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ABSTRACT Pathogenicity islands (PAIs) are mobile integrated genetic elements that
contain a diverse range of virulence factors. PAIs integrate into the host chromo-
some at a tRNA locus that contains their specific bacterial attachment site, attB, via
integrase-mediated site-specific recombination generating attL and attR sites. We
identified conserved recombination modules (integrases and att sites) previously de-
scribed in choleragenic Vibrio cholerae PAIs but with novel cargo genes. Clustered
regularly interspaced short palindromic repeat (CRISPR)-associated proteins (Cas
proteins) and a type VI secretion system (T6SS) gene cluster were identified at
the Vibrio pathogenicity island 1 (VPI-1) insertion site in 19 V. cholerae strains and con-
tained the same recombination module. Two divergent type I-F CRISPR-Cas systems
were identified, which differed in Cas protein homology and content. The CRISPR re-
peat sequence was identical among all V. cholerae strains, but the CRISPR spacer se-
quences and the number of spacers varied. In silico analysis suggests that the
CRISPR-Cas systems were active against phages and plasmids. A type III secretion
system (T3SS) was present in 12 V. cholerae strains on a 68-kb island inserted at the
same tRNA-serine insertion site as VPI-2 and contained the same recombination
module. Bioinformatics analysis showed that two divergent T3SSs exist among the
strains examined. Both the CRISPR and T3SS islands excised site specifically from the
bacterial chromosome as complete units, and the cognate integrases were essential
for this excision. These data demonstrated that identical recombination modules
that catalyze integration and excision from the chromosome can acquire diverse
cargo genes, signifying a novel method of acquisition for both CRISPR-Cas systems
and T3SSs.

IMPORTANCE This work demonstrated the presence of CRISPR-Cas systems and
T3SSs on PAIs. Our work showed that similar recombination modules can associate
with different cargo genes and catalyze their incorporation into bacterial chromo-
somes, which could convert a strain into a pathogen with very different disease pa-
thologies. Each island had the ability to excise from the chromosome as distinct,
complete units for possible transfer. Evolutionary analysis of these regions indicates
that they were acquired by horizontal transfer and that PAIs are the units of transfer.
Similar to the case for phage evolution, PAIs have a modular structure where differ-
ent functional regions are acquired by identical recombination modules.

KEYWORDS CRISPR-Cas, type III secretion, Vibrio cholerae, pathogenicity islands

Vibrio cholerae is the causative agent of the severe diarrheal disease cholera. The
factors necessary for manifestation of this disease were acquired by horizontal

gene transfer. The cholera toxin (CT), a potent enterotoxin whose effects are respon-
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sible for the copious rice-water diarrhea associated with the disease, is encoded on the
lysogenic filamentous phage CTX� (1, 2). The toxin-coregulated pilus (TCP), a type IV
pilus necessary for colonization of the small intestine, is found on a 41-kb pathogenicity
island (PAI) named Vibrio pathogenicity island 1 (VPI-1). VPI-1 is inserted at the
transfer-messenger RNA (tmRNA) locus, which contains its specific bacterial attachment
site (attB), and encompasses open reading frames (ORFs) VC0817 to VC0847 on
chromosome I of the biotype El Tor strain N16961 (3–6). Another PAI present in
pathogenic isolates of V. cholerae is VPI-2, a 57-kb region inserted at a tRNA-serine
locus, which contains its bacterial attB site between ORFs VC1757 and VC1810 on the
genome of N16961. VPI-2 contains the gene VC1784, which encodes a sialidase that
cleaves the amino-sugar sialic acid from terminal glycoproteins to expose the cell
surface receptor for CT (7). ORF VC1784 is clustered next to the genes that encode a
sialic acid catabolism and transport cluster (VC1773 to VC1783) (7). Thus, VPI-2 offers
the bacterium a novel nutrient source in vivo that has been shown to give the
bacterium a competitive advantage in the intestinal environment (8, 9). The pathogenic
O1 and O139 serogroups of V. cholerae, which are responsible for epidemic cholera,
contain CTX�, VPI-1, and VPI-2, all of which are absent from noncholeragenic strains.
Thus, the acquisition of these genetic elements has allowed V. cholerae to become one
of the most successful human pathogens, affecting millions of people each year.

Both VPI-1 and VPI-2 were shown to excise as complete units from the bacterial
chromosome (10–13). The mechanisms of excision for both islands have recently been
determined (13). The recombination modules of VPI-1 and VPI-2 consist of a cognate
integrase from the tyrosine recombinase (TR) family, IntV1 (VC0847) and IntV2 (VC1758),
respectively, and each island contains flanking attL and attR attachment sites marking
the site of chromosomal integration. IntV1 and IntV2 share less than 50% amino acid
identity and can catalyze both integrative and excisive recombination. VPI-2 contains
two excisionases (also known as recombination directionality factors [RDFs]), VefA and
VefB, while VPI-1 contains none (13). The RDFs were shown to be essential for VPI-2
excision and could induce VPI-1 excision. The cognate TR integrases for both VPI-1 and
VPI-2 were shown to be essential for efficient excision of these islands from the
bacterial chromosome (13). Various combinations of the components (integrases, RDFs,
and att sites) of the VPI-1 and VPI-2 recombination modules were found in additional
strains of V. cholerae and other Vibrio species, but they contained diverse cargo genes
(11, 13–16). Of particular note were two island regions, one that contained a clustered
regularly interspaced short palindromic repeat (CRISPR) and CRISPR-associated protein
(Cas protein) system and a type VI secretion system (T6SS) gene cluster and a second
island that carried genes encoding a type III secretion system (T3SS). These islands
contained recombination modules (integrase and attL and attR attachments sites)
described in VPI-1 and VPI-2 (11, 13, 14).

The CRISPR-Cas system is a bacterial immunity defense mechanism against invading
foreign DNA such as bacteriophages and plasmids (17–22). CRISPR-Cas systems are
widespread among prokaryotes, being found in 84% of archaeal and 47% of bacterial
genomes (23, 24). The CRISPR repetitive region features direct repeats, which vary in
size from 21 bp to 37 bp and can occur twice to over 100 times, depending on the
species and the strain. These repeats are separated by nonrepetitive DNA sequences of
similar size called spacers (25). The CRISPR array spacer sequences were shown to be
acquired from previously infecting phage and serve as memory to protect against
future infection (26; reviewed in reference 27). CRISPR-Cas systems are classified based
on Cas protein content and arrangements in CRISPR-Cas loci, with two classes and six
types defined (22, 28). However, aside from Cas1 and Cas3 proteins, Cas proteins in
general are highly divergent, evolve rapidly, and exist in diverse numbers, making
classification challenging (22, 28). All CRISPR-Cas systems identified to date contain
Cas1 and Cas2 proteins (28). Type I CRISPR-Cas systems, specifically type I-E, have been
described in V. cholerae strains, and type I-F has been described in bacteriophages that
infect V. cholerae isolates (29–31). A signature of type I CRISPR-Cas systems is the
presence of a Cas3 protein, which has a helicase domain and, in many Cas3 proteins,
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an HD family endonuclease domain. In type I-E and I-F systems, the cas4 gene is absent,
and in type I-F systems, the cas2 and cas3 genes are fused (28).

The T3SS is a contact-dependent bacterial secretion system, an apparatus that spans
the inner and outer bacterial membranes. When a bacterial cell containing a T3SS is in
contact with a eukaryotic cell, it can pierce the eukaryotic membrane to inject bacterial
effector proteins directly into the cell. These effector proteins can act on eukaryotic cell
structures and signaling pathways, which significantly affects cell physiology (32). T3SSs
have been described in V. cholerae isolates, mainly those that lack both CT and TCP (11,
33, 34). The T6SS is also a contact-dependent secretion system that transfers effector
proteins to either a eukaryotic or prokaryotic cell, being functionally similar to the T3SS
but evolutionarily unrelated. The T6SS was first described in V. cholerae as a novel
secretion system by Putkatzki and colleagues and has since been identified in numer-
ous species (35; reviewed in reference 36).

In this study, we determined the distribution of the CRISPR-Cas and T3SS islands,
which we named VPI-6 and VPI-3, respectively, among V. cholerae strains. We identified
a CRISPR-Cas island inserted at the tmRNA locus in three V. cholerae strains, RC385,
RC586, and TMA11079-80. The CRISPR-Cas system in all three strains contained identical
Cas1 proteins and type I-F CRISPR repeats; however, the number of spacers and their
sequences varied among the strains. In V. cholerae HC-36A1 and 15 additional strains
isolated in Haiti, a CRISPR-Cas system that differed from the one in RC385 was present.
In these strains, the CRISPR-Cas system contained divergent Cas3 and Cas6 proteins and
3 additional Cas proteins, Csy1, Csy2, and Csy3. In all 16 Haiti strains, the type I-F CRISPR
repeat and spacers were identical. The CRISPR-Cas islands in all strains contained a
highly homologous recombination module and T6SS components Hcp1 and VgrG. Data
from in silico analysis of spacer sequences suggest that these CRISPR systems are active
against phages and plasmids. We identified a T3SS inserted at the tRNA-serine locus in
12 V. cholerae strains whose whole genome sequences are available. Bioinformatics and
phylogenetic analyses showed that two divergent T3SSs were acquired separately in V.
cholerae. The CRISPR and T3SS islands excised site specifically from the bacterial
chromosome as complete units, and the cognate integrases IntV1 and IntV2 were
required for excision. Overall, the data suggest that acquisition of CRISPR-Cas and
secretion systems on islands may be common and suggest a mechanism by which
different combinations of systems can arise in different isolates of the same species.

RESULTS AND DISCUSSION
Recombination module and cargo genes of VPI-6 in V. cholerae RC385. Strain

RC385 is a V. cholerae serogroup O135 strain isolated in 1998 from plankton in the
Chesapeake Bay, USA (14). This strain contained a 29-kb region that was absent from
pandemic strains and was variably present among V. cholerae strains (14). This region
contains a clustered regularly interspaced short palindromic repeat–CRISPR-associated
protein (CRISPR-Cas) cluster and several T6SS genes. The genomic region is inserted at
the tmRNA locus and contains an integrase gene and attL and attR sites, indicating that
it is a genomic island, which we named VPI-6 (Fig. 1). The recombination module
(integrase and att sites) is homologous to the VPI-1 module that inserts at the same
tmRNA locus in V. cholerae N16961. The CRISPR-Cas region in RC385 contains five ORFs,
encoding three annotated Cas proteins (Cas1, Cas3, and Cas6) and two hypothetical
proteins. The Cas3 protein shows the two signature domains of this protein, a helicase
domain and an endonuclease domain. The CRISPR-Cas region contains a 4,528-bp
CRISPR sequence with the 28-bp direct repeat GTTCACTGCCGCACAGGCAGCTTAGAAA
and 75 unique spacer sequences of 32 bp (spacer 23 is 33 bp) (Table 1). The CRISPRMap
program (37) determined the direct repeat sequence to be a type I-F system repeat.
Using the CRISPRTarget program to identify spacer homology in the plasmid and phage
databases, we found that 44 of the 75 spacers had hits to Vibrio phages (Fig. 2). Of these
44 spacers, 40 matched to regions within the same sequences of phages X29 (accession
number KJ572845) and phi2 (accession number KJ545483). We examined the distribu-
tion of the 40 hits to phage X29 and found that the distribution was skewed to matches
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within structural proteins of this phage (Fig. 2, top). Three spacers each matched to the
same sequences within the Kappa, K139, and PV95 phages and one spacer to phage
VP16T (Fig. 2, bottom). These data confirm a role for this CRISPR-Cas system in phage
immunity and suggest that this CRISPR-Cas system is active.

The CRISPR sequence is located between the integrase IntV1 (VCRC385_RS05055)
and ORF VCRC385_RS05060, which is annotated as a type I-F CRISPR-associated en-
doribonuclease, Cas6/Csy4 (Fig. 1). Traditional BLAST searches of VCRC385_RS05065
and VCRC385_RS05070 yielded no significant homology to known proteins in the
database. An HHPred search (38) found that VCRC385_RS05070 was homologous to
Cas7; this protein is followed by Cas3 (VCRC385_RS05075) and Cas1 (VCRC385_RS05080)
homologues, annotated as type I subtype I-F. VCRC385_RS05085, which marks the end
of the CRISPR-Cas region, is annotated as a hypothetical protein that contains a WYL
domain and a helix-turn-helix domain, suggesting that it is a transcriptional regulator

FIG 1 Gene maps and comparisons of V. cholerae pathogenicity islands. VPI-1 and VPI-2 from N16961, VPI-3 from NRT36S, and VPI-6 from RC385 were compared.
An entire secretion system is present on VPI-3, and a complete CRISPR-Cas system and a T6SS gene cluster are present on VPI-6. ORFs are designated by arrows,
and the directions of arrows indicate directions of transcription. The conserved integrases of the islands, IntV2 from VPI-2 and VPI-3 and IntV1 from VPI-1 and
VPI-6, are shown as shaded arrows and are located adjacent to a tRNA-serine and a tmRNA locus, respectively. Brackets connected by lines represent regions
of identity between islands.

TABLE 1 Direct repeats and CRISPR types from species examined

Species and strain or phage Type Direct repeata

V. cholerae
O395 I-E GTCTTCCCCACGCAGGTGGGGGTGTTTC
Phage ICP1 I-F GTTAGCAGCCGCATAGGCTGCTTAAAGA
RC385 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA
RC586 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA
TM11079-80 I-F GTTCACTGCCGCACAGGCAGCTTAGAAAT
HC-36A1 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA

V. metschnikovii CIP 69.14 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA
I-C GTCGCGTCTCCCGCAGGCGCGTGGATTGAAAC

V. navarrensis
2232 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA
0053-83 I-F GTTCACTGCCGTATAGGCAGCTTAGAAA
ATCC 51183 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA

I-C GTCGCGCCTCCCGCAGGCGCGTGGATTGAAAC

V. fischeri 5F7 I-F GTTCACTGCCGTACAGGCAGCTTAGAAA
P. profundum SS9 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA
P. aquimaris GCSL-P86 I-F GTTCACTGCCGCACAGGCAGCTTAGAAA
aUnderlining indicates polymorphism relative to the RC385 repeat.
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FIG 2 RC385 CRISPR spacers that hit to Vibrio phage X29. (Top) Genome organization of phage X29 (41,569 bp). Horizontal arrows indicate ORFs, and vertical
arrows indicate locations within the X29 genome to which spacers hit. (Bottom) List of spacers and their score and hits to phage X29.
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(Table 2). The prototype I-F system consists of six genes in a single operon, cas1,
cas2-cas3, cas8f/cys1, cas5/csy2, cas7/csy3, and cas6f (28). Thus, the CRISPR-Cas system
described here may be a novel variant of type I-F.

In RC385, downstream of the CRISPR-Cas region is a gene that encodes Hcp1
(VCRC385_RS05090), a T6SS effector that shows 97% similarity to Hcp1 present in V.
cholerae N16961. The next ORF, VCRC385_RS05095, also encodes a homologue of a
T6SS protein, VgrG, that shares 69% similarity with VgrG from V. cholerae N16961. VgrG
is followed by two ORFs annotated as encoding hypothetical proteins, followed by two
ORFs (VCRC385_RS0318635 and VCRC385_RS0318630) encoding glycosyl hydrolases
(Table 2). Two additional ORFs annotated as encoding hypothetical proteins were
present before a VefA homologue. VefA (VCRC385_RS05125) marks the beginning of
the region that shows intermittent homology with the 3= region of VPI-2, and a VefB
homologue marks the end of the island (Fig. 1 and Table 2). Thus, the CRISPR-Cas island
contains the VPI-1 integrase and is flanked by att sites homologous to the att sites of
VPI-1, which suggests that the region can excise from the chromosome as a complete
unit.

The presence of CRISPR-Cas systems on mobile genetic elements has been shown in
previous studies (14, 29, 30, 39). A CRISPR-Cas system was first identified in the classical
biotype V. cholerae O395 strain, within a 17-kb genomic island that contained an
integrase and was inserted between the homologues of ORFs VC0289-VC0290 in strain
N16961 (14, 29). The CRISPR-Cas system in strain O395 consisted of eight Cas proteins,
a 2,407-bp CRISPR sequence comprised of a 28-bp repeat (GTCTTCCCCACGCAGGTGG
GGGTGTTTC), and 39 unique spacer sequences (Table 1). This CRISPR-Cas system was
shown to be a functional type I-E system that was confined to classical strains of V.
cholerae (31). This system showed no homology to the CRISPR-Cas system identified
here in RC385, and the integrase shared �27% (E value, 2e�32) amino acid identity
with IntV1 from strain N16961, indicating they are unrelated.

CRISPR-Cas systems also were described in bacteriophages from V. cholerae O1
serogroup strains, named ICP1 phages, isolated from cholera stool samples (30). These
CRISPR-Cas systems consisted of six Cas proteins, Cas6f, Csy3, Csy2, Csy1, Cas2-Cas3,
and Cas1, and a 28-bp repeat designated a type I-F (30). This repeat was similar to the

TABLE 2 ORFs in V. cholerae RC385 VPI-6 and predicted homology to a CRISPR-Cas system and T6SS

RC385 locus tag ORF Size (bp) Gene product
V. cholerae
strain

Homologue
accession no. Identity (%)

VCRC385_RS05055 1 412 Integrase (IntV1) N16961 NP_230494 97
VCRC385_RS05060 2 183 Cas6/Csy4 CAG76582 38
VCRC385_RS05065 3 351 Hypothetical protein
VCRC385_RS05070 4 315 Cas7 Q97Y91 14
VCRC385_RS05075 5 978 Cas3/Cas2 CAG76578 37
VCRC385_RS05080 6 329 Cas1 CAG76577 58
VCRC385_RS05085 7 264 Regulator N16961 NP_231407 38
VCRC385_RS05090 8 172 Hcp1 (T6SS) N16961 NP_232418 97
VCRC385_RS05095 9 658 VgrG (T6SS) N16961 NP_232419 69
VCRC385_RS05100 10 262 Hypothetical protein
VCRC385_RS05105 11 536 Hypothetical protein
VCRC385_RS0318635 12 262 Glycosyl hydrolase
VCRC385_RS05110 13 99 Hypothetical protein (VCA0105) N16961 NP_232506 53
VCRC385_RS0318630 14 262 Glycosyl hydrolase
VCRC385_RS05115 15 209 DUF2628 Domain
VCRC385_RS05120 16 179 Hypothetical protein
VCRC385_RS05125 17 58 VefA (VC1785) N16961 NP_231420 91
VCRC385_RS05130 18 158 RadC (VC1786) N16961 NP_231421 99
VCRC385_RS05135 19 142 Hypothetical protein (VC1804) N16961 NP_231439 91
VCRC385_RS05140 20 136 Hypothetical protein (VC1805) N16961 NP_231440 98
VCRC385_RS05145 21 328 GTPase (VC1806) N16961 NP_231441 97
VCRC385_RS05150 22 213 Hypothetical protein (VC0494) N16961 NP_230148 31
VCRC385_RS05155 23 344 Hypothetical protein (VC1808) N16961 NP_231442 30
VCRC385_RS05160 24 66 VefB (VC1809) N16961 NP_231443 97
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repeat identified in RC385; however, there were seven nucleotide polymorphisms
between RC385 and the ICP1 CRISPR-Cas system repeat (Table 1). The Cas1 protein of
RC385 shared 38% amino acid identity with 96% query coverage with the Cas1
identified in ICP1_2006_E; all other ICP1_2006_E Cas proteins showed no homology
with the Cas proteins in RC385. Outside of V. cholerae, a recent survey of Pseudomonas
aeruginosa isolates identified a type I-C CRISPR-Cas system within an integrative and
conjugative element (ICE) which is related to the conjugative plasmid pKLC102 (39).
ICEs are mobile elements that contain both recombination modules (integrase and att
sites) for site-specific integration and conjugative genes for transfer. This study found
an ICE-containing CRISPR-Cas system present in multiple distinct lineages of the �600
isolates of P. aeruginosa examined and showed that the region was integrated at a
tRNA-serine locus (39). In Legionella pneumophila, an intracellular pathogen, multiple
CRISPR systems can be present within an isolate, and a noncanonical role in intracellular
survival for these systems has been described (40). A recent study has shown that
several L. pneumophila isolates contained a type I-C CRISPR-Cas system on the chro-
mosome and a type I-F system on a 114-kb plasmid, and that study also demonstrated
a role for these systems in immunity (41). Overall, it appears that many diverse
CRISPR-Cas systems are associated with many different types of mobile genetic ele-
ments, indicating their ability to be horizontally transferred among isolates.

Comparative and phylogenetic analyses of the CRISPR-Cas system. A CRISPR-
Cas island similar to the island in RC385 was identified in two additional strains, Vibrio
sp. strain RC586 and V. cholerae TM11079-80 at the same tmRNA locus. In RC586, the
CRISPR-Cas island shared significant similarity with RC385; both of these strains were
isolated in the late 1990s from the Chesapeake Bay, USA (Fig. 3A) (14–16). The RC586
putative cas1, cas3, cas7, and cas6 genes showed near identity with those present in
RC385, as did the 3= region of the island (Fig. 3A). In strain RC586, the CRISPR is a
2,007-bp sequence with the same 28-bp direct repeat as in RC385, but it contained 33
spacers (Table 1). Of the 33 spacers present in RC586, 24 showed identity to spacers in
RC385 and matched to the same putative target sequences. RC385 spacer 7 (SP7) to
SP11, SP12 to SP17, and SP21 to SP33 showed identity to spacers SP15 to SP19, SP57
to SP62, and SP63 to SP75 in RC586. Five additional RC586 spacers matched to X29 and
phi2 phage sequences. The near identity in the CRISPR-Cas regions between the two
strains but the difference in spacer numbers and sequences suggest that these were
dynamic functional systems actively recruiting new spacer sequences.

Vibrio cholerae strain TM11079-80 is an environmental strain isolated in Brazil from
sewage in 1980 (14). Sequence alignments of the CRISPR-Cas island with RC385
revealed significant homology with the IntV1, Cas1, and Cas6 proteins. The Hcp and
VgrG ORFs were also highly conserved between the two strains, and this homology
included an additional five ORFs (Fig. 3A). After the T6SS region, a transposase is
present, followed by a protein from the ankyrin repeat (Ank) family, which marked the
end of homology with the rest of the island present in RC385. Ankyrin repeat proteins
in bacteria have been characterized as type IV secretion system effector proteins in
Legionella pneumophila and Coxiella burnetii (42). The CRISPR in TM11079-80 is a
3,450-bp sequence and contained a 29-bp repeat with 57 spacers. The repeat shared
identity with RC385 except for an additional nucleotide at the end of the sequence
(Table 1). TM11079-80 had a transposase between Cas1 and Cas3, and a gap in
homology exists in the hypothetical protein between Cas6 and Cas7 in RC385 (Fig. 3A).
Of the 57 spacers identified, 16 spacers showed hits to Vibrio phages and plasmids
(Table 3). Three spacers hit to the same sequence in phages fs2 and VFJ, and seven
spacers hit to the same seven regions within phages Kappa, K139/VPUSM, and 8/919TP/
VcP032/VcP032. Two spacers hit to plasmid p380 and one spacer to plasmid pYJ016
(Table 3). These data indicate that this CRISPR is active against both phages and
plasmids.

Vibrio cholerae strain HC-36A1 is a non-O1 clinical strain isolated in Haiti in 2010 (43).
It contained a CRISPR-Cas island at the same tmRNA locus as RC385, RC586, and
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FIG 3 Comparison of the V. cholerae CRISPR-Cas islands among four V. cholerae strains. (A) The Artemis comparison tool (ACT) was used
to examine nucleotide sequence differences, and the figure was generated using the genome comparison visualizer (50). Dark blocks
represent forward regions of homology between the regions, and white blocks indicate no matches. (B) The evolutionary history of
Cas1, Cas3, and Cas6 from 6 species was inferred using the neighbor-joining method, with bootstrap values (1,000 replicates) shown
next to branches (57). The tree is drawn to scale, with branch lengths indicated. The evolutionary distances were computed using the
p-distance method (58). Evolutionary analyses were conducted in MEGA6 (45).

Carpenter et al. Journal of Bacteriology

May 2017 Volume 199 Issue 10 e00842-16 jb.asm.org 8

http://jb.asm.org


TM11079-80. Strain HC-36A1 contained a Cas1 protein identical to that found in RC385;
however, its Cas3 and Cas6 proteins diverged significantly from those present in RC385.
In addition, HC-36A1 also contained homologues of Cas proteins, Csy1, Csy,2, and Cys3,
which are components of type I-F systems (Fig. 3A). The 3= region of the island shared
homology with TM11079-80. The CRISPR in this strain consisted of a 2,367-bp sequence
with 39 spacers and the same 28-bp direct repeat as in RC385 (Table 1). Of the 39
spacers identified, only five spacers gave hits with scores of �20; four spacers, 25, 26,
32, and 39, hit to phages X29/phi2, Kappa, fs2, and pYD21, respectively. Spacer 8 was
interesting as it hit to two regions within the cholera toxin-containing phage CTX,
within ig1 and ig2 intergenic regions with high scores of 28 and 30, respectively. A
CRISPR-Cas system identical to the one present in HC-36A1 is also present in 15
additional V. cholerae strains, HC-50A1, HC-51A1, HC-52A1, HC-55A1, HC-56A1, HC-
57A1, HC-59A1, HC-60A1, HC-78A1, HC-1A2, HC-55C2, HC-61A2, HC-02C1, HC-55B2, and
HC-59B1.

Analysis of the distribution of the three proteins present in RC385, Cas1, Cas3,
and Cas6 showed that they were all present in five additional species within the
family Vibrionaceae: V. navarrensis strains 2232 (accession number JMCH01000043),
0053-83 (JMCF01000024), and ATCC 51183 (JMCG01000001.1/JMCG01000002.1); V.
metschnikovii CIP 69.14 (ACZO01000006/ACZO01000007); V. fischeri 5F7 (MCGJ01000054);
Photobacterium profundum SS9 (CR378681); and Photobacterium aquimaris GCSL-P86
(LZEZ01000003.1) (Fig. 4).

Vibrio navarrensis is a recently described species that is closely related to V. vulnificus
and is associated with infections in humans (44). In V. navarrensis strain 2232, the
CRISPR-Cas system is homologous to that present in RC385. The repeat region marked
the end of the contig, and therefore no IntV1 homologue was identified. The 28-bp
direct repeat is identical to that in RC385, and the CRISPR was 1,107 bp with 18 spacers.
In V. navarrensis strain 0053-83, the CRISPR-Cas system was homologous to the one
present in HC-36A1, and the region contained an integrase that shows 83% identity to
IntV1 (Fig. 4). This integrase was not in the same genomic location as intV1 in RC385 but
occurred after the putative transcription regulator at the opposite end of the CRISPR
region (Fig. 4). The system consists of six Cas proteins that show �96% sequence
homology to Cas1, Cas3, Csy1, Csy2, Csy3, and Csy4/Cas6 in HC-36A1. The CRISPR in this
strain is a 2,729-bp sequence with a 28-bp direct repeat and 45 spacers. Also the direct
repeat in this V. navarrensis strain has two nucleotide polymorphisms in the middle of
the repeat compared to RC385 (Table 1 and Fig. 4).

In V. navarrensis strain ATCC 51183, two CRISPR-Cas systems, a type I-F and a type
I-C, and four CRISPR arrays were identified. On chromosome I, three CRISPR arrays are

TABLE 3 CRISPR spacer sequence hits from TM11079-80

Spacer
no. Spacer sequence Score Hit Hit position

2 TGACTATAAACTTTGGACGGGTCGCCACTCTC 31 fs2/VFJ 374–405
17 TGTTACATCGAGCACTGGTAAACTTTTGGCAA 31 pYJ016 42119–42088
20 GTTGTACTCAGTTTCATCGTCCGTAAACATGT 28 Plasmid p380 25520–25551
23 GATCTTAAACATTCTGCGACCAGCTTTGTCTT 28 Plasmid p380 25451–25482
24 TTTTCTAACGAGTCCATGCGATAAGCAAAAAA 32 KSF-1phi 2964–2933
29 ACGCTATTTGGCGAATTCGTCCACGTAAAAAC 28 Kappaa 20778–20808
30 TTCGCTTAGTTGAGTTTGAGCAAGATAAACAA 30 Kappa 17314–17345
37 ATTTGAGCGCCGAGTTTAAACGATAGTTCATA 32 X29/phi2 13260–13229
40 TTCAAATAGAGGGCTCGGGCGGCTTGTCGGAT 30 Kappa 15030–15061
43 ATTCGAACTGCGGCATTCAGCATGGTTTTACC 30 Kappa 24233–24264
44 AGTAACAAAAAACTCGCCAAACGCATGGCGGA 32 Kappa 5813–5844
45 TCTACGTTTACTTCAAAGCAGTATCTTGCTTT 32 Kappa 1125–1094
46 TGTAAATAATATTTCTGCCAAAGTGTAGAGCG 32 fs2/VFJ 4765–4734
47 TGAACGAGTTGGACAAACTCAGGCTCAGGCGA 26 fs2/VFJ 6040–6009
56 AAACGATGAGATCTGTAAAAATGGGGTTTTGA 32 Kappa 17487–17456
57 ATTGTGTAAGGGTCGTTGTGCTTAAAGCGCTG 22 Phage pYD21 17672–17641
aThe spacer that hit to Kappa also hit to identical sequences in phages K139/VPUSM and 8/919TP/VcP032/VcP032.
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present, a type I-F system that is highly similar to the one present in V. navarrensis strain
0053-83 with six Cas proteins, Cas1, Cas3, Csy1/Cas8, Csy2/Cas5, Csy3/Cas7, and Csy4/
Cas6. However, the 28-bp repeat is identical to that in V. cholerae HC-36A1. CRISPR1 is
a 2,610-bp sequence with 43 spacers and is located at positions 12211 to 9601. The
second type I-F CRISPR2 array with no associated CAS proteins is located at positions
3238102 to 3239750, with 27 spacers and the same direct repeat as CRISPR1. A third
type I-F CRISPR3 array with no associated Cas proteins is present on chromosome II at
positions 13861 to 12033, with 30 spacers and a repeat identical to that in CRISPR1. The
type I-C CRISPR-Cas system consists of Cas3, Cas5, Cas8c, Cas7, Cas4, Cas1, and Cas2 and
a 32-bp repeat that is classified as a type I-C with 28 spacers that varied in size from 33
bp to 35 bp, located at positions 1238174 to 1240043 on the chromosome (Table 1).

In V. metschnikovii CIP 69.14, two CRISPR-Cas systems were also identified, a type I-F
and a type I-C, and six CRISPR arrays. The type I-F CRISPR-Cas system resembled that
present in RC385 in gene arrangement, but no integrase or transposase genes were
associated with the region. The CRISPR1 array, adjacent to the type I-F Cas proteins, was
1,227 bp with a 28-bp repeat identical to that in RC385 and contained 20 spacers. Four
additional type I-F CRISPR arrays were identified, containing 5, 6, 7, and 10 spacers

FIG 4 CRISPR-Cas gene arrangement and content among the Vibrio species examined. Arrows indicate
ORFs, and vertical lines indicate CRISPR arrays with repeats and spacers. Black arrows indicate a core
chromosomal gene, and similarly shaded arrows indicate homologous ORFs with a 35% amino acid identity
cut off with greater than 60% query coverage. Double hatched lines indicate CRISPR arrays located at
different locations on the chromosomes in strains CIP69.14 and ATCC 51183.
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found elsewhere on the genome. The type I-C system had seven Cas proteins, Cas3,
Cas5, Cas8c, Cas7, Cas4, Cas1, and Cas2, and a 32-bp repeat with one nucleotide
mismatch with the I-C repeat from V. navarrensis strain ATCC 51183 and 20 unique
spacers. Of the total of 65 spacers identified in this strain, two were redundant. In V.
fischeri 5F7, the type I-F CRISPR-Cas system resembles HC-36A1 in the Cas proteins
content and contains a 28-bp repeat with 1 nucleotide polymorphism with the RC385
repeat (Table 1). The CRISPR is a 3,508-bp sequence with 58 spacers (Fig. 4). The
CRISPR-Cas systems identified in P. profundum and P. aquimaris were similar in Cas
protein content to RC385 and had an identical 28-bp direct repeat and 1,588-bp and a
147-bp CRISPRs with 26 and 2 spacers, respectively.

The evolutionary histories of the type I-F CRISPR-Cas regions were inferred using the
neighbor-joining method based on evolutionary distances computed using the
p-distance method in MEGA6 (45). Phylogenetic analysis of the Cas1, Cas3, and Cas6
proteins showed that the CRISPR-Cas systems present in V. cholerae strains RC385 and
RC586 were highly similar to each other and to a CRISPR-Cas system in V. navarrensis
2232, which suggests recent horizontal transfer between these species (Fig. 3B). The
Cas1, Cas3, and Cas6 trees showed that V. metschnikovii CIP 69.14 was the strain with
the CRISPR-Cas system next most closely related to that in RC385. Only in the Cas1 tree
did all four V. cholerae strains cluster together and with the two Cas1 proteins from V.
navarrensis 2232 and 0053-83. In the Cas3 tree, three V. cholerae strains clustered
together, and strain HC-36A1 had the most divergent Cas3 protein examined, which
clustered with Cas3 from V. navarrensis 0053-83. The Cas6 proteins from strains
HC-36A1 and 0053-83 also branched divergently from the rest of the Cas6 proteins
examined (Fig. 3B). In evolutionary terms, these data demonstrate that there is ongoing
recombination and acquisition of CRISPR-Cas systems among closely related isolates
and horizontal transfer among distantly related species. In support of this, a recent
study showed that a type I-E CRISPR-Cas system could be transferred by natural
transformation between V. cholerae isolates (31). A dynamic system would be expected
in a region that is required for adaptive immunity to protect against constant attack
from phages.

Recombination module and cargo genes of VPI-3 in V. cholerae NRT36S. Vibrio

cholerae NRT36S is a serogroup O31 strain isolated from a Japanese patient with
travelers’ diarrhea and contains a T3SS but not the genes that encode CT and TCP (34).
The T3SS is found within a 68-kb island, which we named VPI-3, that is integrated into
chromosome I between homologues of open reading frames (ORFs) VC1757 and
VC1810 in strain N16961, at the same tRNA-serine locus integration site as VPI-2.
Comparative analysis of VPI-3 from V. cholerae NRT36S and VPI-2 from N16961 showed
significant homology in many regions (Fig. 1). The attL and attR attachment sites of
VPI-3 share 100% homology with the att sites of VPI-2, and the integrase shares 98%
nucleotide identity with the VPI-2 integrase. These data indicate that the recombination
module of VPI-3 is highly homologous to that of VPI-2 and should function similarly.
Downstream of the integrase gene in VPI-3 are the genes encoding a T3SS. The T3SS
is at the same location as the type I restriction modification genes present in the 5=
region of VPI-2. The T3SS genes were followed by genes encoding sialic acid scaveng-
ing, transport, and catabolism proteins. This region shares 97% nucleotide sequence
homology with the same region in VPI-2 (Fig. 1). Two excisionase genes are also present
on VPI-3, vefA and vefB, and share 96% homology with those present on VPI-2. The last
five genes in the 3= end of the VPI-3 region also share homology with the same genes
in VPI-2 and include vefB, which marks the end of the island (Fig. 1).

Comparative and phylogenetic analyses of VPI-3. Using the ATPase from VPI-3 of
NRT36S as a seed, we identified 11 additional T3SS-containing strains of V. cholerae
whose whole genome sequences were available (Fig. 5A). In these 11 strains, the T3SS
was present at the same tRNA-serine locus and contained identical recombination
modules. The sialic acid catabolism region was also present in all isolates. The majority
of the T3SS region was highly conserved among nine strains, but two strains, 1587 and
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623-39, showed little homology to the other nine. Of the 49 ORFs within the T3SS
region, 36 ORFs were highly divergent between strains 1587 and 623-39 and the other
nine strains, which suggests that the T3SS regions were acquired independently in two
separate events (Fig. 5A).

To infer the evolutionary history of the T3SS islands and demonstrate further the
different evolutionary histories of the regions, we constructed phylogenetic trees based
on the integrase IntV2, the T3SS ATPase, and the NanA proteins of the 12 V. cholerae
strains examined here (Fig. 5B). Analysis of the IntV2 proteins from the 12 V. cholerae
strains showed that they were highly homologous to one another, as indicated by the
small genetic distance. Similarly, the phylogenetic analysis of the NanA proteins
showed that they were highly related to one another, with small branch lengths
indicating limited divergence. The T3SS ATPases in strains NRT36S, AM-19226, CP1110,
EM-1676A, V51, TMA21, 12129, VC35, HE-25, and P-18785 were all highly homologous,
whereas the ATPases from strains 1587 and 623-39 clustered together but divergently
from the other ATPases (Fig. 5B). These data suggest that the recombination module
and the sialic acid region are core to the island, while the T3SS was acquired in two
separate events within this core island. The near identity of VPI-6 among strains that are
otherwise divergent from one another suggests, in evolutionary terms, recent horizon-
tal transfer between strains.

FIG 5 Comparison of the V. cholerae T3SS island among 12 V. cholerae strains. (A) The Artemis comparison tool (ACT) was used to examine nucleotide sequence
differences among VPI-3s. Dark blocks represent forward regions of homology between the island regions, and white regions indicate no homology. (B) The
evolutionary history of IntV2, ATPase, and NanA among 12 V. cholerae strains was inferred using the neighbor-joining method, with bootstrap values (1,000
replicates) shown next to branches (57). The tree is drawn to scale, with branch lengths indicated. The evolutionary distances were computed using the
p-distance method. Evolutionary analyses were conducted in MEGA6 (45).
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To further determine the evolutionary history of the T3SS, we examined the phy-
logenetic relationships between the V. cholerae T3SS ATPases and those from other
species (Fig. 6). These data showed that both T3SSs from V. cholerae strains were closely
related to the T3SS-2 region on chromosome 2 of clinical strains of V. parahaemolyticus.
In this species, there are two T3SS-2 variants described, designated T3SS-2� and
T3SS-2� depending on the strain examined (46). The T3SS ATPases from the nine V.
cholerae strains were highly related to T3SS-2� from V. parahaemolyticus RIMD2210633,
an O3:K6 pandemic strain. The ATPase was also highly related to a T3SS ATPase present

FIG 6 Evolutionary analysis of ATPases from T3SS in Vibrionaceae and enteric species. The evolutionary history was inferred
using the neighbor-joining method (57). The optimal tree with the sum of branch lengths of 1.99 is shown. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the
branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the p-distance method and are in the units of the
number of amino acid differences per site. The analysis involved 48 amino acid sequences. All ambiguous positions were
removed for each sequence pair. There were a total of 447 positions in the final data set. Evolutionary analyses were conducted
in MEGA6 (45). The asterisk indicates species with two T3SSs.
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in V. mimicus and Grimontia hollisae strains. PCR detection assays were used to examine
V. mimicus isolates for the presence of T3SS genes, and these studies suggested that the
T3SS in these isolates was present on an island similar to VPI-3 (47). The T3SS region
from G. hollisae ATCC 33564, whose genome sequence is available (accession number
CP014056), is inserted at a tRNA-serine locus. The ATPases from strains 1587 and 623-39
clustered with the T3SS-2� ATPase from prepandemic V. parahaemolyticus strains (Fig.
6). Both T3SS-2 types in V. parahaemolyticus are present on chromosome 2 and are
present only in clinical isolates. The presence of highly related ATPases in otherwise
highly divergent species suggests horizontal gene transfer and by extension transfer of
the entire region. All V. parahaemolyticus isolates contain a second, unrelated T3SS,
which is present on chromosome 1 and clusters on a divergent branch of the ATPase
tree with the related species V. alginolyticus, strains of which all contain a T3SS-1. In
general, when T3SS-1 is present in a species, it is present in all isolates of that species,
which suggests that T3SS-1 is the ancestral system. Taken together, these data further
confirm that T3SS-2 was acquired by horizontal transfer. In support of this, a study has
shown that a T3SS can be transferred between V. cholerae strains via natural transfor-
mation (48).

The T3SS island can excise from the V. cholerae NRT36S bacterial genome. It
was previously demonstrated that VPI-2 of V. cholerae N16961 can excise from the
chromosome (11–13). The excision of a T3SS-containing island has not yet been
established. Thus, we sought to determine if VPI-3 could excise as a complete unit from
the chromosome of NRT36S. VPI-3 excision was examined through PCR detection of
attP and attB attachment sites (Fig. 7A). The attP site is created when the island excises
and forms a circular intermediate and the attB site marks the empty chromosomal site

FIG 7 The T3SS and the CRISPR-Cas islands excise site specifically from the chromosome. (A) Primer
design for PCR amplification of the attP and attB sites of V. cholerae strains. (B and C) PCR assays to detect
attP and attB of VPI-3 in V. cholerae NRT36S and N16961. Strain SG7 was included as a negative control.
(D and E) PCR assays to detect attP and attB of VPI-6 in V. cholerae RC385. Strain SG7 was included as a
negative control.
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after excision (Fig. 7A). In order to detect the attP site, an inverse PCR primer pair was
designed within intV2 (the first gene within VPI-3) and vefB (the last gene within VPI-3)
such that a PCR product will be obtained only if VPI-3 excises and forms a circular
intermediate (CI) (Fig. 7A and B). Inverse PCR assays were performed on DNAs from V.
cholerae NRT36S (VPI-3) and N16961 (VPI-2), and no product was detected in this first
round of PCR (Fig. 7B). A second PCR assay was performed using the product of the
first PCR as the template, with primers designed within an internal fragment of the
inverse PCR product (Fig. 7B). A 497-bp PCR product was detected in NRT36S as well as
in the control strain N16961, in which excision was previously shown (Fig. 7B). A
two-stage nested PCR was also performed to detect the empty attB site left in the V.
cholerae chromosome following excision of VPI-3. An attB PCR product was observed in
the second round of the attB assay for V. cholerae strain NRT36S and the positive-
control strain N16961 (Fig. 7C). V. cholerae strain SG-7 was used as a negative control,
as it does not contain an island at the tRNA-serine locus. In strain SG-7, no excision was
detected in the attP assay, and the empty attB site was detected in the first round of
the attB PCR assay (Fig. 7B and C). The attB sequences were confirmed by sequencing.
These data indicate that VPI-3 is capable of excision from the genome of V. cholerae
NRT36S as a single unit for possible transfer.

VPI-2 excision was dependent upon the presence of the cognate integrase IntV2
(11–13). In order to examine whether the cognate integrase of NRT36S VPI-3 (IntV2) is
also necessary for the excision, we constructed an in-frame deletion of intV2 to create
strain MRCIntV2. We performed the attB excision assay on this strain to determine
whether excision occurs (Fig. 8A). No PCR product was observed in either round of the
attB assay for strain MRCIntV2, indicating that the cognate VPI-3 integrase is necessary
for excision of this island (Fig. 8A).

FIG 8 Integrases are essential for T3SS and CRISPR island excision. The two-stage attB PCR amplification
assay was used to detect excision of VPI-3 in ΔintV2 and wild-type NRT36S (A) and of VPI-6 in ΔintV1 and
wild-type RC385 (B). No PCR product was detected in the first round of PCR and wild-type attB excision
products of 524 bp and 210 bp were detected in the second round of PCR for NRT36S and RC385,
respectively, and no product was detected for NRT36S ΔintV2 or RC385 ΔintV1.
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The CRISPR-Cas island can excise from the RC385 V. cholerae genome. Next, we
sought to determine whether the CRISPR-Cas island excised as a unit from the chro-
mosome of V. cholerae RC385 (Fig. 7). Primers were designed to amplify the attP and
attB sites of VPI-6 (Fig. 7D and E). In the attP assay, an expected 198-bp attP PCR
product was detected in round two of PCR in V. cholerae RC385. In the attB PCR assay,
a PCR product of 210 bp was detected in round two of PCR and was confirmed by
sequencing (Fig. 7E). Strain SG-7 was used as a negative control, as it does not contain
an island at the tmRNA locus, and as expected, no excision product was observed in the
attP assay and an empty attB site was detected (Fig. 7D and E). These data indicated
that VPI-6 can excise from the chromosome as a complete unit. A similar CRISPR-Cas
island region in a V. cholerae strain isolated in Australia was also shown to excise from
the genome, presumably using a similar mechanism (49).

To examine whether the cognate integrase of RC385 VPI-6 (IntV1) is also necessary
for the excision, we constructed an in-frame deletion of intV1 to create mutant strain
JDBIntV1. We performed the attB excision assay on wild-type and JDBIntV1 strains to
determine whether excision occurs (Fig. 8B). No PCR product was observed in either
round of the attB PCR assay for strain JDBIntV1, whereas a band of the expected size
was present for the wild type, indicating that the cognate VPI-3 integrase is necessary
for excision of this island (Fig. 8B).

These data confirm that conserved recombination modules that are widespread
among isolates are also functionally conserved. These recombination modules can
acquire new cargo genes and new combinations of cargo genes, suggesting a mech-
anism for the horizontal transfer and acquisition of T3SS and CRISPR-Cas systems as
complete units.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains and plasmids used in this

study are listed in Table 4. Bacterial strains were grown in lysogeny broth (LB) (Fisher Scientific, Fair Lawn,
NJ) overnight at 37°C aerobically at 225 rpm unless otherwise noted. The diaminopimelic acid (DAP)
auxotroph Escherichia coli �2155�pir was supplemented with 0.3 mM DAP. When appropriate, medium
was supplemented with the following antibiotics: 200 �g/ml streptomycin (Sm), 25 �g/ml chloramphen-
icol (Cm), and 100 �g/ml ampicillin (Amp). LB agar was supplemented with 10% sucrose for double cross
screening.

Comparative genomics and phylogenetic analyses. The FASTA sequence of the CRISPR-Cas island
for each of the V. cholerae strains examined (RC385, RC586, and TMA11079-80) was downloaded from the
NCBI genome database using the accession numbers NZ_GG774559.1, NZ_ADBD01000007.1, and
NZ_ACHW01000035.1. The FASTA sequence for HC-36A1 (NZ_AXDR01000008.1) along with 15 additional
strains with HC-XXXX strain numbers were downloaded from the NCBI database. The nucleotide
sequence for each strain was compared to that of RC385 using the Artemis comparison tool (50). The
VPI-3 region of V. cholerae NRT36S was assembled from raw whole-genome sequence data generated
as previously described and obtained from Colin Stine’s group (34). The NRT36S contigs were
aligned to the T3SS region present in V. cholerae strain AM-19226 (GCA_000153785.1). The FASTA
sequence for each of the strains examined was downloaded from the databases using the NCBI
accession numbers GCA_000153785.1, GCA_000174295.1, GCA_000279265.1, GCA_000348345.1,
GCA_000174115.1, GCA_000299495.1, GCA_000348425.1, GCA_000168895.1, GCA_000387605.1,
GCA_000338215.1, and GCF_000152465.1. The nucleotide sequence for each strain was compared to
that of NRT36S using the Artemis comparison tool (50). Using the T3SS ATPase from strain NRT36S
as a seed, the NCBI genome database was examined for homologues (51). Protein sequences of the
NanA and the integrase (IntV2) of VPI-3 from V. cholerae strains were obtained from NCBI database
and uploaded into MEGA, where they were aligned using the ClustalW algorithm (45, 52, 53). After
alignment, MEGA6 was used to generate neighbor-joining trees (45). Similarly, evolutionary analysis
using MEGA6 was performed on the Cas1, Cas,3, and Cas6 proteins from species within the family
Vibrionaceae that contained all three proteins (45).

CRISPR-Cas analysis. The FASTA files for strains RC385, RC586, TMA11079-80, and HC-36A1 were
used to identify CRISPR direct repeats and spacers in each sequence using the CRISPRFinder and
CRISPRDetect programs (23, 24, 54). The CRISPRtionary program was used to determine how unique each
spacer was to each strain (23, 24). We used the CRISPRMap program to assign type and subtype to each
of the CRISPR-Cas regions (37). The spacer dictionaries generated by the CRISPRFinder and CRISPRDetect
programs were used in the CRISPRTarget program to identify the most likely targets of CRISPR RNA
spacers in the NCBI GenBank-phage and RefSeq-plasmid databases for all V. cholerae strains examined
(55). Putative spacer target sequences were identified following a BLASTn search of the plasmid and
bacteriophage databases (55). A cutoff score of 20 (the default value) was used for the analysis to filter
out low-scoring hits from the output. Only scores above 22, which show greater than 80% sequence
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identity with targets, gave hits that consistently contained the Protospacer adjacent motif (PAM)
sequence, a marker for a bona fide target.

VPI-3 and VPI-6 excision assays. Genomic DNA was isolated from cells grown overnight in LB broth
using the GNOME kit (MP Biomedicals, Santa Ana, CA) following the manufacturer’s procedure and
was used as the template in the attB assays. Plasmid DNA was isolated from cells grown overnight in LB
broth using the Qiagen plasmid isolation kit (Qiagen, Valencia, CA) per the manufacturer’s instructions
and used as the template for the attP assay. Two-stage nested PCR assays were used to detect att sites
present after excision of each island. In the chromosome following excision of either VPI-3 or VPI-6, an
attB site is present that can be detected using the primer pairs listed in Table 5. Excision results in the
formation of a circular intermediate that contains an attP site that can be detected by PCR using the
primer pairs listed in Table 5. Since the excision event is rare under normal laboratory conditions,
two-stage nested PCR assays are performed to detect both the attB and attP products. For PCR round
one, 10 ng of V. cholerae genomic DNA was used as the template for the attB as previously described (13).
One microliter of round one PCR cocktail was used as the template for round two of PCR, and products
were analyzed on a 2% agarose gel. Vibrio cholerae SG7 was used as a negative control as it does not
contain any island regions at the VPI-1 or VPI-2 insertion sites, and V. cholerae N16961 was used as a
positive control as VPI-2 is inserted at the same tRNA-serine locus and was previously detected (13). The
attP and attB PCR products were confirmed by sequencing. At least three biological replicates of each
strain were examined.

Integrase mutant construction. Integrase deletion mutants of V. cholerae NRT36S and RC385 were
constructed using splicing by overlap extension (SOE) and homologous recombination (56). Primers were
designed to create an in-frame deletion of the VPI-3 intV2 gene in strain NRT36S and the VPI-6 intV1 gene
in strain RC385. These mutants were named MRCIntV2 and JDBIntV1, respectively, and are listed in Table
5. Briefly, for intV2 deletion, V. cholerae NRT36S genomic DNA was used as the template for PCR with
VC1758A/NRTintv2B and NRTintv2C/NRTintv2D primer pairs to generate AB and CD products.
Purified AB and CD products were used as the template for PCR with the primer pair VC1758A/
NRTintv2D to create the truncated intV2 gene, utilizing the overlapping sequences found on

TABLE 4 Bacterial strains and plasmids used in this study

Strain or plasmid Description
Reference(s)
or source

V. cholerae
N16961 O1, El Tor strain, Bangladesh, clinical, 1975, VPI-

1, VPI-2, VSP-I, VSP-II
59

SG7 Non-O1, nonclinical, VPI negative Lab collection
JDBIntV1 RC385, intV1 deletion This study
MRCIntV2 NRT36S, intV2 deletion This study

VPI-6 CRISPR strains
RC385 O135, Chesapeake Bay, USA, plankton, 1998 14, 60
RC586 O133, Chesapeake Bay, USA, water, 1999 15, 16
TM11079-80 O1, El Tor, Brazil, sewage, 1980 14, 16
HC-36A1 �, Haiti, clinical, 2010 43

VPI-3 T3SS strains
NRT36S O31, Japan, clinical 34
AM-19926 O39, Bangladesh, clinical, 2001 16
TMA-21 �, Brazil, sewage, 1980 16
VC12129 O1, El Tor, Australia, water, 1985 16
EM1676A O1, Bangladesh, water, 2011
NHCC008d �, Bangladesh, clinical, 2010 43
VC35 �, Malaysia, clinical, 2004 43
HE-25 �, Haiti, water, 2010
P-18785 �, Russia, clinical, 2005
CP1115 O75, Florida, USA, clinical, 2010
1587 O12, Peru, clinical, 1994 16
623-39 �, Bangladesh, water, 2002 16

E. coli
DH5��pir Lab collection
�2155�pir Donor for bacterial conjugation, DAP auxotroph Lab collection

Plasmids
pJET1.2 Cloning vector, Ampr

pJET1.2ΔintV1 pJET1.2 harboring truncated intV1 gene Fermentas
pJET1.2ΔintV2 pJET1.2 harboring truncated intV2 gene Fermentas
pDS132 Suicide vector, SacB, Cmr Lab collection
pDS132ΔintV1 pDS132 harboring truncated intV1 gene This study
pDS132ΔintV2 pDS132 harboring truncated intV2 gene This study
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NRTintv2B and NRTintv2C (Table 5). This intV2 truncated PCR product was blunt-end cloned into
pJET1.2 (Fisher Scientific) and transformed into Escherichia coli DH5�. Plasmid DNA (pJET1.2ΔintV2)
was isolated using the Qiagen plasmid minikit and digested with SacI and XbaI restriction enzymes
(Fisher Scientific). The digested ΔintV2 fragment was cloned into the suicide vector pDS132, forming
pDS132ΔintV2, and transformed into the DAP auxotroph E. coli �2155. Escherichia coli �2155
pDS132ΔintV2 served as the donor strain in conjugation with V. cholerae NRT36S. Transconjugants
were selected for on LB agar supplemented with Sm and Cm, and colony PCR with primer pair
VC1758A/NRTintv2D was used to detect the single-crossover event. Single-cross colonies were
grown in the presence of 10% sucrose without Cm to detect homologous recombination and
replacement of the full intV2 gene with the truncated intV2 in V. cholerae NRT36S. A similar strategy
was used to construct an in-frame deletion of intV1 in RC385. The double-crossover events were
screened with AD and flanking primer sets and confirmed by sequencing.
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