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The bacterial pathogen Vibrio cholerae can occupy both the human gut and aquatic reservoirs, where it may colonize chitinous
surfaces that induce the expression of factors for three phenotypes: chitin utilization, DNA uptake by natural transformation,
and contact-dependent bacterial killing via a type VI secretion system (T6SS). In this study, we surveyed a diverse set of 53 iso-
lates from different geographic locales collected over the past century from human clinical and environmental specimens for
each phenotype outlined above. The set included pandemic isolates of serogroup O1, as well as several serogroup 0139 and non-
0O1/non-0139 strains. We found that while chitin utilization was common, only 22.6% of the isolates tested were proficient at
chitin-induced natural transformation, suggesting that transformation is expendable. Constitutive contact-dependent killing of
Escherichia coli prey, which is indicative of a functional T6SS, was rare among clinical isolates (only 4 of 29) but common among
environmental isolates (22 of 24). These results bolster the pathoadaptive model in which tight regulation of T6SS-mediated bac-
terial killing is beneficial in a human host, whereas constitutive killing by environmental isolates may give a competitive advan-
tage in natural settings. Future sequence analysis of this set of diverse isolates may identify previously unknown regulators and

structural components for both natural transformation and T6SS.

‘/ibrio cholerae, the bacterium responsible for the diarrheal dis-
ease cholera, can occupy a range of freshwater and marine
environments, where it commonly associates with abiotic chitin-
ous material and the biotic surfaces of algae, invertebrates, plants,
and fish (1). When water carrying V. cholerae is ingested, cells that
survive passage through the acidic stomach may gain access to the
small intestine and bind to its mucus layer. Isolates carrying the
CTX prophage can secrete cholera toxin (CT), which is responsi-
ble for the potentially fatal diarrhea that also aids in transmission
from the host.

Over 200 O serogroups have been described, with each defined
as a group of bacteria that share a surface antigen. Although only
the O1 and O139 serogroups carrying the CTX prophage are re-
sponsible for major cholera epidemics, other serogroups may be
associated with isolated cases of gastroenteritis but so far have not
been shown to spread globally (2). The pandemic O1 CTX™ iso-
lates are further divided into two biotypes, Classical and El Tor, on
the basis of several biochemical and phage susceptibility tests (3—
6). Seven cholera pandemics have been described. The O1 Classi-
cal biotype was responsible for the sixth and likely prior pandem-
ics but was displaced by the O1 El Tor biotype in the seventh
pandemic, which began in Southeast Asia in 1961 (7). In 1992, an
El Tor mutant, serotype O139, became responsible for some re-
gional cholera outbreaks and continues to coexist with O1 El Tor,
although in a minor capacity (8-10).

When inhabiting aquatic environments, V. cholerae can de-
grade the chitinous surfaces of copepods, zooplankton, and crabs
to soluble (GlcNAc),, oligosaccharides that can be imported and
utilized as a carbon source (11). Liberated chitin oligosaccharides
[(GlecNAc), o] may also act as an extracellular signal recognized
by membrane-bound receptors that triggers a signaling cascade
for the expression of genes encoding a DNA uptake apparatus for
natural transformation (12—-17). Transformation is one mode of
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horizontal gene transfer that can promote rapid gene exchange,
allowing bacteria to quickly adapt to their ever-changing environ-
ment, but this DNA can also be used for repair and nutrition (18).
Although successful natural transformation has been studied ex-
tensively in a small number of V. cholerae reference strains, little is
known regarding the broader prevalence of transformation ability
among members of the species. In fact, contemporary V. cholerae
isolates from the recent Haiti outbreak were impaired for natural
transformation (19, 20), highlighting the need for a more compre-
hensive understanding of the transformation proficiency of V.
cholerae.

It was recently discovered that growth on chitin also induces
the expression of a type VI secretion system (T6SS) in V. cholerae
(21, 22). The type VI apparatus, which is structurally analogous to
a phage tail spike, can penetrate adjacent cells and deliver toxic
effectors that cause contact-dependent lysis (23). These toxic ef-
fectors can be used to target either prokaryotic or eukaryotic prey
cells (24). Liberated DNA from lysed prey cells may then serve as
the genetic material for natural transformation (21) or as an alter-
native nutrient source. T6SS was originally discovered in 2006 in a
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non-O1/non-0139 environmental isolate of V. cholerae, V52, in
an attempt to understand virulence mechanisms in nonpandemic
CTX" strains that cause isolated cases of gastroenteritis (25). Sub-
sequently, genomic analyses of sequenced genomes of V. cholerae
have identified three major T6SS gene clusters that encode one
T6SS (25-27). It has been proposed that contact-dependent T6SS-
mediated killing ability provides a competitive advantage, allow-
ing V. cholerae to persist in both the human gut and the environ-
ment. However, despite extensive analyses documenting the
presence of T6SS genes in all sequenced V. cholerae genomes (27,
28), a broader survey of contact-dependent killing has not been
performed.

In V. cholerae clinical O1 El Tor isolates C6706 and A1552,
genes involved in chitin utilization, natural transformation, and
the T6SS are under the control of several positive regulatory fac-
tors. TfoX, induced by growth on chitin (12), and the transcrip-
tion factor CytR, controlled by nucleoside starvation, act as posi-
tive regulators of all three phenotypes in V. cholerae C6706 (22).
Quorum sensing (QS) also controls natural transformation and
type VI secretion in V. cholerae by upregulating the expression of
transcription factor HapR in response to the accumulation of se-
creted autoinducer signals at high cell density (12, 21, 29, 30).
HapR directly activates the transcription of the gene encoding the
transcriptional regulator QstR (31). Expression of TfoX and QstR
by chitin at high cell density or from a heterologous promoter is
sufficient to induce transformation and T6SS-mediated killing
(21, 22, 31). Although DNA uptake and T6SS are both controlled
in A1552 and C6706 by the presence of chitin, suggesting coupling
of these phenotypes, it is not known whether these activities are
also coordinately regulated in other members of the species.

In this study, we analyzed a set of 53 patient-derived and non-
patient-derived V. cholerae isolates collected between 1910 and
2011. Each isolate was characterized for chitinase activity, natural
transformation, and constitutive contact-dependent killing of
Escherichia coli consistent with a functional T6SS. We designated
patient-derived isolates “clinical” and non-patient-derived iso-
lates “environmental,” which are represented by the letters C and
E, respectively, in Table 1. These isolates include serogroups O1
(both Classical and El Tor biotypes), 0139, and non-O1/non-
0139, which were further differentiated by CTX™ or CTX ™ status.
The majority of the isolates we tested possessed chitinase activity,
while >50% were deficient in chitin-induced natural transforma-
tion. Clinical isolates were largely unable to engage in constitutive
contact-dependent killing of E. coli prey cells in a standard killing
assay, but nearly all of the environmental isolates tested displayed
constitutive bacterial killing. The diversity of the set of isolates
tested in transformation proficiency and bacterial killing suggests
that transformation may be dispensable in various settings. In
contrast, constitutive contact-dependent antagonism, like that
mediated by a T6SS, appears to be valuable in environmental hab-
itats distinct from a human host.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study were obtained from various laboratories (see Table S1 in the sup-
plemental material for detailed descriptions). Isolates were previously
characterized in the respective laboratories to determine their serogroups
and the presence or absence of the CT gene (ctxA). The methods used at
the Centers for Disease Control and Prevention were summarized by
Talkington et al. (19, 32, 33). The V. cholerae clinical and environmental
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isolates were collected from a variety of locations between 1910 and 2011.
E. coli MG1655 Cm" was used as the prey in bacterial killing assays. All
strains were grown in LB liquid medium or on LB agar at 37°C with the
appropriate antibiotics added at the following concentrations when need-
ed: kanamycin at 50 pg/ml and chloramphenicol at 10 wg/ml for V. chol-
erae and 25 pg/ml for E. coli. Specific assay conditions are described
below.

Construction of a plasmid for heterologous gstR and #foX expres-
sion. A previously constructed plasmid containing a kanamycin resis-
tance gene and the tfoX gene under the control of the ptac promoter (29)
was digested at the BamHI restriction enzyme site located 5’ of the #foX
gene. A fragment that carries the gstR gene, including its native ribosome
binding site, was amplified from the C6706 chromosome with primers
pQT_1 and pQT_2 (see Table S2 in the supplemental material). Gibson
assembly (New England BioLabs) was used to introduce this PCR product
into the BamHI-digested plasmid so that both #foX and gstR were under
the control of the same isopropyl-p-p-thiogalactopyranoside (IPTG)-in-
ducible ptac promoter. The resulting plasmid, designated pQT, was con-
firmed for the gstR insertion by sequencing with primers pQT_3 and
pQT_4 (see Table S2). E. coli S17-\pir cells transformed by electropora-
tion with pQT were used to introduce the plasmid into V. cholerae strains
of interest by conjugation.

Construction of the suicide vector used in allelic exchange to delete
vasK in isolate 692-79. The suicide vector, pRE118, containing an R6K
origin of replication, a kanamycin resistance gene, and the sacB gene con-
ferring sucrose sensitivity, was used for allelic exchange (34). Plasmid
pRE118 was digested at the KpnlI and Xhol restriction enzyme sites. The
genome sequence of 692-79 was used to design primers to PCR amplify
500 bp upstream (vasK_1 and vasK_2) and downstream (vasK_3 and
vasK_4) of the vasK gene (see Table S2 in the supplemental material).
Gibson assembly (New England BioLabs) was used to combine these two
PCR products and the digested plasmid. The resulting plasmid was veri-
fied via sequencing with flanking vasK_1 and vasK_4 primers (see Table
S2). E. coli S17-\pir cells transformed by electroporation with the plasmid
were used to introduce the suicide vector into isolate 692-79 via conjuga-
tion. LB agar plates containing kanamycin were used to screen for
transconjugants containing the chromosomally integrated plasmid. These
colonies were then streaked onto LB agar plates containing 10% sucrose to
select for candidates that had lost the plasmid by homologous recombi-
nation. Isolated colonies unable to grow when restreaked onto LB agar
plates with kanamycin were selected as presumptive vasK deletion mu-
tants. Deletion of vasK was confirmed by PCR with internal vasK_5 and
vasK_6 primers. The resulting 692-79 AvasK mutant was used to verify the
necessity of T6SS in contact-dependent bacterial killing.

Chitinase plate assay. Colloidal chitin was prepared from practical-
grade chitin (Sigma) derived from shrimp shells as previously described
(35, 36). Colloidal chitin plates were prepared by mixing 2% (wt/vol)
colloidal chitin with LB medium buffered to pH 7.0 with 0.1 M phosphate
buffer. Strains were incubated overnight at 37°C in LB broth and diluted
to an optical density at 600 nm (ODy,) of 1.0, and 10 pl of each suspen-
sion was plated onto the colloidal chitin agar. After incubation at 37°C for
96 h, the presence or absence of a zone of chitin clearing for each colony
was recorded by comparison to positive (C6706) and negative (C6706
CytR™) controls.

Natural transformation chitin assay. The standard chitin-induced
transformation assay was used to quantify the transformation frequency
(TF) of V. cholerae as described previously in detail (12, 37). Briefly, cells
grown in the presence of chitin (crab shell fragments) were exposed for 24
h to genomic DNA carrying a kanamycin resistance cassette and then
plated on selective and nonselective media to determine the TF (37).
Three independent experiments were performed with each isolate in trip-
licate, and the mean TF = the standard deviation for one representative
experiment were reported.

Bacterial killing assay. The killing assay (38) was modified as de-
scribed previously in detail (22). Briefly, V. cholerae predators and Cm”*
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TABLE 1 V. cholerae isolates from numerous locations, sources, and years, with serogroup and CTX status”

Strain Location Source C/E Yr Serogroup CTX Chi TF Killing
Wild-type C6706 Peru Patient C 1991 O1 El Tor + + + -
NCTC8457 Saudi Arabia Patient C 1910 O1 El Tor + - + +
MZO-2 Bangladesh Patient C 2001 014 - + + +
2010EL-1749 Cameroon Patient C 2010 O1 El Tor + + + +
MAK757 Celebes Patient C 1937 O1 El Tor + + - +
CA401 India Patient C 1953 O1 Classical + + — -
0395 India Patient C 1965 O1 Classical + + - -
MO10 India Patient C 1992 0139 El Tor + + - -
3541-04 GA, USA Patient C 2004 075 CII + + - -
3558-04 AL, USA Patient C 2004 075CI + + — -
3582-05 Pakistan Patient C 2005 O1 El Tor + + - -
3500-05 India Patient C 2005 O1 El Tor + + — -
3546-06 India Patient C 2006 O1 El Tor + + - -
3554-08 Nepal Patient C 2008 O1 El Tor + + - -
2011EL-1141 Afghanistan Patient C 2008 O1 El Tor + + - -
3566-08 NJ, USA Patient C 2008 0141 + + — -
2009V-1085 Sri Lanka Patient C 2009 O1 El Tor + + — -
2011EL-1938 Orissa, India Patient C 2009 O1 El Tor + + — —
2009V-1096 India Patient C 2009 O1 El Tor + + - -
2011EL-1137 South Africa Patient C 2009 O1 El Tor + + = -
2009V-1046 Pakistan Patient C 2009 O1 El Tor + + — -
Nepal 25 Nepal Patient C 2010 O1 El Tor + + - -
Nepal 14 Nepal Patient C 2010 O1 El Tor + + - -
2011EL-1941 Kolkata, India Patient C 2010 O1 El Tor + + — —
2010V-1014 Pakistan Patient C 2010 O1 El Tor + + - -
2010EL-1786 Artibonite, Haiti Patient C 2010 O1 El Tor + + — —
2011EL-1939 India Patient C 2011 O1 El Tor + + — -
2012V-1001 United States Patient C 2011 O1 El Tor + + - -
2011V-1043 FL, USA Patient C 2011 075CI + + - -
3223-74 Guam Storm drain E 1974 O1 - + + +
2631-78 LA, USA Moore swab E 1978 01 - + + +
2633-78 Brazil Sewage E 1978 01 - + + +
E8498 LA, USA Water E 1978 075 CII + + + -
VC22 FL, USA Opyster E 1981 O1 - + + +
2479-86 LA, USA Moore swab E 1986 o1 - + + +
TP CA, USA Water E 2000 NAg — + + +
VC56 AL, USA Opyster E 2009 O1 - - + +
3225-74 Guam Storm drain E 1974 01 — + — +
3272-78 MD, USA Bay E 1977 O1 - + - +
1074-78 Brazil Sewage E 1978 01 - + - +
2559-78 LA, USA Crab E 1978 01 + + - +
692-79 LA, USA Canal E 1979 O1 - + - +
2740-80 U.S. Gulf Coast Water E 1980 o1 - + - +
VC48 FL, USA Opyster E 1981 NAg - + - +
2512-86 LA, USA Moore swab E 1986 01 + + — +
2497-86 LA, USA Moore swab E 1986 01 - + - +
1496-86 LA, USA Moore swab E 1986 01 - + = -
2523-87 LA, USA Moore swab E 1987 O1 — + — +
857 Bangladesh Water E 1996 01 - + - +
SIO CA, USA Water E 2000 NAg - + — +
3568-07 Mexico Queso fresco E 2007 0141 + + — +
VC53 AL, USA Opyster E 2009 NAg - - — +
HE46 Centre, Haiti Gray water E 2011 NAg - + - +

“ Clinical (C) and environmental (E) isolates were found positive or negative for the following phenotypes: chitinase activity (Chi), natural transformation (TF), and constitutive

contact-dependent bacterial killing (Killing).

E. coli prey strains were grown overnight in LB medium with shaking at
37°Cto an ODg, of ~1.0. Predator V. cholerae (clinical and environmen-
tal isolates) and prey (Cm" E. coli) cells were mixed at a ratio of 10:1, and
50 wl of each suspension was spotted onto sterile Whatman cellulose
gridded filters (GE Healthcare) placed on LB plates. For gstR tfoX induc-
ible killing assays with isolates carrying pQT, IPTG (Fisher Bio-
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Reagents) was added to a final concentration of 200 wM to each 50-p.l
suspension before samples were spotted onto filters. A prey-alone con-
trol was also prepared in the same ratio with fresh LB medium to
determine total prey counts in the absence of a predator. After incu-
bation at 37°C for 3 h, cells were removed from filters by vortexing in
LB medium, serially diluted, and plated on LB agar supplemented with
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chloramphenicol to determine the number of CFU per milliliter of
surviving E. coli prey.

Contact dependence assay. The contact dependence assay described
in reference 38 was modified slightly to parallel the standard killing assay
described above. Briefly, each V. choleraeisolate (predator), as well as an E.
coli control, was plated as a lawn on LB agar plates and incubated over-
night. A sterile 0.22-pm filter (Pall Life Sciences) was placed on top of each
confluent lawn, and then 50 pl of E. coli prey was spotted on top of the
filter, allowing the E. coli cells access to nutrients but keeping them phys-
ically separated from the plated V. cholerae predator and the E. coli con-
trol. After incubation at 37°C for 3 h, cells were removed from filters by
vortexing in LB medium and serially diluted and dilutions were spot
plated on LB agar supplemented with chloramphenicol to determine the
approximate number of CFU of surviving E. coli prey per milliliter.

RESULTS

V. cholerae clinical and environmental strains. Strains were cho-
sen to include various locations, sources, years of isolation, and
serogroups as outlined in detail in Table 1. Serogroups of clinical
and environmental isolates, as well as the presence or absence of
the CT gene (ctxA), were obtained from previous publications (19,
33) or determined by methods described by Talkington et al. (32).
Isolates that did not fall into major serogroup O1, 0139, O75,
014, or 0141 were deemed nonagglutinating and designated
NAg. The majority of the 53 isolates are in the O1 serogroup and
were acquired from various locations in various years. All of the
isolates had comparable growth kinetics and grew to similar ODs
(data not shown); therefore, any differences seen were not attrib-
uted to growth defects. Clinical O1 El Tor strain C6706 served as
the reference strain in all assays (39). On the basis of the Pearson
correlation matrix obtained by principal-component analysis
(PCA) (see Table S3 in the supplemental material), differences in
location, year, and serogroup do not appear to be correlated with
differences in chitinase activity, natural transformation ability, or
constitutive bacterial killing, as described below.

Chitinase activity is common in V. cholerae. In clinical O1 El
Tor isolate C6706, chitin degradation, natural transformation,
and T6SS-mediated killing all require chitin as an inducing signal
(22). Therefore, to characterize the set of isolates, we first sought
to determine qualitatively whether each isolate was defective or
proficient in chitin utilization. Specifically, we observed degrada-
tion of colloidal chitin, which requires the expression of two major
chitinases, chiA-1 and chiA-2, that are both under TfoX and CytR
control in V. cholerae C6706 (22). As expected, a zone of clearing
was visible around a colony of C7606 on colloidal chitin agar,
indicative of chitinase activity (Fig. 1) (35). Clearing was more
pronounced for a C6706 strain that constitutively expressed the
chitin-responsive TfoX regulator (TfoX*) (39), while a C6706
strain lacking the cytR gene (CytR ™) was unable to degrade chitin
by this method (Fig. 1) (22, 39). Each clinical and environmental
isolate was then assessed for the ability to degrade chitin in this
assay. The majority of the isolates degraded colloidal chitin and
showed a visible zone of clearing. Only one clinical isolate
(NCTC8457) and two environmental isolates (VC56 and VC53)
were unable to produce a detectable zone of clearing comparable
to that of the C6706 CytR™ strain and are designated negative in
Table 1. However, these three isolates were capable of growing
(~1.0E+07 CFU/ml) in minimal medium containing a chitin
crab shell fragment under the conditions used in a transformation
assay described below, though they reached a lower stationary-
phase cell density than C6706 (~1.0E+09 CFU/ml). Thus, al-
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FIG 1 Chitin agar plate assay. V. cholerae isolate C6706 and isogenic deriva-
tives constitutive for TfoX (TfoX*) and lacking cyfR (CytR™), as well as all
clinical and environmental isolates, were assayed for the ability to degrade
chitin, which results in a visible zone of clearing on LB agar plates containing
2% colloidal chitin. Shown are C6706, the TfoX* derivative, and isolates
2010EL-1786 and 2010EL-1749, which produce a detectable zone of clearing;
as well as two CytR ™ strains that do not produce a zone of clearing.

though unable to degrade colloidal chitin, each negative isolate in
Table 1 appeared to possess chitinase activity sufficient to utilize
chitin for growth.

Natural transformation proficiency in V. cholerae is rare.
Since the discovery of natural competence and transformation in
V. cholerae in 2005, most studies have focused on a small number
of clinical strains, while less is known regarding the overall prev-
alence of natural transformation ability more broadly in this
Vibrio species (12). To address this, each isolate was tested for the
ability to take up DNA and recombine it onto the chromosome via
chitin-induced natural transformation, by methods previously
described (37). Isolates with a transformation frequency (TF) of
=1.0E—08 were deemed severely impaired in transformation, as
described previously (29), and are designated negative in Table 1.
Proficient isolates are designated positive in Table 1, and the cor-
responding values are shown in Table 2.

Of the 29 clinical isolates tested, only 4 (13.8%) were proficient
in natural transformation, with TFs ranging from 1.00E—05 to
5.42E—07 (Tables 1 and 2). As shown before (12, 39), O1 El Tor
reference strain C6706 had an expected TF of 1.0E—05. The TF of
O1 El Tor isolate NCTC8457, obtained in Saudi Arabia in 1910,
was 5.42E—07, and that of 014 MZO-2, isolated in Bangladesh in
2001, was 4.79E—06. Contemporary clinical O1 El Tor isolate
2010EL-1749, collected in 2010 in Cameroon, was also transform-
able with a frequency of 4.53E—06. Of the 24 isolates tested that
were derived from environmental sources, 8 (33.3%) were profi-
cient at natural transformation, with a range spanning from
1.04E—05 to 1.75E—07 (Table 2). The set of proficient environ-
mental isolates included samples obtained over a 30-year period
from 1974 to 2009 at locations within and outside the United
States and included O1 and non-O1 serogroup isolates (Tables 1
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TABLE 2 Transformation frequencies of proficient V. cholerae clinical
and environmental isolates”

Strain C/E? Mean TF * SD
Wild-type C6706 C 1.00E—05 * 8.50E—06
NCTC8457 C 5.42E—07 * 2.04E—07
MZO-2 C 4.79E—06 = 1.94E—06
2010EL-1749 C 4.53E—06 = 3.49E—-07
3223-74 E 1.04E—05 *= 3.29E—07
2631-78 E 1.77E—06 = 5.74E—07
2633-78 E 1.07E—06 = 4.56E—07
E8498 E 2.51E—06 * 3.17E—07
VC22 E 1.75E—07 = 8.19E—08
2479-86 E 7.61E—06 = 1.40E—06
TP E 2.62E—06 = 8.91E—07
VC56 E 1.08E—07 = 1.18E—08
@ Data shown are for biological triplicates from one experiment representative of three
performed.

b C, clinical; E, environmental.

and 2). Similar results were obtained when we attempted to trans-
form deficient isolates with their own genomic DNA carrying a
kanamycin resistance cassette (data not shown).

Constitutive contact-dependent bacterial killing is common
among environmental isolates. Four environmental isolates,
V52, 2740-80, DL4211, and DL4215, have been reported previ-
ously to display constitutive T6SS-mediated killing of E. coli under
standard killing assay conditions in the absence of chitin (24, 25,
40). However, in clinical isolates C6706 and A1552, transcription
of the genes encoding the T6SS requires activation by the QstR
and TfoX transcription factors, which are induced at high cell
density and in the presence of chitin (12, 21, 39). Chitin induction
is sufficient to induce killing of prey by A1552, as observed by
fluorescence microscopy (21). Nevertheless, chitin induction is
insufficient for killing of E. coli prey above the limit of detection by
A1552 and C6706 in a standard quantitative 3-h killing assay. Only
genetic manipulation that places the TfoX regulator under the
control of a nonnative constitutive promoter allows significant
bacterial killing in this assay (21, 22).

On the basis of these and other studies, it was hypothesized that
clinical pandemic isolates like C6706 tightly control T6SS, while
nonpandemic isolates from environmental sources may express
T6SS constitutively to compete with other microbes under condi-
tions outside a human host (24). Because this “pathoadaptive”
hypothesis (41) has not been extensively tested experimentally in
killing assays, we examined each of the 53 isolates for killing of E.
coli prey in the absence of chitin to determine constitutive bacte-
rial killing activity indicative of a T6SS. Standard killing assays
were performed by exposing each isolate of V. cholerae to Cm" E.
coli to permit enumeration of surviving E. coli prey cells following
the 3 h of exposure to the V. cholerae predator, as described pre-
viously (22, 38). Although bactericidal activity was not directly
measured in these assays, we use the term “killing” as it was used to
describe similar results in V. cholerae killing assays (21, 22, 38, 42).

A CytR™ C6706 O1 El Tor strain that was genetically manipu-
lated to express TfoX, HapR, and QstR constitutively (here desig-
nated the C6706 maximum killer) decreased prey survival by
10,000-fold compared to a T6SS-deficient C6706 AvasK mutant
strain (here designated C6706 T6SS™), consistent with previous
experiments (22) (Fig. 2, white bars). The modest <10-fold
reduction in the survival of prey in the presence of the C6706
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T6SS™ derivative compared to that of the prey alone is most likely
due to competition for nutrients and has also been observed in
prior studies that used the standard killing assay (22, 38). Twenty-
five of the 29 clinical isolates tested displayed little or no constitu-
tive killing, with surviving E. coli counts within 10-fold of those
recorded when E. coli was exposed to the C6706 T6SS ™ strain (Fig.
2A, below negative bracket), including the original O1 El Tor
C6706 isolate as expected, because of its requirement for chitin
induction. In Table 1 and Fig. 2, a plus sign denotes a >10-fold
reduction of E. coli prey from the level recorded when E. coli was
exposed to C6706 T6SS ™, and a minus sign indicates a reduction
of <10-fold. A single clinical isolate, MZO-2, reduced E. coli
survival by ~10,000-fold, similar to the C6706 maximum Kkiller;
three additional clinical isolates, NCTC8457, 2010EL-1749, and
MAK?757, reduced E. coli survival more modestly by ~100-fold
(Fig. 2A, below positive bracket).

In sharp contrast, the environmental isolates tested covered a
100,000-fold range of constitutive E. coli prey-killing abilities (Fig.
2B). Only two environmental isolates tested, E8498 and 1496-86,
displayed little or no constitutive killing of E. coli prey (Fig. 2B,
negative bracket), with the majority of the isolates (22 of 24)
showing >10-fold more killing than that recorded with the C6706
T6SS™ strain (Fig. 2B, positive bracket). Of these 24 isolates, 14
killed E. coli with an efficiency within 10-fold of that of the C6706
maximum killer, providing an at least 10,000-fold decrease in the
prey, suggesting that these strains are efficient constitutive killers
(Fig. 2B). Two isolates, 3225-74 and 3223-74, showed >100,000-
fold killing, exceeding values obtained with the C6706 maximum
killer (Fig. 2B). These results are consistent with previous obser-
vations, by the same standard methods described here (43), that
environmental isolates, like V52 and 2740-80, constitutively kill E.
coli cells. Thus, on the basis of the isolates tested here, constitutive
killing appears to be common among V. cholerae environmental
isolates but rare among clinical isolates.

Killing by the T6SS requires a physical association of V. chol-
erae predator cells with E. coli prey cells for the delivery of toxic
effectors; thus, we tested whether the constitutive killing we ob-
served was contact dependent. In contrast to the standard killing
assay, where predator and prey cells are mixed prior to plating to
ensure contact, E. coli cells were dispensed onto a 0.22-pm filter
that was placed on a confluent lawn of V. cholerae cells to physi-
cally separate the predator and prey cells, similar to a method
described previously (38). E. coli prey levels were highest when the
filter was directly placed on the agar surface, and only modest
(~3-fold) reductions in E. coli survival were observed when the
agar surface was first seeded with isogenic E. coli or a C6706 T6SS™
mutant. However, when the C6706 maximum killer and 4 clinical
and 24 environmental isolates that had displayed constitutive 10- to
100,000-fold killing of E. coli in the standard assay (Fig. 2 and Table 1,
positive isolates) were incubated under these conditions, prey sur-
vival was unaltered (<2-fold) (see Fig. S1 in the supplemental mate-
rial). The physical barrier of the filter allowed E. coli growth but not
killing, demonstrating that the constitutive killing documented by
our standard bacterial killing assay was contact dependent.

To demonstrate that constitutive contact-dependent bacterial
killing observed with one of the environmental isolates was T6SS
mediated, an in-frame vasK deletion mutant of isolate 692-79 was
constructed via allelic exchange. The 692-79 isolate and the iso-
genic AvasK mutant (692-79 T6SS™) were tested for contact-
dependent killing of E. coli along with the C6706 maximum killer
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FIG 2 Bacterial killing assay results. Cm" E. coli prey cells were incubated with the V. cholerae predator strains indicated at a ratio of 1:10 on membrane filters on
LB agar to measure bacterial killing. Prey-alone (None), negative (C6706 T6SS™), and positive (C6706 maximum killer) controls are represented by white bars
in both panels. Shown are average prey survival values = standard deviations after triplicate encounters of E. coli prey in contact with V. cholerae clinical isolates
(panel A, black bars) and environmental isolates (panel B, gray bars). The results of one experiment representative of the three performed are shown. Isolates
considered constitutive for bacterial killing as defined in the text are indicated by the positive bracket, while nonconstitutive isolates are indicated by the negative
bracket. Asterisks indicate isolates that demonstrated killing when TfoX and QstR expression was induced.

and the isogenic AvasK mutant (C6706 T6SS™) as controls. As
described previously, E. coli prey survival was highest in the ab-
sence of a predator, decreased ~10,000-fold in the presence of the
C6706 maximum killer, and decreased <10-fold in the presence
of C6706 T6SS™ (Fig. 3, white bars). Similarly, a >10,000-fold
reduction in E. coli prey survival was observed when it was incu-
bated with 692-79 but abolished with 692-79 T6SS™, confirming
for this isolate that T6SS was responsible for the observed loss of E.
coli prey viability (Fig. 3, gray bars).

Additional isolates are capable of killing under conditions
that mimic chitin induction. Chitin induction is insufficient to
induce T6SS-mediated killing of E. coli by C6706 above the limit of
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detection in a 3-h killing assay, as described above. Thus, in order
to mimic chitin signaling in isolates that did not show constitutive
killing (negative in Fig. 2 and Table 1), a plasmid expressing both
gstR and tfoX from a heterologous IPTG-inducible promoter, des-
ignated pQT, was introduced into each of these 27 isolates and
killing assays were performed. This determined whether any of
these isolates were indeed capable of contact-dependent bacterial
killing by induction. The C6706 T6SS™ (AvasK) mutant did not
kill E. coli regardless of pQT induction and served as a negative
control (Table 3). Relative to the T6SS™ control, the C6706 max-
imum killer showed an ~10,000-fold reduction in E. coli levels
irrespective of pQT induction. E. coli prey levels were similarly
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FIG 3 Contact-dependent bacterial killing by environmental isolate 692-79 is
mediated by a T6SS. Cm" E. coli prey cells were incubated with the V. cholerae
predator strains indicated at a ratio of 1:10 on membrane filters on LB agar to
measure bacterial killing. Prey-alone (None), positive (C6706 maximum
killer), and negative (C6706 T6SS™) controls are represented by white bars.
Isolate 692-79 and the isogenic AvasK mutant (692-79 T6SS ™) are represented
by gray bars. Shown are average prey survival values * standard deviations for
triplicate predator-prey encounters. The results of one experiment represen-
tative of the three performed are shown.

reduced when C6706 was induced with pQT, with only a modest
(<10-fold) effect observed in the absence of induction, as ex-
pected. Likewise, induction with pQT was capable of restoring
bacterial killing activity in C6706 AgstR, AtfoX, and AgstR tfoX
mutants (data not shown). Relative to the T6SS™ control, 13 of 25
clinical isolates and 1 of 2 environmental isolates that were initially
scored negative for constitutive contact-dependent bacterial kill-
ing (Fig. 2, asterisks) showed =10-fold reductions in E. coli levels
only after pQT induction (Table 3). Thus, 14 additional isolates
were capable of contact-dependent bacterial killing in response to
conditions that mimic chitin induction, consistent with a func-
tional T6SS.

DISCUSSION

To understand the diversity present in this set of 53 environmental
and clinical isolates in the absence of their genome sequences, the
serogroups and CTX status of all isolates were obtained from pre-
vious publications (19, 33) or determined in this study by meth-
ods we have described previously (32). Most isolates belonged to
the O1 serogroup, consistent with the context of their isolation.
The majority of the clinical isolates were obtained from patients
during epidemics, which are typically caused by O1 strains that
carry the CT-encoding genes. Many of the environmental isolates
were acquired from locations believed to be the sources of cholera
outbreaks, increasing the likelihood that these isolates were also of
the O1 serogroup. Principal-component analysis (PCA) of the
entire data set, as well as clinical or environmental isolate data
alone, was performed by using the following variables: year of
isolation, serogroup, CTX status, chitinase activity, TF, and fold
reduction of E. coli prey in killing assays. The Pearson correlation
matrix did not show any significant correlation between the sero-
group, a proxy for genetic relatedness, and any of the three phe-
notypes studied here when clinical and environmental isolate data
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were tested together or separately (see Table S3 in the supplemen-
tal material). For example, looking at isolates of serogroup 0141
in Table 1, 3566-08 and 3568-07 are both deficient in transforma-
tion, but one is capable of constitutive contact-dependent bacte-
rial killing while the other is not. The only significant correlation
observed when testing clinical and environmental isolates to-
gether was between the clinical or environmental designation and
CTX status (see Table S3, clinical and environmental, —0.778 bold
values). This correlation is expected because clinical isolates are
defined as causing disease in patients by CTX. There were no sig-
nificant correlations between any variables when environmental
isolates were tested alone (see Table S3, environmental only).

Chitin is the most abundant polymer in the ocean; therefore,
utilization of this carbon source is likely advantageous for the
proliferation of many aquatic microorganisms (44). Consistent
with this, most of the V. cholerae isolates tested possessed chitinase
activity, determined by the production of a zone of clearing on a
plate containing chitin colloid, which requires the secreted chiti-
nases ChiA-1 and ChiA-2 (22, 35). Only three isolates were unable
to produce a zone of clearing, but each was still capable of utilizing
a chitin crab shell fragment during transformation assays. Indeed,
two of these three isolates, NCTC8457 and VC56, were also pro-
ficient at natural transformation, which requires chitin degrada-
tion for (GIcNAc),_4 signal production. The ubiquity of chitin
utilization among all of the isolates tested here bolsters the argu-
ment that the use of chitin as a carbon source is critical to V.
cholerae survival and proliferation in its natural aquatic environ-
ment.

Natural transformation has been demonstrated in only a lim-
ited set of V. cholerae isolates (12, 14, 17, 29, 30). Analysis of V.
cholerae isolates obtained during the Haiti epidemic that followed
the 2010 earthquake confirmed the source of the outbreak and
also revealed that these contemporary isolates were severely im-
paired in transformation, in contrast to C6706, A1552, and others
isolated in 1991 (19). This study prompted us to determine the
prevalence of natural transformation among a larger set of V. chol-

TABLE 3 Fold reduction of prey survival when exposed to V. cholerae
isolates with and without pQT

Fold reduction of prey survival®

Strain C/E” No induction With induction
C6706 T6SS™ C 1.0 1.0
C6706 maximum killer C 13,760.0 15,855.0
C6706 C 9.5 8,094.1
3554-08 C 4.2 557.1
1496-86 E 5.6 264.6
2011EL-1141 C 2.3 200.3
MO10 C 1.5 155.0
2012V-1001 C 3.0 124.6
3546-06 C 4.4 76.3
2011EL-1938 C 3.4 43.3
2009V-1096 C 2.8 35.6
2011EL-1137 C 2.2 31.9
2010V-1014 C 2.6 26.3
3500-05 C 2.7 20.4
2011EL-1939 C 4.8 16.5
2010EL-1786 C 2.4 11.0

“ C, clinical; E, environmental.
b Only isolates that killed at >10-fold the level of C6706 T6SS™ when induced are
shown.
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erae isolates. Here, we showed that transformation proficiency
appears to be slightly more common among isolates from envi-
ronmental sources than among clinical isolates. This perhaps sug-
gests that V. cholerae isolates occupying aquatic reservoirs may
maintain the genes necessary for transformation in order to take
up DNA as an alternative nutrient source in relatively nutrient-
poor environmental settings compared to the nutrient-rich gut of
ahuman host (18, 45-47). As a whole, transformation proficiency
was rare among all of the isolates tested (22.6%), but our collec-
tion of strains contained a majority of Ol isolates, suggesting that
transformation may simply be uncommon within the O1 sero-
group.

The inability to take up DNA and recombine it onto the chro-
mosome may result from loss-of-function mutations in compe-
tence regulators, apparatus components, or recombination genes.
Indeed, two of the transformation-deficient clinical isolates,
MAK757 and CA401, were previously shown to carry mutations
in the gene encoding the QS regulator HapR, which is required for
natural competence (33). These isolates were complemented for
transformation with a plasmid carrying the C6706 hapR gene un-
der the control of a constitutive promoter (data not shown). A
third clinical isolate deficient in transformation, 2012V-1001, car-
ries an S50Y missense mutation in the DNA binding domain of
HapR (48) on the basis of the publicly available genome sequence
and independent sequence analysis and its transformation ability
was also restored by the same hapR-encoding plasmid (data not
shown).

It is also possible that transformation-deficient isolates have
acquired a factor that impaired DNA uptake. Recently, Dalia et al.
showed that the transformation deficiency of clinical strains iso-
lated during the 2010 Haiti outbreak appeared to result from of a
gain of function (20). Specifically, the Haiti isolates discussed in
reference 19 carry a large integrative and conjugative element
(VchInd5) on chromosome 2 that encodes a constitutively ex-
pressed periplasmic DNase. That DNase, IdeA, can degrade extra-
cytoplasmic DNA, reducing the opportunity for uptake and
subsequent recombination onto the chromosome and causing a
severe decrease in natural transformation (20). Sequence analysis
of clinical isolates from Bangladesh showed an increase in the
prevalence of ideA from 0 to 60% of that in the genomes obtained
from 2001 to 2011, with the most dramatic increase after 2005,
suggesting a major acquisition event (20). We identified ideA and
1 kb of its flanking sequences with 100% identity in the published
genomes of all of the clinical isolates collected after 2005 and
tested here. Interestingly, 2010EL-1749, isolated in 2010, was
noteworthy in that it carries the ideA gene, yet the strain remains
transformation proficient. Further study may reveal differences in
the expression of ideA in this isolate.

Genomic analysis of the T6SS of many members of the species
V. cholerae has been conducted, but T6SS-mediated killing has
been demonstrated in only a small group of isolates (21, 24, 25,
40). On the basis of results from a small number of isolates, it was
proposed that constitutive T6SS activity is prevalent among envi-
ronmental strains because of constant exposure to predators,
while clinical pandemic strains tightly regulate T6SS (24). Consis-
tent with this “pathoadaptive” hypothesis, we showed that only 4
of 29 clinical isolates were constitutively capable of killing E. coli
prey in a contact-dependent manner indicative of a T6SS, while 22
of 24 environmental isolates killed prey under laboratory condi-
tions without chitin induction. The only clinical isolate constitu-
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tively capable of killing as effectively as the C6706 maximum-
killing strain was MZO-2, which is a CTX  nonpandemic O14
isolate, as observed in the PCA of clinical isolates alone (see Table
S3, clinical only, —1.000 bold values). These results further vali-
date the pathoadaptive hypothesis. In fact, all but one of the CTX ™
isolates exhibited constitutive bacterial killing, but of the 39 pan-
demic O1 or 0139 isolates, only 5 showed both CTX and consti-
tutive killing (Table 1). It is possible that nonpandemic clinical
isolates like MZO-2 have maintained constitutive killing activity
to overcome deficiencies resulting from a lack of CT.

It is important to note that although wild-type pandemic iso-
late C6706 does not express T6SS under laboratory conditions in
the absence of chitin, expression of T6SS genes has been described
in vivo (49, 50). Indeed, T6SS was shown to be important in the
infection of both mice and rabbits (51, 52). It was recently shown
that mucins, the main protein component of the mucus layer in
the small intestine, which V. cholerae colonizes, are capable of
causing this activation (53). Therefore, while pandemic isolates
may not display constitutive contact-dependent bacterial killing,
they can still upregulate this mechanism during colonization of
both chitin in the environment and of the small intestine in a
human host. In fact, 13 of 25 clinical isolates, including C6706,
that did not show constitutive killing were induced by gstR and
tfoX expression, which mimics chitin signaling (Table 3). These
results suggest that these isolates have a fully functional yet regu-
lated T6SS.

Genetic manipulation of the environmental isolates character-
ized here remains challenging. Environmental isolate 692-79, but
not an in-frame isogenic AvasK mutant constructed by allelic ex-
change, exhibited contact-dependent killing of E. coli (Fig. 3).
Thus, the observed killing of E. coli prey by 692-79 is indeed me-
diated by a T6SS. Additionally, sequencing results confirm that
the 24 environmental isolates characterized here, like numerous
sequenced V. cholerae isolates described previously (27), contain
conserved T6SS-encoding genes. However, limited success with
genetic manipulation of the majority of the environmental isolates
characterized here suggests that studies of the T6SS of these iso-
lates will require methods beyond those used in this survey.

The molecular mechanism by which environmental strains are
T6SS constitutive while clinical pandemic strains do not express
T6SS constitutively is still unclear. It has been proposed (24) that
constitutive T6SS-mediated killing by environmental isolates may
be advantageous because of constant competition from other bac-
teria and potential predators in the environment, while pandemic
strains utilize other virulence mechanisms for competition in the
human gut and therefore may not require a constitutively active
T6SS. Our results support this hypothesis. It is intriguing to spec-
ulate that in nutrient-poor environmental settings, the DNA and
nucleotides released from neighboring cells may be consumed by
V. cholerae via T6SS activity. Perhaps constitutive expression of
the T6SS is favored in bacteria that occupy niches like marine
settings, where DNA may be a valuable food source, but costly for
enteric pathogens like pandemic V. cholerae that have become
better adapted to living in the human gut, where preferential nu-
trients are abundant.

As stated previously, when the complete set of data from both
clinical and environmental isolates tested here was analyzed by
PCA, there was no significant correlation between year, location of
isolation, or serogroup and possession of each of the three pheno-
types. However, by PCA of clinical isolates alone, a statistically
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significant correlation between constitutive bacterial killing and
TF was found (see Table S3, clinical only, 0.681 bold values).
Among the four clinical isolates that are capable of constitutive
bacterial killing to some degree, three were also transformation
proficient (Table 1). This relationship is not surprising because of
our knowledge about their coordinate expression and regulation.
NCTC8457 was collected >100 years ago and has retained its abil-
ity to incorporate DNA onto its chromosome and constitutively
kill bacteria in a contact-dependent manner, suggesting that these
phenotypes may provide an adaptive advantage. All but one of the
more contemporary clinical isolates, collected in 2005 or later,
have lost the ability to transform DNA and no longer constitu-
tively kill, suggesting that they are relatively poor competitors in
the environment. It is interesting to speculate that V. cholerae
strains adapt to different niches and express genes for contact-
dependent killing and transformation differently.

Chitinase activities are likely to provide a major growth advan-
tage in aquatic environments, consistent with their prevalence in
this set of isolates. On the other hand, more complex behaviors
like transformation and T6SS-mediated bacterial killing are met-
abolically expensive; therefore, the prevalence and regulation of
these phenotypes are highly variable, as described here. These sur-
vey data will inform future sequence analyses and genomewide
association studies to help identify previously unknown regula-
tors and structural components for both transformation and the
T6SS.
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