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Natural transformation is one mechanism of horizontal gene transfer (HGT) in Vibrio cholerae, the causative agent of cholera. Recently, it was found that V. cholerae isolates from the Haiti
outbreak were poorly transformed by this mechanism. Here, we
show that an integrating conjugative element (ICE)-encoded DNase,
which we name IdeA, is necessary and sufficient for inhibiting natural transformation of Haiti outbreak strains. We demonstrate that
IdeA inhibits this mechanism of HGT in cis via DNA endonuclease
activity that is localized to the periplasm. Furthermore, we show
that natural transformation between cholera strains in a relevant
environmental context is inhibited by IdeA. The ICE encoding IdeA is
globally distributed. Therefore, we analyzed the prevalence and
role for this ICE in limiting natural transformation of isolates from
Bangladesh collected between 2001 and 2011. We found that IdeA+
ICEs were nearly ubiquitous in isolates from 2001 to 2005; however,
their prevalence decreased to ∼40% from 2006 to 2011. Thus, IdeA+
ICEs may have limited the role of natural transformation in V. cholerae.
However, the rise in prevalence of strains lacking IdeA may now
increase the role of this conserved mechanism of HGT in the evolution of this pathogen.
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he causative agent of the diarrheal disease cholera, Vibrio
cholerae, is annually responsible for 3.5 million infections
worldwide (1). This facultative pathogen naturally resides in temperate aquatic environments and causes disease when ingested in
contaminated food or water. A critical nutrient for Vibrio species in
the aquatic environment is the chitinous exoskeleton of crustacean
zooplankton (2–4). Chitin is an insoluble polysaccharide composed
of β-1,4-linked GlcNAc. In addition to serving as a carbon and
nitrogen source, chitin also induces a physiological state in
V. cholerae known as natural competence (5). In this state, bacteria
can take up DNA from the extracellular environment and integrate
this DNA into their chromosomes by homologous recombination.
This cumulative process of DNA uptake and integration is known
as natural transformation and is one mechanism for horizontal
gene transfer (HGT) in V. cholerae. HGT by natural transformation
is used by pathogenic microbes to evolve in the face of clinical
intervention and immune pressure. Indeed, in V. cholerae, this
mechanism of HGT is hypothesized to have generated an antigenic variant, the O139 outbreak strain, through homologous
recombination and replacement of the locus responsible for
O-antigen biosynthesis (6–9).
Another mechanism of HGT in V. cholerae is integrating conjugative elements (ICEs) of the SXT/R391 family. These elements
can range from ∼80 to 110 Kb in size and contain all of the genes
required for conjugative transfer into naive hosts (10, 11); they
integrate in a site-specific manner into the 5′ end of the highly
conserved prfC (peptide-chain-release factor C) gene (10–12). The
first natural transfer of an ICE into V. cholerae likely occurred
between 1980 and 1985 (10, 13) and, by the 1990s, virtually all
clinical isolates of V. cholerae contained an ICE (13). These elements confer resistance to multiple antibiotics, and it is likely that
www.pnas.org/cgi/doi/10.1073/pnas.1509097112

widespread use of antibiotics has rapidly selected for strains containing ICEs. There are at least 10 genetically distinct ICEs circulating in the V. cholerae population (11). These ICEs share a
core set of genes, but have varied gene content at distinct sites.
The most common ICE in V. cholerae is VchInd5, which is present
in ∼77% of currently sequenced clinical isolates (10, 11). It is
hypothesized that the current (seventh) pandemic of cholera
originated in the Bay of Bengal, and strains have spread globally
from this region in three overlapping waves of transmission (13,
14). Strains containing VchInd5 are globally distributed, indicating
that the original transfer of VchInd5 into V. cholerae may have
occurred in this region.
In 2010, cholera spread to Haiti, a region that previously
lacked this disease (15, 16). Phylogenetic and Bayesian analyses
indicate that all strains in Haiti share a common ancestor, which
was introduced into the region at the outset of the epidemic (16,
17). Consistent with this finding, strains from Haiti ubiquitously
harbor a VchInd5 ICE. Throughout the epidemic, strains have
acquired mutations that are likely generated intrinsically, and
there is no evidence of horizontal gene transfer among these
isolates (16). Consistent with this finding, strains from the Haiti
outbreak were found to be poorly transformed by chitin-induced
natural competence (16).
In this study, we identify and characterize an ICE-encoded
DNase present on VchInd5 that inhibits HGT by natural transformation in V. cholerae. We also assess the role and prevalence of
Significance
Bacterial pathogens evolve rapidly in the face of clinical interventions and therapeutics; one mechanism that can promote
this evolution is their ability to acquire novel DNA sequences,
known as horizontal gene transfer (HGT). Here, we studied HGT
in clinical isolates of Vibrio cholerae, the causative agent of
cholera, and found that a horizontally transferred element inhibits another mechanism of HGT—natural transformation. The
element that inhibits natural transformation is globally distributed among V. cholerae isolates. We show, however, that there
has been a rise in the prevalence of strains that lack this inhibitory element. Thus, our results suggest that in the future
there may be an increase in the role of natural transformation on
the evolution of this pathogen.
Author contributions: A.B.D., K.D.S., and A.C. designed research; A.B.D. and K.D.S. performed research; A.B.D., K.D.S., and S.B.C. contributed new reagents/analytic tools;
A.B.D., K.D.S., and A.C. analyzed data; and A.B.D. and A.C. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Data deposition: The sequences reported in this paper have been deposited in the Sequence Read Archive database, www.ncbi.nlm.nih.gov/sra/. For a list of accession numbers, see Table S1.
1

Present address: Department of Biology, Indiana University, Bloomington, IN 47405.

2

To whom correspondence should be addressed. Email: andrew.camilli@tufts.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1509097112/-/DCSupplemental.

PNAS Early Edition | 1 of 6

MICROBIOLOGY

Edited by Alan D. Grossman, Massachusetts Institute of Technology, Cambridge, MA, and approved June 29, 2015 (received for review May 8, 2015)

this DNase in limiting transformation among clinical isolates from
Haiti and Bangladesh.
Results and Discussion
An ICE-Encoded DNase, IdeA, Is Necessary and Sufficient to Inhibit
Natural Transformation of Haiti Outbreak Isolates. Previously, it
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was shown that V. cholerae isolates from the Haiti outbreak were
poorly transformable (16). To confirm this finding, we performed
natural transformation assays with exogenously added PCR
products as a source of transforming DNA (tDNA), and used
chitin beads as a source of chitin on which to grow V. cholerae
and induce natural competence. As expected, all Haiti isolates
tested displayed transformation efficiencies that were 1,000–
10,000-fold lower than E7946, a clinical isolate collected in 1978
in Bahrain (18) (Fig. 1A). Isolates from the Haiti outbreak have
been fully sequenced, and it was previously shown that these
strains contain all of the genes required for natural transformation (15, 16); this is further supported by our data, which
demonstrates that though reduced, all isolates still had measurable transformation efficiencies (Fig. 1A). For this reason, we
hypothesized that Haiti strains may contain a gene that inhibits
natural transformation, which is not present in the ancestral
E7946 strain. One genetic island that differs between these
strains is an ICE that is present in the Haiti strains but absent in
E7946. This ICE is 97.7 Kb in length and is most similar to the
globally disseminated VchInd5 ICE. Analyzing the genes on this
ICE in silico, we found that one gene, Vch1786_I0128, encoded
a protein that was highly homologous to the well-characterized
DNA endonucleases EndA from Escherichia coli (56% identity
and 66% similarity) and Dns from V. cholerae (52% identity and
64% similarity). Therefore, we have named this gene ICEencoded DNA endonuclease A (ideA). It was previously shown
that the DNA endonuclease Dns inhibits natural transformation
in V. cholerae, supporting a potential role for IdeA in inhibiting
transformation among Haiti isolates (19); to test this, we generated isogenic ideA mutants and found that this resulted in a
100–1,000-fold enhancement in transformation efficiency among
Haiti outbreak strains (Fig. 1A). Deletion of ideA in these strains
was performed by allelic replacement with a drug resistance
marker, which can have pleiotropic effects. To confirm that the
phenotype observed was due specifically to deletion of ideA, we
generated an unmarked in-frame deletion of this gene in one
Haiti isolate, KS611. As expected, the in-frame ΔideA mutant
had a phenotype similar to the strain where ideA was replaced
with an antibiotic resistance marker (Fig. 1A). Cumulatively,

these results indicate that IdeA is necessary for limiting natural
transformation among strains from the Haiti outbreak.
Next, we sought to determine if IdeA was sufficient to inhibit
natural transformation. To that end, we conjugatively transferred
the ICE from KS611 into a marked (ΔlacZ::SpecR) derivative of
E7946 to generate what we refer to as E7946 ICE-ideA+. When
we tested this isolate, we found that the KS611-ICE was indeed
sufficient to inhibit natural transformation of E7946 (Fig. 1B).
To confirm that this inhibitory activity was dependent on IdeA,
we conjugatively transferred the ICE from KS611 ΔideA into
E7946 to generate E7946 ICE-ΔideA, and found that this strain
had a transformation efficiency similar to the parent strain (Fig.
1B). Furthermore, we cloned ideA onto pMMB67EH (abbreviated pMMB henceforth), an IPTG-inducible expression vector
to yield pMMB-ideA and showed that ectopic expression of IdeA
in E7946 inhibits transformation efficiency independently from
the ICE (Fig. 1C). This vector inhibited natural transformation
of E7946 even without any inducer added, which is likely due
to leaky expression of IdeA. These results indicate that IdeA is
both necessary and sufficient to inhibit natural transformation of
V. cholerae. These results are also consistent with previous work,
which showed that constitutive expression of Dns completely
inhibited natural transformation (19).
IdeA Acts in cis to Inhibit Natural Transformation of V. cholerae and Is
Periplasmically Localized. Like E. coli EndA, IdeA has a predicted

signal sequence, which indicates that this DNase may be secreted
into the periplasm and/or extracellularly. If IdeA were secreted into
the extracellular space, we would predict that this DNase could act
in trans to inhibit natural transformation. Alternatively, if IdeA were
only secreted into the periplasmic space, we would predict that it
would only inhibit natural transformation in cis (e.g., only inhibit
transformation of those cells expressing ideA). To test this
hypothesis, we coincubated E7946 lacking ideA, with strains ±ideA
to determine if this DNase could act in trans to inhibit natural
transformation using exogenously added PCR products as a source
of tDNA. We found that the transformation efficiency of E7946 was
unchanged regardless of the IdeA expression status of the coincubated strain, suggesting that IdeA only acts in cis to inhibit natural
transformation (Fig. 2A, black bar).
It was recently shown that in Gram-negative bacteria, like
V. cholerae, tDNA taken up during natural competence accumulates in the periplasmic space (20–22). This DNA then serves
as a reservoir for tDNA that can be taken into the cytoplasm and
integrated into the host chromosome (20, 22, 23). Because IdeA

Fig. 1. A putative ICE-encoded DNase, IdeA, inhibits natural transformation of Haiti outbreak strains. (A) Natural transformation of the indicated strains on
chitin beads with 2 μg of PCR product that confers resistance to spectinomycin. (B) Effect of ICE from KS611 and KS611 ΔideA on natural transformation when
conjugatively transferred to E7946. All strains in B contain a ΔlacZ::SpecR mutation. Strains were transformed with 2 μg of PCR product that confers resistance
to kanamycin. (C) Natural transformation of E7946 harboring empty vector (pMMB) or an IdeA expression vector (pMMB-ideA) in the presence of the indicated concentration of IPTG with 2 μg of a PCR product that confers resistance to spectinomycin. White bars signify that no transformants were obtained
and indicate the limit of detection in the assay. All data are shown as the mean ± SD and the result of at least two independent experiments.
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acts in cis to inhibit natural transformation, we hypothesized that
IdeA is periplasmically localized and acts at this site to deplete
the tDNA reservoir of the cell. As mentioned previously, another
mechanism of HGT is conjugative transfer of DNA. During
conjugation, DNA is transferred through a pilus that spans the
periplasmic space. As a result, we would expect that a periplasmically localized DNase would not affect conjugative transfer. To formally test this, we assessed whether expression of IdeA
affects conjugation in V. cholerae. First, we tested conjugation of
pMMB, an RP4 family plasmid, from an E. coli donor into a
V. cholerae recipient ±ideA. As expected, we found that IdeA
had no effect on recipients during conjugation (Fig. 2B). Next,
we tested whether IdeA affected donors during conjugation. To
that end, we assessed conjugative transfer of the ICE using donor
strains ±ideA into a naïve V. cholerae recipient. Again, as expected, we found that IdeA did not affect conjugation in donor
cells (Fig. 2C). These data are consistent with periplasmic
localization of IdeA.
To test this hypothesis further, we determined the subcellular
localization of IdeA DNase activity in cells. To measure DNase
activity, we incubated DNA with SYBR Safe, a DNA dye that
fluoresces when intercalated into dsDNA. If the DNA is digested
to nucleotides via the action of a DNase, then the dye no longer
intercalates, and fluorescence is lost. Thus, the reduction in
fluorescence in this assay is a direct result of DNase activity. We
found that the endogenous level of IdeA expression was below
the limit of detection in this assay. Therefore, we overexpressed
IdeA in E7946 via pMMB-ideA, and under these conditions, we
observed IPTG-inducible DNase activity in total cell lysates (Fig.
2D). Of note, E7946 containing pMMB-ideA is inhibited for
natural transformation without inducer (Fig. 1C). This result
is consistent with leaky expression being sufficient to inhibit
transformation, but is below the limit of detection in our DNase
activity assay (Fig. 2D). Next, we determined where IdeA localizes in cellular fractions. These fractions were also assessed
for β-lactamase activity, a periplasmic marker, and RpoA levels,
Dalia et al.

a cytoplasmic marker. We found that IdeA-dependent DNase
activity was predominantly localized to the periplasmic fraction
(Fig. 2D). This result is consistent with our phenotypic analyses
and supports periplasmic localization of IdeA in V. cholerae.
IdeA Is a DNA Endonuclease. The IdeA-dependent DNase activity
observed above could represent DNA exonuclease or endonuclease activity; to define its mode of action, we performed the
fluorescence-based DNase activity assay using supercoiled plasmid
DNA as a substrate for cleavage. A DNA endonuclease would
remain capable of acting on this substrate, whereas a DNA exonuclease would not, due to the absence of a terminal end to act
on. When we performed this experiment, we find that plasmid
DNA is efficiently degraded by IdeA, indicating that, as predicted
by homology, this enzyme is a DNA endonuclease (Fig. 2E).
A VchInd5 ICE Inhibits Natural Transformation of V. cholerae Isolates
from Bangladesh. The prototypic ICE containing ideA is VchInd5,

which is globally distributed among clinical isolates. Also, the
ideA gene is in a variable region within the ICE known as hotspot
4 (HS4) (11). So, we next wanted to assess the prevalence of ideA
among clinical isolates from a site located near the Bay of
Bengal, the region where the current (seventh) pandemic originated and has spread from. To that end, we studied 54 clinical
isolates from the International Center for Diarrheal Disease
Research, Bangladesh (ICDDR, B) that were collected between
2001 and 2011. Draft genomes of all 54 isolates were determined
as described (24), and a phylogenetic tree was constructed by
mapping to the ancestral clinical isolate N16961 isolated in 1975
in Bangladesh (25) (Fig. 3). Importantly, N16961 lacks an ICE as
well as other recently characterized mobile genetic elements.
Thus, the phylogenetic analysis performed here demonstrates
the relatedness of the core V. cholerae genome, and is unaffected
by the presence or absence of large genomic islands like ICEs.
Using the annotated draft genomes of our 54 clinical isolates
from Bangladesh, we determined that all strains contained an
ICE; however, there were two distinct ICEs among strains from
PNAS Early Edition | 3 of 6
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Fig. 2. IdeA is a periplasmically localized DNA endonuclease that acts in cis to inhibit natural transformation of V. cholerae. (A) Natural transformation
assays where E7946 was coincubated with the indicated
strain on chitin. Cells were transformed with 0.5 μg of a
PCR product that confers resistance to kanamycin.
Transformation efficiency of E7946 is shown in black
bars and that of the coincubating strain in stippled
bars. (B) Conjugation of pMMB from an E. coli SM10
donor into the indicated V. cholerae strains. (C) Conjugation of the ICE from the indicated donor V. cholerae strain into a naive E7946 recipient. (D) Enzyme
activity assays and Western blot analysis of cellular
fractions of E7946 containing pMMB-ideA grown in the
presence of the indicated concentration of IPTG. DNase
activity, indicated by a loss of fluorescent signal in this
assay (i.e., clearing from black to white) was measured
in each fraction using 2 μg of linear DNA as a substrate
for cleavage. β-lactamase activity, a periplasmic marker,
was measured in cellular fractions using nitrocefin, a
colorimetric substrate that changes color from yellow
to red in the presence of β-lactamase activity. RpoA, a
cytoplasmic marker, was also assessed by Western blot
analysis in each cellular fraction. (E) DNase activity assay
of periplasmic fractions of E7946 containing the indicated plasmid grown in the presence of the indicated
concentration of IPTG using linear DNA (salmon sperm
DNA) or supercoiled plasmid DNA (pGhost9) as a substrate for measuring DNase activity. Data in A–C are
shown as the mean ± SD and the result of at least two
independent experiments. Data in D and E are representative of at least two independent experiments.

Fig. 3. Phylogenetic tree of 54 V. cholerae isolates obtained from the ICDDR, B. Phylogeny is based solely on SNPs. Strain designations and the year of
isolation are indicated at the tips of branches. All strains are of two serotypes, Inaba or Ogawa, and strains of the Inaba serotype are indicated by arrowheads
next to strain designations. The scale bar indicates the nucleotide substitutions per site.
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this region. One ICE contained ideA, and was most similar to
VchInd5, whereas the other ICE lacked ideA and was most
similar to VchBan9 (11). When we analyzed the phylogenetic
distribution of the core genome of strains harboring each of
these ICEs, we found that these groups clustered independently
(Fig. 3), which indicates that there has been little to no conjugative transfer of ICEs between strains during the decade-long
sampling period.
Next, we sought to determine if IdeA inhibits natural transformation among clinical isolates from Bangladesh. Strains

harboring VchInd5 were denoted class I isolates, and those
harboring VchBan9 were denoted class II isolates. The transformation efficiency of class I isolates was 100–10,000-fold lower
than class II isolates (Fig. 4A). We generated isogenic ΔideA
mutants of the class I strains and found that transformation efficiencies were, in most cases, increased to the level of the class II
strains (Fig. 4 A and B). Thus, these data are consistent with
what was observed among Haiti outbreak strains, and indicate
that ICE-encoded IdeA also inhibits natural transformation among
Bangladeshi isolates.

Fig. 4. IdeA+ ICEs inhibit natural transformation among isolates from the ICDDR, B, and the prevalence of strains lacking IdeA increases in this region from
2001 to 2011. (A) Natural transformation of the indicated strains on chitin with 2 μg of a PCR product that confers resistance to the antibiotic kanamycin. Data
are shown as the mean ± SD. (B) The mean transformation efficiencies obtained in A are compared by grouping strains based on the ICE they harbor. For class
I strains, a line connects data from each parental isolate with its isogenic ideA mutant. Statistical significance was determined by two-tailed Student’s t test.
(C) The prevalence of strains that lack ideA is indicated within the binned years, and the number of isolates in each bin is indicated in parentheses. Statistical
comparisons were made by two-tailed Z-tests. Data from A and B are the result of at least two independent experiments. **P < 0.01.
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Strains Lacking IdeA Increase in Prevalence in Bangladesh from 2001
to 2011. Next, we assessed the temporal prevalence of ideA+

strains isolated from the ICDDR, B. Based on the phylogeny of
these strains, we did not find clustering based on the date of
isolation, indicating that there may be multiple strains endemic
to the area sampled by the ICDDR, B over this time period (Fig. 3).
However, we found that there was a statistically significant increase in the prevalence of strains lacking ideA over the sampled
period (Fig. 4C) due to a relative reduction in the number of
isolates containing VchInd5 and an increase in the prevalence of
strains containing VchBan9.
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far, we have assessed chitin-induced natural transformation of
V. cholerae on purified chitin beads using PCR products as a
source of tDNA. Though these studies have been informative in
dissecting the mechanism of IdeA inhibition of natural transformation, the conditions used were not physiologically relevant
for HGT in this pathogen. In the environment, V. cholerae strains
likely obtain DNA from neighboring strains and closely related
species that cocolonize chitinous surfaces. To assess if IdeA inhibits natural transformation under physiologically relevant conditions, we performed microcosm experiments to assess HGT
between two V. cholerae strains coincubated on shrimp shells as a
source of chitin. In these assays, the donor and recipient strains
were differentially marked with distinct antibiotic resistance genes,
and HGT by natural transformation was assessed by determining
the number of double-resistant transformants following coincubation. Because we wanted to assess HGT in only one direction,
donor strains in these experiments were ΔdprA mutant strains.
DprA mutants are still capable of taking up DNA; however, these
cells cannot integrate the DNA into their genome by homologous
recombination (26, 27). To confirm that dprA mutants are not
transformable, we coincubated two ΔdprA strains in these assays;
however, as expected, no double-resistant transformants were
obtained (Fig. 5A). This indicates that double-resistant transformants can only form as a result of DNA transfer from ΔdprA
donors to dprA+ recipients in these assays. Furthermore, because
DprA is specifically required only for HGT by natural transformation, the lack of transformants in this experiment indicates
that double-resistant transformants obtained in this assay are the
result of HGT by natural transformation.
When we coincubated an E7946 ΔdprA donor with recipient
strains ±ideA, we find that IdeA inhibits natural transformation
at least 100-fold to the limit of detection (Fig. 5A). These results
are consistent with those obtained when tDNA was added exogenously (Fig. 1 A and B), indicating that even under physiologically relevant conditions, IdeA strongly inhibits HGT by
natural transformation. Because DNase activity may be liberated
when cells are lysing/providing DNA for transformation in these
microcosm assays, we also wanted to assess if IdeA inhibits the
ability of strains to release genomic DNA as a source of tDNA.
To test this hypothesis, we incubated ΔdprA donors ±ideA with
E7946 as the recipient strain, and find that IdeA does not affect
the ability of V. cholerae to release tDNA (Fig. 5B). This result
suggests that even if IdeA is liberated during coincubation of
strains on chitin, the DNase activity present is not high enough to
limit transformation in trans.
Concluding Remarks
HGT via natural transformation is a multistep process that requires first binding extracellular DNA via a type IV pilus structure
(28). The retraction of this pilus along with a periplasmic DNA
binding protein, ComEA, aids in bringing this DNA into the periplasmic space in Gram-negative microorganisms like V. cholerae
(22). Next, a single strand of this DNA is brought into the cytoplasm via the action of the inner membrane translocase ComEC
Dalia et al.

Fig. 5. IdeA inhibits natural transformation of V. cholerae in a physiologically relevant microcosm model of HGT. (A and B) HGT between two
V. cholerae strains coincubated on chitin from shrimp shells without exogenously added DNA. In A, the donor strain is ΔVC1807::KanR, whereas recipients are ΔlacZ::SpecR. In B, all donor strains are lacZ::KanR, and the
recipient is ΔVC1807::SpecR. Additional information about the genotypes of
donor and recipient strains are indicated in each panel. White bars signify
that no transformants were obtained and indicate the limit of detection in
the assay. All data are shown as mean ± SD and the result of three independent experiments. Statistical differences were assessed by two-tailed
Student’s t test. ***P < 0.001; NS, not significant.

(23). During this process, DNA accumulates in the periplasmic
space and is a reservoir of tDNA (20, 22, 23). Here, we show that
IdeA, an ICE-encoded DNA endonuclease, inhibits natural
transformation by several orders of magnitude in V. cholerae by
depleting this reservoir, which is consistent with prior work showing that the DNA endonuclease Dns also depletes tDNA from the
periplasm (22, 23).
Our data suggest that strains lacking ideA have recently increased in prevalence in Bangladesh, which indicates that there
may be an increase in the rates of HGT observed in V. cholerae;
this could increase rates of transfer of virulence determinants,
including recently described variant alleles of the cholera toxin B
subunit gene, ctxB (29). Though cholera toxin is encoded by
a lysogenic filamentous phage that is independently capable
of being mobilized, this does not preclude a role for natural
transformation in accelerating the spread of this virulence determinant. Similarly, ICEs are mosaic with specific hotspots and
variable regions, which contain varied gene content (10, 11). One
mechanism that can explain how these mosaic ICEs have been
generated is via tandem ICE integration followed by inter-ICE
recombination (30, 31). These mosaic ICEs, however, could also
have been generated by natural transformation. Furthermore, if
natural transformation contributes to ICE mosaicism, we would
predict that the presence or absence of ideA on host ICEs would
impact ICE recombination. A defined study assessing the relative contribution of conjugative transfer, phage lysogeny, and
natural transformation on bacterial evolution under physiologically relevant conditions, however, has not been performed, and
will be the focus of future studies.
Our results demonstrate that in V. cholerae, one type of horizontally transferred element, an ICE, can inhibit natural transformation, another mechanism of HGT. The first known natural
occurrence of an ICE in V. cholerae likely occurred in the 1980s and
was most similar to a VchInd5 or SXT element (10, 11, 13). These
ICEs confer resistance to sulfamethoxazole, chloramphenicol, trimethoprim, and streptomycin. During the time that these ICEs
were first observed in V. cholerae, antibiotic use in the treatment of
diarrheal diseases became prevalent. Thus, it is likely that the selective advantage afforded by these ICEs were these antibiotic
resistance determinants. Therefore, it is possible that ideA is a
PNAS Early Edition | 5 of 6
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Natural Transformation Is Inhibited by IdeA in a Physiologically
Relevant Microcosm Model of Chitin-Induced Competence. Thus

“stowaway” that was present on the ICE that was first transferred
into V. cholerae and does not confer a specific selective advantage to
the organism. Though its acquisition may have been serendipitous,
this DNase may have had a profound impact on limiting the evolution and adaptability of V. cholerae strains harboring this element.
Materials and Methods
Bacterial Strains and Culture Conditions. Strains used in this study are listed in
Table S1. All clinical isolates were obtained as previously described (32).
Strains were routinely grown in LB and plated on LB agar. When appropriate, media was supplemented with 200 μg/mL spectinomycin, 50 μg/mL
kanamycin, and/or 50 μg/mL ampicillin.
Generating Mutant Strains and Plasmids. Mutant constructs were generated
by splicing-by-overlap extension PCR as previously described (33). For details,
see SI Materials and Methods. All primers used to generate new mutant
constructs are listed in Table S2.
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Bacterial Conjugations and Natural Transformation Assays. Conjugation and
natural transformation assays were performed essentially as previously described (34, 35). For details, see SI Materials and Methods.

DNase Activity Assay. DNase activity was measured using the DNA intercalating dye SYBR Safe (Invitrogen). For details, see SI Materials and Methods.
β-Lactamase Activity Assay. Assays were performed using nitrocefin (Thermo
Scientific) according to the manufacturer’s instructions. For details, see SI
Materials and Methods.
Western Blot Analysis. Six microliters of each cellular fraction was electrophoretically separated on a 10% polyacrylamide gel. Then proteins were
transferred to a nitrocellulose membrane. Blots were then probed for RpoA
using a mouse monoclonal antibody (Santa Cruz Biotechnology), and visualized using a Cy5-labeled α-mouse IgG secondary antibody (Invitrogen).
Blots were scanned on an FLA-9000IR instrument.
Phylogenetic Tree Construction. All 54 clinical isolates obtained from the
ICDDR, B were sequenced and de novo assembled as previously described (37).
Reads from whole-genome sequencing experiments are publicly accessible in
the Sequence Read Archive (SRA) under BioProject ID PRJNA279349. SRA
accession numbers for each isolate are provided in Table S1. Contig sequences for each strain were submitted to the REALPHY online tool along
with the published N16961 genome as a reference genome for phylogenetic
analysis (38). The tree is shown rooted to N16961.

Fractionation of V. cholerae. Cells were grown in M9+glucose because LB
medium is autofluorescent in the same channel used to visualize DNase activity.
Cells were grown to midexponential phase, then 109 cells were fractionated as
previously described (36). For details, see SI Materials and Methods.
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