitness disad-
vantage in vivo, including the underlying molecular mechanisms
relevant for these phenotypes. One notable exception is the
identified ivr genes of the MSHA biosynthesis gene cluster, as it
has been recently reported that MSHA binds secreted immuno-
globulins in a non—antigen-specific manner, which blocks mucosal
penetration and epithelial cell attachment of the pathogen (11).
As mucosal penetration is required for proper virulence gene in-
duction (42), evasion of the host innate immune response via
repression of MSHA during early stages of infection is critical for
V. cholerae to achieve full colonization fitness.

Within this study, we focused on the ivr gene clcA4, encoding an
H*/ClI™ exchange transporter, proposed to exchange two chloride
ions for one proton (43). Recently, Iyer et al. showed that E. coli
uses the CLC family of chloride channels to survive low pH
conditions in vitro. The proposed mechanism links the chloride
channels to the bacterial acid resistance response mediated via
an amino acid decarboxylation system and functions as an elec-
trical shunt for an outwardly directed proton pump (23). The
authors already suggest that such a chloride channel should be
beneficial in the context of the HCl-rich stomach but did not
present direct evidence. Our study links the ClcA function to its
physiological role in the stomach, using V. cholerae as a model
organism, which needs to pass through the acidic stomach to
reach the primary colonization site in the small intestine (Fig. 5).
The CadAB lysine decarboxylation system of V. cholerae, which
consumes lysine and a proton and produces carbon dioxide and
cadaverine, plays a major role in the acid tolerance response and
is critical for full colonization fitness (44). Our results indicate
that ClcA enhances survival fitness in acidic environments like
the stomach but becomes detrimental at neutral conditions with
high chloride levels or alkaline environments like the intestinal
tract. Fitness defects of clc4 mutants in acidic conditions and
strains constitutively expressing clc4 in alkaline conditions are
negated at low chloride levels, highlighting the activity of CIcA as
an H*/CI™ exchange transporter. Notably, Iyer et al. (23) pre-
viously hypothesized that such chloride channels must be tightly
regulated to prevent H*/Cl™ exchange at neutral or alkaline
conditions, which would be disruptive to energy metabolism. As
shown in this study, clcA is transcriptionally regulated by AphB in
a pH-dependent manner, being highly expressed in acidic condi-
tions and expressed at low levels in alkaline conditions. Interest-
ingly, the transcriptional regulatory protein AphB initiates the
expression of the virulence cascade upon transition into the host
by activating the expression of the membrane-bound transcrip-
tional regulatory complex TcpPH (40). We note with great in-
terest that AphB was shown to be pH- and oxygen-responsive,
with an active conformation at low pH or under low oxygen ten-
sion, but it remains inactive at alkaline pH (45, 46). In addition,
the AphAB complex is repressed by the quorum-sensing regulator
HapR, reported to be activated during the course of infection (5,
47). These structural and regulatory observations of AphB activity
are consistent with pH-dependent regulation and the resulting
repression of clc4 in lower parts of the gastrointestinal tract.

The investigation of in vivo repressed genes identified by
TRIVET adds a fundamental perspective to understanding
bacterial transcriptional response upon host contact. The results
of this study emphasize the impact of regulated silencing of
genes by a bacterial pathogen during in vivo colonization. The
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Fig. 5. Model of the H*/CI~ transporter (ClcA) requirements along the
gastrointestinal tract. Upon oral ingestion, V. cholerae passages through the
stomach (acidic environment), and c/cA is activated by AphB. CIcA is essential
to detoxify the bacteria from chloride and acts as an electrical shunt to
prevent the excessive membrane hyperpolarization. The expression of c/cA
decreases once V. cholerae passes to the lower gastrointestinal tract (alka-
line environment), which is crucial to achieve full colonization fitness. Under
alkaline conditions, activity of ClcA would exploit the proton motive force
and disrupt energy metabolism.

importance of such conditional expression is exemplified by the
spatial on—off state of clcA along the gastrointestinal tract to
accommodate the changing needs of the pathogen within dif-
ferent niches, resulting in an overall in vivo fitness advantage.
Interestingly, clcA expression is controlled by AphB, which is
also involved in the initiation of the virulence cascade. This in-
dicates that positive and negative regulation is necessary to de-
fine such complex networks like virulence gene regulation during
host colonization. Although previously poorly investigated, our
studies contribute to an understanding of gene silencing that will
likely reveal new insights in host—pathogen interactions and
physiology for a variety of pathogens during in vivo colonization.

Methods

Bacterial Strains and Growth Conditions. Bacterial strains and plasmids used in
this study are listed in Table S1. If not otherwise noted, the strains were
cultured in Luria-Bertani (LB) broth at 15 x g with aeration at 37 °C. Sup-
plements were used in the following final concentrations: streptomycin (Sm,
100 pg/mL), ampicillin (Ap, 100 pg/mL or 50 pg/mL in combination with other
antibiotics), kanamycin (Km, 50 pg/mL), chloramphenicol (Cm, 2 pg/mL for
V. cholerae; 10 pg/mL for E. coli), sucrose (10%), 5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside (X-Gal, 40 pg/mL).

Construction of the TRIVET System. The TRIVET system required the construc-
tion of several elements, partially based on components of the recombination-
based in vivo expression technology. To construct the tetR-phoA-cat (tpc)
cassette harboring promoterless tetR and phoA, but constitutively expressed
cat (CmF), respective fragments were amplified as follows: tetR using chro-
mosomal DNA from XL-1 and oligonucleotide pairs tetR-5'-BamHI and tetR-3'-
Kpnl, phoA using chromosomal DNA from SM10Apir oligonucleotide pairs
phoA-5-Kpnl and phoA-3'-Xbal, and cat from pAC1000 and oligonucleotide
pairs cat-5-Xbal and cat-3'-BamHI. PCR fragments were digested with the
appropriate enzymes given by the name of the oligonucleotide and ligated
into a BamHI-digested pTrc99A-Km to obtain pTrc-tpc. From there, the tpc
cassette was amplified using oligonucleotide pairs tetRphoAcat-5-Notl and

Cakar et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716973115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1716973115

L T

/

1\

=y

tetRphoAcat-3’-Notl, and the obtained PCR fragment was digested with Notl
and ligated into a similarly digested pLOFKm to obtain pLOF::tpc, which now
harbored the tpc cassette within the transposable element. The vectors
pTRIVET and pTRIVET1 are derivatives of pGP704, which contain an oriR6K
origin that requires the host-encoded protein = (pir gene product) for repli-
cation, the broad-host-range mobilizable region mobRP4, bla for ampicillin
resistance, an ~800-bp fragment of the 3’ end of /acZ derived from V. cholerae
allowing insertion into the chromosome via homologous recombination, and
a TetR-controlled allele of tnpR. For the construction of these vectors, the lacZ
fragment was amplified from chromosomal DNA from V. cholerae WT using
oligonucleotide pairs lacZ-5-Sacl and lacZ-3'-Nhel, and, as well, tnpR was
amplified from pGOA1193 using oligonucleotide pairs tnpR-5-Bglll and tnpR-
3'-Xbal and digested with the appropriated enzymes given by the names of
the oligonucleotides. Furthermore, oligonucleotide pairs Pieta-5'-3' and Pieta-
3'-5, as well as Pie1-5'-3" and Pye1-3'-5', were designed to comprise the pro-
moter sequence of tetA or a variant, resulting in a more stringent transcriptional
regulation, respectively (48, 49). As these oligonudleotide pairs form a DNA frag-
ment with compatible Nhel and Bglll sites upon hybridization, they were directly
used for ligation together with the digested /acZ and tnpR fragment into a Sacl/
Xbal-opened pGP704, resulting in pTRIVET (containing promoter Pits) and pTRI-
VET1 (containing promoter Pi). In general, ligation products were transformed
into DH5aApir, and colonies with the appropriate antibiotic resistance profile were
characterized by PCR and/or restriction analyses for the correct construct.

Construction of the V. cholerae TRIVET Libraries. Suicide plasmids pRES and
pRES1 were mobilized into the V. cholerae WT by conjugation, and allelic ex-
change was used to place each cassette into the /acZ locus as previously de-
scribed (18) to obtain Vc_res and Vc_res1. For transposon mutagenesis of Vc_res
and Vc_res1, pLOF::tpc was transferred into the strain via filter mating with an
E. coli SM10)rpir mating strain harboring the respective plasmid (24). From each
mating, ~500 colonies of transposon mutants were selected for SmR, KmR, CmR,
and Ap°® and pooled together. To obtain several independent transposon
pools for Vc_res and Vc_res1, the mating and selection process was repeated
20 times for each recipient strain. Finally, pTRIVET or pTRIVET1 were mo-
bilized into each pool via conjugation and integrated downstream of the
lacZ locus via homologous recombination. Unresolved colonies of these
TRIVET libraries were selected for Sm®, Km®R, Cm®, and ApR, which resulted
in four different combinations of library pools: Vc_res_TRIVET::pLOFtpc,
Vc_res1_TRIVET::pLOFtpc, Vc_res_TRIVET1::pLOFtpc, and Vc_res1_TRIVET1:
pLOFtpc. A prescreening step to eliminate fusion strains with low levels of reso-
lution in vitro and thereby reducing the number of false positives was performed
before the in vivo screening. This was achieved by growing each pool in LB broth to
late log-phase in the absence of Km selection and then plating serial dilutions on LB-
Sm/Km/Ap plates. After overnight incubation, colonies from plates with defined
single colonies (at least 1,000 per pool) were recombined. In total, the TRIVET library
consisted of 20 independent pools with ~500 independent transposon insertions for
each of the four combinations. Heterogeneity of transposon insertions before and
after conjugation with pTRIVET or pTRIVET1, as well as after the prescreening, was
verified by Southern blot analyses of 50 randomly picked colonies from each pool.
It should be emphasized that pRES variants, pLOF, the pTRIVET and
pCVDA442 derivatives for deletion mutagenesis share homologous sequences:
e.g., the ori6K and RP4 mob region. Thus, the construction of the TRIVET li-
brary or strains harboring a TRIVET reporter system need to follow the order
described above to avoid interference of the individual suicide plasmids.

Construction of Suicide Plasmids, Deletion Mutants, and Expression Plasmids.
DNA manipulations, including purification of chromosomal, plasmid, or PCR
product DNA, PCRs, as well as construction of in-frame deletion mutants and
expression plasmids, were carried out as described previously using deriva-
tives of pCVD442 or pBR322, respectively (14, 50). Oligonucleotides used in
this study are listed in Table S2. Briefly, constructions of in-frame deletion
mutants and tpc-cassette insertions were carried out as described by
Donnenberg and Kaper (25). In general, ~800-bp PCR fragments located
upstream and downstream of the gene of interest were amplified using the
oligonucleotide pairs A B_1 and A_B_2 or A B_3 and A _B_4, in which A
stands for the gene and B for the restriction site used (Table S2). After di-
gestion of the PCR fragments with the appropriate restriction enzyme (New
England Biolabs) indicated by the name of the oligonucleotide, they were
ligated into pCVD442, which was digested with the appropriate restriction
enzymes. Suicide plasmids for construction of transcriptional fusions of the
tpc cassette to the irgA or clcA promoter on the V. cholerae chromosome
were obtained as follows: The tpc cassette was amplified from pTrc-tpc using
the oligonucleotides tetRphoAcat-5'-Sacl and tetRphoAcat-5'-Sacl. Eight
hundred bp PCR fragments located upstream and downstream of irgA or
clcA were amplified using the oligonucleotides listed in Table S2 (indicated

Cakar et al.

by t). After digestion of the PCR fragments with the appropriate restriction
enzyme (New England Biolabs) indicated by the name of the oligonucleo-
tide, they were ligated into an Sphl/Xbal-digested pCVD442. After trans-
formation of the ligation products in DHSaApir, Ap® colonies (and CmF if the
tpc cassette was present) were characterized by PCR and/or restriction
analysis. In the case of the suicide plasmid derivatives, the correct constructs
were transformed into SM10Apir and mobilized into V. cholerae by conju-
gation, which was achieved by cross-streaking donor and recipient on LB
agar plates, followed by incubation for 6 h at 37 °C. V. cholerae conjugants
were purified via selection for Sm*/Ap® (and CmF if the tpc cassette was
present) colonies. In the case of pCVD442 derivatives, sucrose selection was
used to obtain Ap® colonies. Chromosomal deletions of tpc-cassette inser-
tions were confirmed by PCR, respectively. All plasmids allowing constitutive
expression of the genes were constructed in a similar manner by insertion of
the respective gene into the tet gene of pBR322. PCR fragments of the in-
terested gene spanning from the Shine-Dalgarno sequence to the stop codon
were amplified using the oligonucleotide pairs A 5" B and A_3'_B, in which A
stands for the gene and B for the restriction site used (Table S2). PCR fragments
were digested with the appropriate restriction enzyme (New England Biolabs)
indicated by the name of the oligonucleotide and ligated into a similar digested
PBR322. After transformation of the ligation products in DH5aApir, Ap®/Tet®
colonies were characterized by PCR and/or restriction analysis.

Evaluation of Plasmid Maintenance in the Absence of Antibiotic Selection. The
stability of pBR322 or derivates used for overexpression of ivr genes was moni-
tored by growing appropriate strains (WT harboring p, pVC0072, pVC0227,
pVC0704-2, pVC0784, pvVC0998, pVC1033, pVC2137, pclcA, or pVCA0576) in LB-
Ap to late exponential phase to be used as inoculum for a test culture (LB-Sm;
starting ODggo = 0.05) incubated overnight. Maintenance of plasmids was de-
termined by plating appropriate dilutions of the inoculum and the test culture
on LB-Sm and LB-Ap. Stability for each plasmid derivative is given as the ratio of
ApR/SmR cfu normalized for the ApR/SmR ratio of the inoculum.

Screening for in Vivo Repressed (ivr) Genes of V. cholerae. An aliquot of each
pool of the library was spread in triplicate on LB-Sm/Km/Ap plates. After
overnight incubation, ~5,000 colonies were collected from each plate and
diluted in LB to ~10° cfu/mL, and 50 pL were used to intragastrically in-
oculate 5-d-old CD-1 mice (anesthetized by isoflurane) as previously de-
scribed (14, 30). Approximately 22 h postinfection, mice were euthanized,
and their small bowels were removed and homogenized in 1 mL of LB plus
20% Gly. Serial dilutions of the homogenate were plated on LB agar lacking
NacCl and supplemented with 10% Suc and Sm to select for resolved strains
lacking the res or res1 cassette. After incubation overnight at 30 °C, eight
Suc® Km® colonies were picked from each mouse output, grown in LB, and
stored at —80 °C in 96-well plates (Greiner) in LB plus 20% Gly.

Resolvase-based screens have a false positive rate of approximately 15%
based on previous reports (14, 17, 22). In RIVETscreens, such false positives
are eliminated by reconstruction of the original unresolved strains and
assaying the resolution frequencies in vitro and in vivo. A >twofold increase
in resolution during cultivation of the test condition compared with control
condition has been generally applied as a very stringent criterion for bona
fide induced genes (14, 22), which so far allowed confirmation by quanti-
tative real time RT-PCR of all bona fide categorized genes tested. As the
TRIVET system has more components, a reconstruction for all strains is rel-
atively complicated and time-consuming. By reanalysis of the combined data
acquired by previous resolvase-based screens (14, 17, 22), it appears that
strains with in vitro resolution frequencies below 30% have only a 5% chance
to be false positive. As the tpc cassette remains stably integrated in the chro-
mosome, PhoA activity of in vivo resolved strains can be measured under in
vitro conditions and correlate the obtained activity to a resolution frequency.
According to the results obtained for the irgA-fusion test strain, an in vitro
resolution frequency of 30% or lower correlates with PhoA activities of 10
Miller units or higher (Fig. 1). Thus, a simple PhoA activity assay of resolved
TRIVET strains after in vivo passage is an efficient tool to reduce the number of
false positives. Importantly, all of the nine identified in vivo resolved strains
(Tables S1 and S3) were subjected to this validation step and exhibited an in
vitro PhoA activity higher than 10 Miller units, which reinforces the overall
feasibility of the TRIVET system.

To identify the exact insertion of the tpc cassette, chromosomal DNA was
isolated from overnight cultures of the respective resolved strains, digested
with EcoRl, and ligated into an EcoRl-opened pBR322. After transformation
of the ligation products in DH5opir, selection for CmR allowed the identi-
fication of colonies harboring a plasmid with the functional cat gene of
the tpc cassette, as well as adjacent chromosomal DNA of the V. cholerae
genome. Isolated plasmids were used directly as templates in sequencing
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reactions with the oligonucleotide seqPrimer-cat that reads out from the 3’ end
of cat. Sequences were compared with the V. cholerae N16961 genome database
with blastN (blast.jcvi.org/cmr-blast/) to identify the exact position of the tpc-
cassette insertion. We considered transcriptional fusions of tetR to any annotated
ORF within which it had inserted in the same orientation, as well as any anno-
tated ORF in the same orientation lying <100 bp from the ribosomal binding site
(RBS) of tnpR as long as no factor-independent transcriptional terminators
were present.

Stomach pH Measurement of Infant Mouse. Five-day-old CD-1 mice were
separated from the dam for 1 h and injected with 50 puL of saline by gavage.
After 20 min, the mice were killed, and stomach content was taken into 1 mL
of saline. The mixture pH was measured by the Metrohm 827 pH laboratory.
Results are presented as the logarithmic scale of pH.

Resolution Assay. To quantify resolution, strains were first grown on LB-Sm/Km/
Ap plates overnight and adjusted in LB-Sm/Km/Ap to ODggo = 1, which was
used as inoculum. To determine in vitro resolution frequencies, the inoculum
was diluted 1:100 in 5 mL of LB-Sm/Ap, LB-Sm/Ap with various pH or LB-Sm/Ap
supplemented with different concentrations of 2,2’-bipyridyl or FeSO, and
incubated for up to 8 h. To determine the in vivo resolution, the inoculum was
diluted 1:500 in LB, and anesthetized 5-d-old CD-1 mice were intragastrically
inoculated with 50 pL of this dilution (~10° cfu per mouse). Mice were eu-
thanized at 22 h infection time, and V. cholerae were recovered as described
above. At the given time point, the amount of resolution in vitro and in vivo
was determined by plating appropriate dilutions on LB-Sm/Km and LB-Sm/Ap
plates. Results were expressed as the percent resolution, calculated as
SmR/Km?® cfu (SmR/ApPR cfu minus SmR/KmR cfu) divided by SmR/ApR cfu.

Alkaline Phosphatase Activity Assay. To find out the activity of gene tran-
scription, V. cholerae cultures were incubated in LB with varying supple-
ments or pH (e.g., 2,2"-bipyridyl, FeSO4, pH 5, pH 7, or pH 9), and PhoA
activity was determined as previously described (51). The activities were
expressed in Miller units: 1,000 x [A405/(Asoo X ML x min)].

Quantitative Real-Time RT-PCR. Expression of irgA and c/cA was determined
by quantitative real-time RT-PCR (gRT-PCR). For in vitro studies, WT or
AaphB were grown to an ODggo of 0.5 to 0.8 in LB either supplemented with
varying amounts of 2,2-bipyridyl and FeSO, or adjusted to a different pH
value. Bacterial RNA extraction, DNase digestion, cDNA synthesis, and qRT-
PCR were performed as described previously (52). For in vivo studies, anes-
thetized 5-d-old CD-1 mice were intragastrically inoculated with 50 pL of WT
adjusted to ODggg of 0.002 in LB, corresponding to an infection dose of ~10° cfu
per mouse. After 22 h, mice were euthanized, and small intestine and cecum
with colon were removed by dissection and mechanically homogenized in
1.5 mL of TRIzol Reagent (ThermoFisher Scientific). RNA was isolated using
the Monarch Total RNA Miniprep Kit (New England Biolabs) according to
the manufacturer’s protocol, and chromosomal DNA was digested by using
RQ1 RNase-Free DNase (Promega). Synthesis of cDNA and qRT-PCR were
performed as described previously using the iScript Select cDNA Synthesis
Kit (Bio-Rad) and the SYBR GreenER gPCR SuperMix for ABI PRISM
(ThermoFisher Scientific) (53). Each cDNA sample was tested in triplicate.
The sequences of the primers used for qRT-PCR starting with “qPCR-" are
listed in Table S2. Results were analyzed using StepOne Software v2.1, and
relative gene expression comparisons were calculated by the mean cycle
threshold of samples, which were normalized to the housekeeping gene 16S
rRNA (VCr001) and to one randomly selected reference sample. For expression
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analysis of irgA, the reference sample was selected from the WT grown in LB
without addition of 2,2'-bipyridyl or FeSO4 while a sample derived from WT
grown in LB pH 7 served as reference for the clcA expression analysis.

Competition Assays. Competition assays for both in vivo and in vitro were
performed by using in-frame deletion mutants (lacZ*) competed against the
isogenic, fully virulent Vc_res strain (lacZ") to allow differentiation between
the strains on X-Gal plates as previously described (14, 18, 51). In case of
strains with constitutive expression of ivr genes, WT (lacZ*) with the re-
spective pBR322 expression derivative were competed against Vc_res (lacZ™)
containing the empty pBR322, or deletion mutants (lacZ*) with the re-
spective pBR322 expression derivative were competed against deletion
mutants (/lacZ”) containing the empty pBR322, respectively. Briefly, strains
for competition were grown overnight on LB plates supplemented with the
appropriate antibiotics, resuspended in LB, and mixed in a 1:1 ratio. For in
vivo competitions, 5-d-old CD-1 mice were separated from their dams 1 h
before infection. Subsequently, they were anesthetized by inhalation of
isoflurane gas and then inoculated by oral gavage with 50 pL of an appro-
priate dilution of the 1:1 mixture (e.g., mutant and isogenic WT strain),
resulting in an infection dose of ~10° cfu per mouse. To determine the exact
inputs, appropriate dilutions of the inocula were plated on LB-Sm/X-Gal
plates. After 22 h, the mice were killed, and the stomach, small intestine,
and colon with cecum from each mouse were collected by dissection. The
individual parts of the gastrointestinal tract were mechanically homoge-
nized in LB broth with 15% glycerol, and appropriate dilutions were plated
on LB-Sm/X-Gal. In vitro competitions, simultaneously performed using the
same inoculum of in vivo, were done by inoculation of 2 mL of LB with
1:1,000 of the inoculum (~10° cfu). The cultures were incubated overnight at
37 °C with aeration and subsequently diluted in LB, and appropriate dilu-
tions were plated on LB-Sm/X-Gal. For the assay of acid tolerance response,
competition mixtures were adjusted to ODggo = 0.5 in LB with indicated pH.
At indicated time points, appropriate dilutions were plated on LB plates
supplemented with the appropriate antibiotics. The colonies of mutant and
WT were determined by counting the cfu and back-calculation to the orig-
inal volume of the homogenized tissue or LB culture. In general, results are
presented as the competition index (Cl), which is the ratio of mutant strain
cfu to Vc_res cfu normalized for the input ratio.

Ethics Statement. CD-1 mice (Charles River Laboratories) were used in all ex-
periments in accordance with the rules of the ethics committee at the University
of Graz and the corresponding animal protocol, which has been approved by
Austrian Federal Ministry of Science and Research Ref. 11/10b. Mice were housed
with food and water ad libitum and monitored under the care of full-time staff.

Statistics. Generally, the Mann-Whitney U test or Kruskal-Wallis followed by
Dunn’s posttest was used for single or multiple comparisons, respectively. In
case of competition assays in acidic environments, a Wilcoxon signed-rank
test was used to indicate significant differences to a hypothetical value of 1.
A P value of less than 0.05 was considered significant.
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