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Toxigenic Vibrio cholerae, the causative agent of the epidemic diarrheal disease cholera, interacts with diverse
environmental bacteriophages. These interactions promote genetic diversity or cause selective enrichment of
phage-resistant bacterial clones. To identify bacterial genes involved in mediating the phage-resistant pheno-
type, we screened a transposon insertion library of V. cholerae O1 El Tor biotype strain C6706 to identify
mutants showing altered susceptibility to a panel of phages isolated from surface waters in Bangladesh.
Mutants with insertion in cya4 or crp genes encoding adenylate cyclase or cyclic AMP (cAMP) receptor protein
(CRP), respectively, were susceptible to a phage designated JSF9 to which the parent strain was completely
resistant. Application of the cya4 mutant as an indicator strain in environmental phage monitoring enhanced
phage detection, and we identified 3 additional phages to which the parent strain was resistant. Incorporation
of the cyaA or crp mutations into other V. cholerae O1 strains caused similar alterations in their phage
susceptibility patterns, and the susceptibility correlated with the ability of the bacteria to adsorb these phages.
Our results suggest that cAMP-CRP-mediated downregulation of phage adsorption may contribute to a
mechanism for the V. cholerae O1 strains to survive predation by multiple environmental phages. Furthermore,
the cyaA or crp mutant strains may be used as suitable indicators in monitoring cholera phages in the water.

Bacteriophages contribute to the evolution of bacteria by
mediating horizontal gene transfer and genomic rearrange-
ments, as well as by bactericidal selection, in which bacterial
strains that are able to resist phage predation thrive over com-
peting phage-susceptible strains (5, 10, 11). Toxigenic Vibrio
cholerae, the causative agent of the epidemic diarrheal disease
cholera, interacts with diverse phages, both in the aquatic en-
vironment and in the host milieu, and these interactions may
promote genetic diversity and/or cause selective enrichment of
particular bacterial clones (10, 11, 26, 27).

Historically, cholera is an ancient disease with the occur-
rence of seven distinct pandemics since the first pandemic of
cholera began in 1817, but the disease still affects millions of
people (9, 16). The current seventh pandemic of cholera, which
originated in Indonesia in 1961, is the most extensive in geo-
graphic spread and duration, and the causative agent is V.
cholerae O1 of the El Tor biotype. The sixth pandemic and
presumably the earlier pandemics were caused by the classical
biotype, which now seems to be extinct.

Molecular epidemiological surveillance has revealed contin-
ually changing relative prevalences of different clones of patho-
genic V. cholerae (9), and the emergence of new clones has
been attributed to possible horizontal transfer of clusters of
genes associated with virulence or environmental fitness as well
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as resistance to different antibiotics (9, 20). The recent recog-
nition that phage predation may play a role in the natural
control of cholera epidemics (10, 11, 14) reinforces predictions
that changes in this pathogen and the prevalences of different
clones may also be driven by environmental phages. The emer-
gence of certain strains is likely to be enhanced by phages
through the bactericidal mechanism in which phage-sensitive
strains are killed while providing a selective advantage to
phage-resistant strains. Therefore, the ability to evade phage
predation constitutes an important factor in attaining in-
creased evolutionary fitness.

In the present study we screened a transposon insertion
library of V. cholerae O1 El Tor biotype strain C6706, to iden-
tify genes whose inactivation would enhance the susceptibility
of the bacteria to environmental phages. Presumably, these
genes contribute in mediating resistance to the relevant phages
and thus allow the bacteria to survive phage predation. Bacte-
ria with increased phage susceptibility due to mutations in the
appropriate genes may also have application as improved in-
dicator strains to monitor the prevalence of relevant phages in
the environment.

MATERIALS AND METHODS

Bacterial strains and phages. V. cholerae strains used as indicators in plaque
assays or as hosts for phage preparations were from either clinical or environ-
mental sources and were available in our collection. Clinical strains were origi-
nally obtained from cholera patients who attended the treatment center of the
International Centre for Diarrheal Disease Research, Bangladesh (ICDDR,B),
located in Dhaka. Environmental isolates were from surface waters in Dhaka.
The defined mutants were obtained from a previously described TnFGL3 inser-
tion library of the El Tor biotype strain C6706 (6) or constructed in the present
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TABLE 1. Bacterial strains and phages used in this study

Phage(s) or strain(s)

Description Reference or source

JSF1, JSF3, JSF4, JSF141, JSF9, JSF10, JSF11, JSF12,
JSF15

$224, 0395, 5262, 1355, L396, L547, L362, B36921,
C19385, D19316, E14850, E14983, AE4727, AE2883,
AET7471

C6706, 2924281, 2868921, 2868912, AF-1471, AL-30457,
AM-33126, AN-32320, G-8747, G-3669, AP-13543,
AM-33122, MG-116955, AN-24088, AO-29054,
2680370, 2706062, 2680335

EC14235 (C6706; crp::TnFGL3)

Vibrio cholerae phages isolated from environmental
waters in Bangladesh
Vibrio cholerae O1 classical biotype clinical isolates

Vibrio cholerae O1 El Tor biotype clinical isolates

10, 24; this study

Laboratory collection

Laboratory collection

Derivative of strain C6706 carrying TnFGL3 6

insertion in the crp gene encoding cAMP
receptor protein (CRP)

EC13352 (C6706; cyaA::TnFGL3)

Derivative of strain C6706 carrying TnFGL3 6

insertion in the cyad gene encoding adenylate

cyclase
Environmental V. cholerae O1 El Tor isolates

2614, 3055, 112V214

2614, crp:TnFGL3; 3055, crp::TnFGL3; 112V214,
crpTnFGL3

2614, cyaA::"TnFGL3; 3055, cyaA::TnFGL3; 112V214,
cyaA::TnFGL3

C-0273, C-1771, C-0270, AI-1852, Arg-03

Laboratory collection

Vibrio cholerae O1 El Tor strains with TnFGL3 This study
insertion in crp gene
V. cholerae O1 El Tor strains with TnFGL3 This study

insertion in cyad gene
Vibrio cholerae 0139 isolates

Laboratory collection

C-0273, crp::TnFGL3; C-771, crp::TnFGL3; C-0270, Vibrio cholerae O139 carrying TnFGL3 insertion in This study
crp:TnFGL3 crp gene

C-0273, cyaA::TnFGL3; C-1771, cyaA::TnFGL3; C-0270, Vibrio cholerae O139 carrying TnFGL3 insertion in This study
cyaA::TnFGL3 cyaA gene

V46, V51 Vibrio cholerae 0141 isolates Laboratory collection

Vdocr (V46; crp::TnFGL3), V51cr (V51; crp::TnFGL3)

Vibrio cholerae O141 carrying TnFGL3 insertion in This study
crp gene
Vibrio cholerae O141 carrying TnFGL3 insertion in This study

Vdo6c (V46; cyaA::TnFGL3), V51c (V51; cyaA:: TnFGL3)

cyaA gene

study. The different phages included in this study were isolated from environ-
mental water samples collected in Dhaka. A description of different bacterial and
phage strains included in the study is presented in Table 1.

Isolation and estimation of phage. A panel of V. cholerae O1 and O139 strains
were used as potential indicator strains to detect and isolate phages from envi-
ronmental water using the soft agar plaque assay, as described previously (10).
Plaques were counted to estimate the concentration of phage particles in the
sample. Phages from representative plaques were further purified, and the spec-
ificity of each phage was tested using strains belonging to different species and
serotypes.

Phage adsorption assay. Adsorption of a phage on its host strain was studied
according to a previously described method (23). To examine the adsorption of
the phage to indicator bacterial cells, ~2.5 X 10° cells of exponentially grown LB
broth culture of each V. cholerae strain were mixed with 10”7 PFU of the phage.
LB broth mixed with the phage without the bacteria was used as a control.
Parallel samples were incubated for 20 min at 30°C, and then the concentrations
of nonadsorbed phages were determined. To estimate the nonadsorbed phage in
each sample, bacteria were removed by centrifugation for 10 min at 1,200 X g,
and supernatants were filtered through 0.22-pum-pore-size filters (Millipore Cor-
poration, Bedford, MA). Serial dilutions of the filtrate were plated on an indi-
cator bacterial strain, and plaque counts were determined after 16 h of incuba-
tion at 37°C. In addition, phase-contrast microscopy was conducted to monitor
possible agglutination of host bacteria in the presence of the phage.

Electron microcopy of phage particles. High-titer phage preparations (~10'°
PFU/ml) were obtained using the plate lysis procedure as described previously
(2). The phage particles were negatively stained with 2% uranyl acetate and were
examined under a Philips transmission electron microscope (model 420T).

Screening of the transposon library. A previously constructed TnFGL3 inser-
tion library (6) of the El Tor strain C6706 was screened to identify mutants
exhibiting altered susceptibilities to different phages. These phages either have
been described previously (10) or were isolated in the present study (Table 1).
The screening was done by cross streaking of the bacterial mutants and the phage
on LB agar plates. The relevant mutants of C6706 identified by cross streaking
were further confirmed by standard soft agar plaque assays as described above.

Chitin-induced transformation. V. cholerae cells were transformed with
genomic DNA fragments from appropriate donor strains (carrying TnFGL3

inserts) in the presence of chitin by using previously described methods (18, 25).
Briefly, overnight cultures of the recipient V. cholerae strains were diluted 1:100-
fold in LB medium and grown to an optical density at 600 nm (ODyy) of ~0.3.
The bacteria were precipitated by centrifugation, washed, and resuspended in
1/10 volume of filter-sterilized environmental water or 0.5% sterile sea salt
solution (SS). Aliquots of a 2-ml bacterial suspension were dispensed into the
wells of a 12-well tissue culture plate containing sterile pieces of shrimp shell
(25). After incubation at 30°C, with static growth for 24 h, the planktonic phase
was removed and fresh water or SS was added. At the same time, 1 to 2 ug of the
appropriate DNA was added to the wells. After 24 h, the shrimp shells were
removed from the wells, washed in SS, and vortexed in SS to release the attached
bacteria. The released bacteria were then plated onto appropriate antibiotic-
containing LB agar plates. Suspected transformants were further analyzed using
PCR and hybridization assays to confirm the presence of TnFGL3 insertion
markers in the relevant genes.

RESULTS

Characteristics of relevant phages. Initially the transposon
insertion library was screened using a panel of 6 phages, and
later 3 more phages were included (Table 1). A total of 4
phages to which the cyaA and crp mutants were susceptible, but
the parent strain was completely resistant, were further char-
acterized. These phages included JSF9, which was initially iso-
lated from a sample of river water using classical biotype in-
dicator strain S224, and 3 other phages, JSF10, JSF12, and
JSF15, which were isolated using a cya4 mutant of El Tor
biotype strain C6706 as the indicator (Table 2). The host spec-
ificity of these phages was examined using a panel of bacterial
strains belonging to different species and serogroups (data not
shown). Strains belonging to the classical biotype of V. cholerae
O1 were susceptible to phages JSF9, JSF12, and JSFI15,
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TABLE 2. Characteristics of different bacteriophages analyzed in the study

desrzgr?gfion Indicator strain used for isolation Morphology® Family R;Srtorgigl? n l’lOI]IDIONl? oy

JSF9 V. cholerae O1 classical biotype Hexagonal head (50 nm), short Podoviridae 1 JSF12, JSF15
strain S224 tail (5 nm)

JSF10 V. cholerae O139 strain Arg-03 Hexagonal head (45 nm), long tail Siphoviridae 2 None

(100 nm)

JSF12 V. cholerae O1 EC13352 Hexagonal head (50 nm), short Podoviridae 3 JSF9, JSF15
(C6706; cyad::TnFGL3) tail (5 nm)

JSF15 V. cholerae O1 EC13352 Hexagonal head (50 nm), short Podoviridae 4 JSF9, JSF12

(C6706; cyad::TnFGL3) tail (5 nm)

¢ Morphology is shown in Fig. 1.
b Bgll restriction patterns are shown in Fig. 2.

¢ DNA homologies were determined by cross-hybridization between the different phage genomes on Southern blots.

whereas the host for phage JSF10 was a specific nontoxigenic
V. cholerae O139 strain, Arg-03. All wild-type V. cholerae O1 El
Tor strains tested were resistant to these phages, but the cyaA
or crp mutants of different El Tor strains were fully susceptible
(Table 3). The wild-type strains of the classical biotype were
susceptible to phages JSF9, JSF12, and JSF15 but were resis-
tant to JSF10. However, cy4 and crp mutants of a classical
strain, S262, turned out to be susceptible to JSF10 phage as
well (Table 3).

We further examined whether the resistance of the different
wild-type V. cholerae strains to these phages was due to possi-
ble lysogeny of the phages in these strains, causing the bacteria
to become immune to further infection by the same phage. All
V. cholerae strains listed in Table 1 were probed with the phage
DNA in colony blot hybridization. However, none of the

strains hybridized with any of the 4 phage DNA probes, thus
ruling out the possibility of the presence of these phage ge-
nomes in the bacteria in a lysogenic form.

Electron microscopic examination of the morphology of the
phages revealed that all these phages had hexagonal heads,
had tails of various lengths (Fig. 1; Table 2), and belonged to
defined phage families (1). Restriction endonuclease cleavage
patterns and cross-hybridization analysis of the phage genomes
suggested that although some of the phages shared DNA ho-
mology, all of them produced distinct restriction profiles (Fig.
2; Table 2) and were hence genetically distinguishable.

Mutations in cya or crp genes increase phage susceptibility
of V. cholerae O1 strains. We identified two defined transposon
insertion mutants of strain C6706 which were susceptible to 4
different phages, while the parent strain was completely resis-

TABLE 3. Susceptibilities of diverse V. cholerae strains to infection by different phages

Sensitivity to phage”:

V. cholerae strain(s) Description
JSF9  JSF10  JSF12  JSF15
S224, 0395, S262, S263, 1L.355, 1.396, V. cholerae O1 classical biotype strains S R S S
L547, L362, B36921, C19385, C19751,
D19316, E14850, E14983, AE4727,
AE2883, AE4731, AE7471, AE7485
C6706, 2924281, 2868921, 2868912, AF- V. cholerae O1 El Tor biotype strains R R R R
1471, AL-30457, AM-33126, AN-32320,
G-8747, G-3669, AP-13543, AM-33122,
MG-116955, AN-24088, AO-29054,
2614, 3055, 112V214
C-0273, C-1771, C-0270 V. cholerae 0139 strains R R R R
Arg-03 Nontoxigenic V. cholerae 0139 R S R R
V46, V51 V. cholerae O141 strains R R R R
C67006, crp::TnFGL3; 2614, crp:TnFGL3;  Derivatives of El Tor strains, unable to produce cAMP S S S S
3055, crp:TnFGL3; 112V214, receptor protein (CRP)
crpTnFGL3
C6706, cyaA::TnFGL3; 2614, Derivatives of El Tor strains, carrying mutation in cyaA gene S S S S
cyaA::TnFGL3; 3055, cyaA::TnFGL3,; encoding adenylate cyclase; impaired in synthesis of cCAMP
112V214, cyaA::TnFGL3
S262, crp::TnFGL3 Derivative of classical strain, with mutation in crp gene S S S S
$262, cyaA::TnFGL3 Derivative of classical strain, with mutation in cya4 gene S S S S
C-0273, crp=:TnFGL3; C-771, V. cholerae O139 carrying mutations in crp gene encoding CRP R R R R
crp:TnFGL3; C-0270, crp::TnFGL3
C-0273, cyaA::"TnFGL3; C-1771, V. cholerae O139 carrying mutation in cya4 gene encoding R R R R
cyaA::TnFGL3; C-0270, cyaA:: TnFGL3 adenylate cyclase
V46, crp::TnFGL3; V51, crp:TnFGL3 V. cholerae O141 carrying mutation in crp gene R R R R
V46, cyaA:: TnFGL3; V51, cyaA::TnFGL3 V. cholerae O141 carrying mutation in cya4 gene R R R R

“ Similar numbers of phage particles (~8.1 X 10%) were plated on different bacterial lawns. S, susceptible (plaque counts, 6.9 X 10® to 8.1 X 10%); R, resistant (no

plaques detected).
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FIG. 1. Electron micrographs of different phages, JSF9 (A), JSF10 (B), JSF12 (C), and JSF15 (D). The phages had hexagonal heads and tails

of various lengths and belonged to defined phage families (Table 2).

tant to these phages. These two mutants, EC14235 and
EC13352, respectively, carried insertions in the crp gene en-
coding cyclic AMP (cAMP) receptor protein (CRP) and in the
cyaA gene encoding adenylate cyclase, the enzyme required for
conversion of ATP to cAMP. Initial screening of the library
comprising 3,156 mutants using 6 different phages led to the
identification of these two mutants which were susceptible to

R
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FIG. 2. Restriction endonuclease cleavage patterns of different
phage genomes. Lanes 2 through 5 show Bgll restriction patterns of
DNA isolated from JSF9, JSF10, JSF12, and JSF15, respectively.
Lanes 1 and 6 show 1-kb DNA Ladder Plus (Invitrogen) used as
molecular size markers.

phage JSF9, whereas the parent strain was resistant. Later
these mutants were used as indicator strains to identify the 3
additional phages, JSF10, JSF12, and JSF15, from environ-
mental water samples. All the 4 phages produced clear plaques
on lawns of these two mutant strains, as well as high phage
titers (~10® PFU/ml) when grown with these strains in LB
medium. None of the wild-type El Tor biotype strains and
none of the other mutants in the library except the cyad and
crp mutants were susceptible.

To further verify the effect of cAMP and CRP mutations, we
incorporated similar mutations in a number of other V. chol-
erae strains by chitin-induced transformation and recombina-
tion (16, 21) with genetically marked DNA carrying insertions
in cyaA and crp genes (Table 1). The resulting mutants of the
phage-resistant El Tor strains also became completely suscep-
tible to infection by each of the 4 different phages (Table 3).
Similarly, corresponding cya4 and crp mutants of a classical
strain, S262, became susceptible to JSF10, while the parent
strain was resistant. However, V. cholerae O139 and O141
strains subjected to the same mutations remained resistant to
the phage despite sustaining the cAMP and CRP mutations
(Table 3). Thus, the cAMP-CRP signaling system negatively
regulates the phage susceptibility of V. cholerae O1 strains in
particular, and the observed phage susceptibility of these
strains was not due to possible growth defects arising from
mutations in these ubiquitous regulatory genes.

The effect of cyad and crp mutations occurs at the level of
phage adsorption. The adsorption of different phages to V.
cholerae strains was studied both by a quantitative method and
qualitatively by observing bacterial aggregation in the presence
of phage by microscopy. The phage susceptibilities of different
strains correlated with the abilities of the strains to adsorb
these phage particles (Fig. 3; Table 3) and form bacterial
aggregates (Fig. 4) in the presence of the phage. There was no
apparent difference in the affinities of the 4 different phages for
a particular bacterial strain. Whereas the phage-resistant El
Tor strains did not agglutinate in the presence of any of these
phages, the phage-susceptible mutants formed agglutinates
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FIG. 3. Adsorption of phages JSF9 (A) and JSF10 (B) to different
V. cholerae strains. The descriptions of the strains are as follows. Strain
S224, V. cholerae O1 classical biotype; C6706, El Tor; EC13352, de-
rivative of strain C6706 defective in synthesis of adenylate cyclase;
EC14235, derivative of strain C6706, defective in synthesis of cCAMP
receptor protein (CRP); AI-1852, O139; AI-1852c, derivative of strain
AI-1852 defective in synthesis of adenylate cyclase; V51, O141; V51,
derivative of strain V51, defective in synthesis of adenylate cyclase;
Arg-03, nontoxigenic V. cholerae O139 strain. Strains S224, EC13352,
EC14235, and Arg-03 were susceptible to the different phages in the
plaque assay. The phages were originally isolated from water using
$224 and Arg-03 as indicator strains for JSF9 and JSF10, respectively.

Adsorption of JSF10 phage (% of total phage)

(Fig. 4). This observation and the quantitative data on phage
adsorption (Fig. 3) suggested that the effect of cyad and crp
mutations on the susceptibility of V. cholerae O1 strains to
these phages occurred at the level of phage adsorption, possi-
bly due to the availability of a functional phage receptor.
Hence, in wild-type V. cholerae O1 strains which are resistant
to the phages and fail to adsorb phage particles, the cAMP-
CRP system may be involved in downregulation of the phage
receptor on the target bacteria.

Use of cyaA-mutated strain in environmental phage moni-
toring. We tested the applicability of the cya4-mutated deriv-
ative of El Tor strain C6706 as a convenient indicator strain
and compared its applicability to that of the parent strain for
monitoring phage prevalence in the environment. Aliquots of
the same water samples were plated on different soft agar
lawns prepared with the mutant and the parent strain. The
detection of different phages and their apparent concentra-
tions are presented in Table 4. It may be mentioned that the 3
additional phages, JSF10, JSF12, and JSF15, were isolated
from this assay and were further characterized. The phages
isolated using the cyaA mutant of C6706 as the indicator strain

cAMP-CRP SIGNALING SYSTEM MEDIATES PHAGE RESISTANCE 4237

produced clear plaques on cyad4 mutants as well as on crp
mutants derived from other El Tor strains. Taken together,
these results suggested that the cyaA and crp mutants were
useful as indicator strains for enhanced estimation of V. chol-
erae Ol-specific phages in environmental waters.

DISCUSSION

Molecular epidemiological surveillance of cholera has re-
vealed temporal changes in the predominant clones of toxi-
genic V. cholerae associated with the disease and occasional
replacement of one clone by another (9). However, the genetic,
epidemiological, or ecological factors which lead to the occa-
sional elimination of one clone of V. cholerae and promote the
emergence of another clone in regions where the disease is
endemic are not clear. Although pathogenic strains of V. chol-
erae cause severe infections in humans, V. cholerae as a species
is a part of the normal aquatic flora, and presumably environ-
mental factors may influence the predominance of diverse V.
cholerae strains (7). Recent studies have shown that environ-
mental bacteriophages acting on V. cholerae can significantly
contribute to the distribution and abundance of different
clones of V. cholerae (10, 11).

The ability to resist predation by one or more environmental
phages that would kill a competing clone understandably pro-
vides increased fitness to the resistant clone. In this study we
attempted to identify bacterial genes that presumably contrib-
ute to the resistance of certain groups of strains against par-
ticular environmental phages. Importantly, if the expression of
these genes fluctuates under various environmental parame-
ters, the bacteria may also be able to maintain a low concen-
tration of the phage through conditional susceptibility and
possibly use them against other competing bacteria. Interest-
ingly, in this study, the mutant strains which became suscepti-
ble to infection by 4 different phages to which the parent
strains were resistant carried insertions in the genes for pro-
duction of cAMP or the cAMP receptor protein, either of
which takes part in diverse metabolic regulations in different
organisms.

The lysogeny of phage P22 in Salmonella enterica serovar
Typhimurium is influenced by the cAMP-CRP system, in that
wild-type strains are more readily lysogenized than are their
cAMP or CRP mutants, and hence, these mutants are more
susceptible to lysis (13). However, none of the wild-type strains
in the present study was lysogenized by any of these 4 phages,
and hence, the susceptibility of cCAMP- or CRP-negative mu-
tants in this study was not related to entering the lytic cycle
instead of lysogeny.

Incorporation of the cyaA4 or crp mutations in a number of V.
cholerae O1 strains showed similar alterations in their suscep-
tibility to the phages studied. However, cAMP and CRP mu-
tations in V. cholerae strains belonging to the 0139 and O141
strain groups did not make these strains susceptible to these
phages (Table 3). Therefore, the phage susceptibility of the
cAMP- or CRP-negative V. cholerae O1 mutant strains was not
an artifact due to a general growth defect caused by the ab-
sence of these regulators. Instead, the effect of cAMP-CRP is
probably targeted toward certain surface components of V.
cholerae O1 and, more particularly, of the El Tor biotype
strains. The intracellular concentration of cAMP has been
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FIG. 4. The susceptibilities of different V. cholerae strains to diverse phages correlated with the formation of bacterial cell clumps in the
presence of the phage. Clump formations in the presence of phage JSF9 by different strains are shown. The identities of strains and their
susceptibilities were as follows: (A) strain C6706 (El Tor), phage resistant; (B) strain EC13352 (C6706; cyaA::TnFGL3), phage susceptible;
(C) strain EC14253 (C6706; crp::TnFGL3), phage susceptible; and (D) strain S224 (classical), phage susceptible. The CRP-negative strain shows

an elongated cell morphology.

previously shown to affect membrane transport activity, fatty
acid composition, and synthesis of certain membrane compo-
nents in different bacteria (3, 8, 21). Thus, cyad or crp may be
associated with the expression of regulated phage receptors in
certain groups of bacteria in contrast to other phage-suscepti-
ble strains in which the phage receptors are constitutively ex-
pressed.

The bacterial surface structures often used by phages as a
receptor for adsorption to bacteria include lipopolysaccharide
O antigen, outer membrane proteins (OMP), and pili. Previous
studies have shown that cAMP and its receptor protein CRP
can markedly influence the composition of these structures
(12, 15, 17, 22). In Escherichia coli the downregulation of outer
membrane proteins by noncoding RNAs has been shown to be
controlled by a cAMP-CRP-dependent regulatory cascade
(15). Insertion mutations in cya and crp genes in V. cholerae O1
have been shown to derepress the expression of cholera toxin
and toxin-coregulated pilus (TCP), suggesting that the cAMP-
CRP system negatively modulates the expression of these

genes which are known to be coordinately regulated by ToxR,
a transmembrane DNA-binding regulatory protein (22).

The involvement of the cAMP-CRP signaling system with
the ToxR regulon is likely to have more profound effects in
Vibrio cholerae, since ToxR regulates the expression of at least
20 genes, including those encoding important virulence factors
and outer membrane proteins (17). For example, the outer
membrane protein OmpT is known to be repressed by ToxR.
Comparison of ompT transcription levels in the isogenic crp,
toxR, and crp toxR mutants revealed that in the absence of
ToxR, constitutive high-level ompT transcription is dependent
on CRP; thus, both CRP and ToxR are required for the reg-
ulation of OmpT expression (17). Other changes in the bacte-
rial surface structure that are influenced by the cAMP-CRP
system include the levels of Vibrio exopolysaccharide (VPS)
and matrix proteins required for bacterial biofilm formation.
The ability of V. cholerae to form biofilms is crucial for its
survival in aquatic habitats between epidemics and is advanta-
geous for host-to-host transmission during epidemics. Biofilm

TABLE 4. Detection of different phages in environmental water samples in Bangladesh using V. cholerae strain C6706 and its cyaA mutant as
indicator strains during October 2008 and March 2009

Estimated mean phage concn (PFU/

No. of ml) with different indicator strains
Date of sampling samples (mean * SD) P value? Phages® identified
analyzed”
C6706 EC14235
October to December 2008 10 60.0 = 31.6 155.0 = 72.4 0.0005 JSF2, JSF4, JSF10, JSF12
January to March 2009 12 62.5 = 22.6 116.6 = 38.9 0.0011 JSF9, JSF11, JSF15, JSF16

“ Samples were collected from 9 different environmental surveillance sites described previously (10) along Gulshan Lake, the Buriganga River, and the Turag River,
in Dhaka, Bangladesh. Samples were pooled and tested for V. cholerae-specific phages.

 The two-tailed P values from Mann-Whitney tests are shown.
¢ Phages JSF2 and JSF4 have been described previously (10).
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formation is positively controlled by the transcriptional regu-
lators VpsR and VpsT and is negatively regulated by the quo-
rum-sensing transcriptional regulator HapR, as well as the
cAMP-CRP regulatory complex (12). The interactions of
phages with bacterial biofilms may depend on the susceptibility
of the biofilm bacteria to the phage and the availability of
receptors (24). If the phage possesses polysaccharide-degrad-
ing enzymes, or if considerable cell lysis is effected by the
phage, the integrity of the biofilm may be destroyed. Alterna-
tively, coexistence between phage and host bacteria within the
biofilm may develop. Hence, the effect of cAMP-CRP on bio-
film formation may also have a broader effect on the overall
phage bacterial dynamics and their ecology.

Although this study did not precisely identify the receptor
for the different phages studied, our assays confirmed that the
differences in susceptibilities to the various phages occurred at
the level of phage adsorption (Fig. 3). Further studies are
under way to identify the relevant phage receptors and more
precisely understand their expression in different V. cholerae
strains. The ability of the El Tor strains to survive attack by
three of the phages under conditions in which classical strains
are susceptible might have involved inhibition of phage adhe-
sion to El Tor strains through possible downregulation of the
phage receptor. This difference in phage susceptibility between
the classical and El Tor biotype strains remains to be ex-
plained. It seems likely that the receptor for these phages in
most classical strains is constitutively expressed, whereas that
in the El Tor biotype strains is negatively regulated by a cAMP-
dependent mechanism, which may also involve other regula-
tory components. It may be mentioned that certain important
differences between the regulation of gene expression in the
classical biotype and that in the El Tor biotype of V. cholerae
O1 are known to exist (4).

Recent studies of cholera phages are beginning to reveal
that the prevalence of phages in the environment may influ-
ence the epidemiology of cholera and perhaps other water-
borne bacterial infections (10, 11, 14, 19). Monitoring of envi-
ronmental phage concentration involves the use of indicator
bacterial strains on which the phages readily form plaques in a
soft agar plaque assay. The findings that cya4 and crp mutants
of El Tor strains are susceptible to certain phages to which the
wild-type El Tor strains are resistant led us to examine the
possibility that these mutants can be used instead of their
parent strains as more sensitive indicator strains to estimate
phage prevalence in the environment. Our results suggested
that indeed these mutant strains have applicability in monitor-
ing environmental phage prevalence, since significantly more
phages were detected by these indicator strains than by their
wild-type parent strains. Presumably, this difference arose from
the fact that the wild-type EI Tor strains resist predation by
multiple environmental phages through a cAMP-CRP-depen-
dent mechanism, and hence, plaque formation is not observed
on a lawn of the bacteria. Besides, although the wild-type strain
was not lysogenized by JSF9, JSF10, JSF12, or JSF15 phage
used in this study, the existence of other environmental phages
which might enter into a lysogenic form aided by the cAMP-
CRP system (13) and hence confer on the bacteria immunity to
infection by a similar phage cannot be ruled out.

In conclusion, the results of this study suggest that the ability
to resist predation by multiple environmental phages might
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have contributed to the evolutionary fitness of V. cholerae O1.
Furthermore, the phage resistance is conferred through a pro-
cess involving the cAMP-CRP signaling system. Hence, this
system may effectively alter a bacterial property that confers
improved evolutionary fitness in an environment where phage
predation modulates the prevalence of different bacterial
clones, often associated with disease.
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