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Abstract

Genomic islands (Gls) and integrative conjugative elements (ICEs) are major players in bacterial
evolution since they encode genes involved in adaptive functions of medical or environmental
importance. Here we performed the genomic analysis of ICE V¢/Ban8, an unusual ICE found in
the genome of a clinical non-toxigenic Vibrio cholerae O37 isolate. ICE Vc/Ban8 shares most of
its genetic structure with SXT/R391 ICEs. However, this ICE codes for a different integration/
excision module is located at a different insertion site, and part of its genetic cargo shows
homology to other pathogenicity islands of V. cholerae.
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1. Introduction

Recent comparative genomics studies revealed that prokaryotic genomes are dynamic
entities capable of acquiring and discarding large amounts of genetic material via lateral
gene transfer (LGT) and recombination [1]. The role of LGT in the evolution of Vibrio
cholerae, an autochthonous inhabitant of riverine and marine environments, as well as a
human pathogen, is extensively documented [1-4]. In this species, major virulence genes
and several important adaptive functions are known to be clustered in regions of the
chromosome, laterally acquired from conspecific or distantly related organisms [5,6]. The
extent of LGT was confirmed by the presence of Integrative conjugative elements (ICEs)
and a large set of Genomic Islands (Gls) in V. cholerae sequenced genomes, contributing to
genomic plasticity and generating a significantly heterogeneous group of strains in this
species [1,5].

Gls are not self-transmitting gene clusters, since they are devoid of transfer genes, but they
can excise and form circular intermediates [7-9]. They are of significant interest since they
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often encode genes of clinical importance, such as virulence factors, otherwise known as
pathogenicity islands (PAI) [8]. Among all the V. cholerae associated PAIs, Vibrio
pathogenicity island 2 (\VPI-2) is present in toxigenic O1 strains, and occasionally in non-
01, non-0139 V. cholerae [10,11]. VPI-2 is a 57.3 kb island integrated at a tRNA-Ser,
encoding 52 ORFs including proteins for release, transport, and catabolism of sialic acid
[11].

Integrative conjugative elements (ICEs) are a class of mobile elements integrated into the
prokaryotic host chromosome. They comprise mosaic genetic element with plasmid-,
phage-, and transposon-like features organized in functional modules and are capable of
self-transfer from a donor to a recipient cell via conjugation [12]. These elements were first
described in V. cholerae with the discovery of the SXT element [13] and have since been
found in the majority of V. cholerae and related Vibrio spp. [14,15]. All ICEs that have been
described in V. choleraeto date belong to the SXT/R391 family [16], which share a
conserved genetic scaffold of 52 genes that incorporates unique sequences coding for
resistance to antibiotics and heavy metals, new toxin/antitoxin systems, restriction/
modification systems, and alternative metabolic pathways [15,16].

In this study, we report the genomic analysis of ICE Vc/Ban8, an unusual ICE present in the
genome of the non-toxigenic clinical isolate V. cholerae 037 MZO-3, collected in
Bangladesh in 2001 [1,15]. Unlike most V. cholerae non-O1, non-0139 isolates, strains of
serogroup O37 have been shown to have epidemic potential [17,18]. V. choleraec MZO-3
lacks CTX® [1] but shows the presence and/or major rearrangements of two of the main
pathogenicity islands found in V. cholerae 7th pandemic isolates: a novel version of Vibrio
seventh pandemic island 2 (VSP-2) [19] and the replacement of VVPI-2 with ICE V¢c/Ban8,
which is the subject of the present work.

2. Materials and methods

2.1. ICE assembly, annotation and comparative genomics

Nucleotide sequence of ICE V¢/iBan8 was obtained from the genome sequence of V.
cholerae O37 strain MZO-3 (AAUU00000000) [1]. Gaps between two contigs were closed
by manual editing using Consed and subjected to custom primer walk and PCR
amplification. Complete nucleotide sequence of ICE Vc/Ban8 was deposited in GenBank
under Accession no. JQ345361.

ICE genetic analysis was accomplished in four steps: (i) ICE Vc/Ban8 nucleotide sequence
was aligned with SXT using NUCmer [20]; (ii) ORFs were identified and annotated using
the RAST annotation pipeline (http://rast.nmpdr.org); (iii) ICE sequence and genetic
organization was compared with published ICEs using the Artemis Comparative Tool
(ACT) (www.sanger.ac.uk/Software/ACT); and (iv) similarity in nucleotide and protein
sequences for ICE Vc/iBan8 was determined as % nucleotide or amino acid identity with
other ICEs in GenBank employing BLASTN and BLAST-PSI [21].

2.2. PCR assays

Chromosomal DNA was extracted as previously described [22]. Amplification was
performed in an automated thermocycler (Bio-Rad MJ-Mini), and PCR conditions were
performed in 50 pl reaction mix contained 1.3 U of DreamTaq DNA polymerase
(Fermentas), according to manufacturer’s instructions. See Supplementary Table 1 for
primer and amplicon details. To confirm accurate assembly of the two contigs and to close
gaps between them, we designed different primers: pMZO_1F/pMZ03_1R for contig 1
assembly; pMZ0O3_1F2 /pMZ0O3_54R for contigs 1 and 54 junction. EnterotoxinB-F/s063R
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primer pair was designed to localize the 3"-end of Hotspot 4 insertion and AcriF/AcriR to
confirm the presence of the acriflavine resistance gene.

Primers Ban8attP-F/Ban8attP-R were designed to investigate the capacity of ICE Vc/Ban8
to form a circular intermediate (affP), and primers Ban8attB-F/Ban8attB-R were designed to
detect the empty site on the bacterial chromosome (aftB). The four primers were specifically
designed to allow the combination of Ban8attP-F/Ban8attB-R and Ban8attP-R/Ban8attB-F
in order to amplify the affL and aftR junctions of the integrated ICE, respectively. Positive
controls for excision experiments were strains V. cholerae 0139 MO10 carrying SXT [13]
and V. cholerae O1 7452 carrying ICE Vehind5 [23], using primers P4/P5 for aftP
amplification, as previously described [24].

Amplicons to be sequenced were directly purified from PCR by Nucleospin extract kit
(Macherey—Nagel), according to manufacturer’s instructions. DNA sequences were obtained
using an Applied Biosystems DNA sequencer 3730.

3.1. Assembly and genomic organization of ICEVchBan8

Comparative analysis of the genome of V. cholerae 037 MZO-3 revealed sequences
belonging to the genetic backbone of ICE V¢/Ban8 on two contigs: nt. 27439-105212 of
contig 1 (Accession no. NZ_AAUU01000001.1), and nt. 1-25409 of contig 54 (Accession
no. NZ_AAUUO01000001.54). The overall genetic organization of this element had already
been identified as similar to SXT/R391 ICEs, and named ICE V¢/Ban8 [15]. Assembly of
the ICE was accomplished using NUCmer with SXTMO010 a5 reference and it revealed one
gap at the junction between the two contigs that was resolved by PCR and confirmed by
sequencing (Fig. 1). Our analysis revealed a 103.381 bp sequence (Accession no.
JQ345361). The complete sequence of ICE Vc/iBan8 was submitted to RAST pipeline for
annotation and resulted in identification of 106 ORFs. Annotation was refined manually,
comparing it with SXT and other ICEs of the SXT/R391 family found in V. cholerae [15].
ICE Vc/Ban8 contains 47 out of 52 conserved core genes responsible for transfer and
regulation of integration/excision in the SXT/R391 ICEs backbone (Fig. 1) [15]. Genes x/s
and /ntwere replaced by a new integration/excision module (as described in the next
section), whereas genes s024, s025 and s026 are missing. Genes s024to s026 were
previously annotated as hypothetical proteins, and reported as not involved in ICE
conjugative transfer [25], suggesting a nonfunctional role in SXT biology.

Four operons of #ra genes, encoding the conjugative apparatus (&ra/DJ, tralL EKBA,
traCFWUN, and traFHG) share at least 97% similarity at the nucleotide level with the fra
clusters in the conserved SXT/R391 ICE backbone. As noted for all SXT-related ICEs,
specific inserted genes were identified in five hotspots and four variable regions within the
core backbone (Fig. 1) [15]. In ICE Vc/Ban8, Hotspot 1 and Hotspot 2 have the same
molecular arrangement as in SXT, with an additional gene in Hotspot 2 coding for a
hypothetical protein, also found in ICE VspPor2 and ICE Valorl from V. splendidusand V.
alginolyticus [26]. Hotspot 3, and variable regions I, Il and Il do not have any insertions. At
the 3" end of the element, the variable region IV is disrupted by the rearrangement of setR/
eex backbone genes. Overall, ICE Vc/Ban8 holds some major rearrangements in its genetic
structure, such as the substitution of the integration/excision module, location of the
regulation module, and presence of a large cluster of genes in Hotspot 4 (see Section 3.4 for
further description) never described before.
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3.2. ICEVchBan8 integration/excision and regulation modules

To date, all ICEs described in V. cholerae belong to the SXT/R391 family, the
distinguishing traits of which is the presence of a conserved integrase (/ntsx7) and the
insertion at the prfC locus [16]. Analysis of ICE V¢/iBan8 insertion site into MZO-3 genome
showed its insertion at a different locus, a tRNA-Ser, leaving the prfC gene intact. In
epidemic V. cholerae strains the tRNA-Serlocus is the insertion site of VPI-2 [11]. V.
cholerae O37 strain MZO-3 lacks VVPI-2 and is replaced by the ICE under study. The two 23
bp inverted sequences (affL and attR) flanking the element were almost identical to the
flanking sequences of VVPI-2. Furthermore, alignment of the nucleotide sequence of the
flanking genes showed that insertion of new DNA occurs at the same base pair for both
VPI-2 and ICE Vc/Ban8, suggesting the two elements insert via a similar recombination
event and by similar integrase activity.

The P4-like integrase gene, /ntgang, located at the 3”-end of ICE VeABan8, is different from
intsxr. Intgangshowed low similarity with the integrase genes of V. parahaemolyticus
RIMD 2210633 and V. cholerae VVPI-2 integrase. At the amino acid level, intgapngwas 75%
and 74% similar to the phage integrases of Shewanella sp. MR-7 and V. cholerae \VPI-2,
respectively. Notably, there was no significant similarity at the amino acid level with any of
the ICE integrases. In a recent study, Boyd and colleagues [7] reported results of a
phylogenetic analysis of integrases distributed among different bacterial groups. Their
finding showed that, with only a few exceptions, Gl integrases cluster together and separate
from phage, plasmid, integron, and ICE integrases. In their study /ntgapg clustered within
the GI group instead of the SXT-like /nt group, yet on a separate branch from the V.
cholerae \/P1-2 integrases [7].

Downstream from the integrase gene, there is a small ORF of 189nt (AFD29101.1) showing
no similarity at the nucleotide level with other ORFs in the databases. Considering its
position and length, we interpreted the role of this gene as a putative recombination
directionality factor (RDF). Low conservation at the nucleotide level is considered a general
feature of RDF, as described for the xis gene encoded by SXT/R391 ICEs, which shares
only general biochemical characteristics with other RDF [27,28]. At the amino acid level
(see Fig. 2a), Blast-PSI revealed an a/pA superfamily domain and significant similarity with
several proteins annotated as ajpA phage transcriptional regulators. Notably, the putative
RDF showed 47% (28/60) similarity with vefA of V. cholerae N16961 VPI-2, recently
recognized as the main RDF involved in the excision of VPI-2 [29]. This ORF was also 55%
(30/55) similar to the putative RDF of MGI VcAUsal, a newly described genetic element in
V. cholerae mobilized by SXT/R391 ICEs [30]. This suggests the gene functions as RDF
during ICE Vc/Ban8 excision, therefore annotated as x7sgang and belongs to a large family
of proteins functionally related to the RDF of Escherichia coli prophage alpA, potentially
acquired and exchanged by lateral gene transfer by phages, Gl and ICEs.

The regulation module (setRCD/eex) of ICE VchBan8 showed a major rearrangement since
it is unusually located at the 5"-end of the element, with setR being the first ORF of the
element (Fig. 1). This peculiar genetic arrangement differs from the conserved backbone of
SXT-related ICEs, in which the setCDR operon is located at the 3”-end of the element.
Interestingly, gene sefR shows a very high mutation rate at the C-terminal (Fig. 2b) which is
surprising considering the high level of conservation of sefRin all SXT/R391 ICEs [15].
Being sefR the key regulator of SXT/R391 ICEs mobility, these mutations together with the
presence of a different /n# xis module might have an important role in the ICE transfer gene
regulation.

FEBS Lett. Author manuscript; available in PMC 2013 June 04.
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3.3. ICEVchBan8 is able to form a circular intermediate

ICEs of the SXT/R391 family integrate and excise from the chromosome via a circular
extrachromosomal intermediate [24]. Although sharing a common backbone with this family
of ICEs, ICE V¢/Ban8 shows important rearrangements in the integration/excision module
that might affect this functional feature of the element. PCR was used to determine whether
a similar circular intermediate is formed after excision of ICE Vc/iBan8 from the host
chromosome. Primers oriented towards the right and left ICE V¢/iBan8-chromosome
junctions were designed (Ban8attP-F/Ban8attP-R) to detect an extrachromosomal
intermediate detected by the a#tPsite. Furthermore, primers Ban8attB-F/Ban8attB-R were
used to amplify the empty insertion site on the chromosome (af£B). Using these primers, a
PCR product of 283 bp was amplified for a#tP, whereas an amplicon of 613 bp was retrieved
for attB (Supplementary Fig. 1, lanes 1 and 2, respectively), thus indicating the ability of
ICE Vc/Ban8 to excise from the chromosome. As a further control, we performed a PCR
assay combining Ban8attP-F with Ban8attB-R, and Ban8attP-R with Ban8attB-F, to identify
attl (524 bp) and a#tR (373 bp) junctions of the integrated ICE V¢/Ban8 in the host
chromosome, respectively (Supplementary Fig. 1, lane 3). These data indicate that a circular
extrachromosomal form of ICE Vc/iBan8 is present in cells harboring the integrated form of
the element.

3.4. Hotspot 4 organization

Hotspot 4, located between genes traNand s063, is characterized by a unique 49.5 kb region
(Fig. 1) that includes 45 ORFs (see Supplementary Table 2 for a complete description of the
hotspot content). Overall this hotspot merited more detailed analysis. Bioinformatics
analysis of its genetic content revealed several ORFs related to known virulence
determinants and pathogenic cellular properties.

Cellular transport—HS4 encodes for a replication protein and three membrane permeases
containing ABC-transporter domain common in OmpA/B protein found in several Vibrio
species (AFD29034.1 to AFD29037.1). Furthermore, three putative accessory colonization
factors, with similarity to Acf found in other Vibrios, are interspersed in the hotspot
(AFD29040.1, AFD29043.1, and AFD29065.1).

Type IV pilus assembly cluster—This cluster contains 11 ORFs (AFD29051.1 to
AFD29061.1), with similarity to proteins involved in the formation of pili, i.e., Longus, the
CFA 11l of ETEC, the toxin-coregulated pilin (TCP) of V. cholerae, and the bundle-forming
pilin (BFP) found in enteropathogenic £. coli (EPEC). These structures are known to be
involved in essential features of pathogenicity such as twitching, motility/adherence to host
cells, biofilm formation, cell signaling, invasion, and evasion of the immune system.

Metallopeptidase—A putative ORF of 2922 bp (AFD29067.1) was annotated as a fagA
gene, encoding a ToxR-activated A protein with low similarity to gene sfc£ found in
plasmids of £. coli O157:H7 and Shigella boydii. StcE belongs to the family of
metallopeptidases involved in the pathogenesis of these organisms.

Acriflavine resistance family protein—This ORF (AFD29072.1) is 71-78% similar to
the AcrB/AcrD/AcrF family proteins involved in acriflavine resistance. In V. cholerae
MZz03, the transcriptional regulator usually associated with this gene is truncated
(AFD29071.1).

CtxA—This 1806 bp ORF (AFD29075.1) contains a functional domain found in

enterotoxins like the heat labile (LT) toxin of £. coliand the CTX subunit A of V. cholerae.
The second part of the protein showed weak similarity with the PspC and CbhpA surface
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proteins involved in immune response activation and host-pathogen relationship of
Streptococcus pneumoniae in pneumococcal bacteremia.

4. Discussion

Based on the results reported here, ICE Vc/Ban8 displays a unique genetic organization, yet
conserving 47 of the 52 core genes of the SXT/R391 ICEs.

The presence of a new integration/excision module (x/s//nf) and the complete inversion and
rearrangement of the regulation cluster (eex/ setR), raise questions about evolution and
classification. We propose a hypothetical model to elucidate the mechanism that might have
led to the formation of this hybrid element. The model is organized into four subsequent
steps (Fig. 3), with an initial recombination event involving acquisition of new genetic
material into the variable region IV of a prototype SXT/R391 ICE. This initial
recombination event is followed by substitution of the integration/excision module, an
anomalous rearrangement and excision of the ICE, and reintegration at a different site.

Even though the model is speculative, it is supported by the well-documented ability of the
SXT/R391 ICEs to incorporate new genetic material into conserved hotspots and recombine
during integration/excision [31]. It is also known that SXT/R391 ICEs encode an additional
recombination machinery involved in hybrid formation, which is conserved in the

ICE Ve/Ban8 backbone (betand exo) [31]. In contrast to ICE Ve/Ban8, recombination
events in other SXT/R391 ICEs maintain synteny of the backbone without loss of core genes
[15]. However, the ICE is integrated at a different locus of the V. cholerae genome than the
prfC locus and has an integrase gene not related to intsx 7 Therefore, ICE Ve/iBan8 could
not be classified as a member of the SXT/R391 family that includes all of the ICEs that have
been described in V. choleraeto date. However, we chose to retain the proposed
nomenclature [15,16] since, most likely, ICE V¢/Ban8 is an atypical member of the SXT/
R391 family that has undergone major recombination events. Moreover, differences
between the SXT-related elements are not that important to classify ICE V¢/Ban8 as a new
type of ICE or GlI.

ICE Ve/Ban8 holds a Gl integration module and is inserted in a £-RNA-Ser. This peculiar
organization suggests that recombination events may have generated this ‘hybrid’ element
compromising the boundaries between the different classes of mobile elements. Previous
studies investigating correlation between Gls and ICEs have shown the pathogenicity islands
of Legionella pneumaophila, Agrobacterium tumefaciens, and Bartonella tribocorum, to be
either ICEs or defective ICEs [32]. The hypothesis that some Gls are derived from ICEs that
have lost their transfer ability is also supported by the discovery of ICEEc], an ICE found in
a strain of £. coli. ICEECcL includes the high pathogenicity island HPI, previously described
in Yersinia, but with an additional transfer module able to self-mobilize by conjugation with
the entire element [33].

It is concluded that mobile elements previously believed to be divergent in evolution may
have instead followed the same path in selected genomes and, thus, recombination can occur
between elements otherwise assigned to different families.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Structural comparison between SXT and ICE V¢/Ban8. A genetic map of core genes shared
between the two ICEs (light gray) is shown. Specific regions for SXT and ICE V¢/Ban8 are
depicted in blue and red, respectively. Dark gray indicates inverted genes setR/eex. Hotspot
insertions are indicated by dotted arrows, as shown in the above (SXT) and below

(ICE VchBan8) the shared backbone.
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Fig. 2.

Muscle alignment of the predicted amino acid sequences of: (a) xisSgang VefA of VPI-2
from V. cholerae N16961 and putative RDF of MGI VeAUSAL from V. cholerae RC385 and
(b) SetR of ICE Vc/Ban8, SetR of SXT from V. cholerae MO10 and SetR of ICE Vehlnd5
from V. cholerae 7452. The first 145aa of SetR are identical in all the three sequences.
Amino acids conserved in all sequences are shown in red; amino acids conserved in two of
three sequences are shown in pink. Gaps and amino acids divergent in all three sequences
are shown in blue. Consensus sequence is depicted below the alignment.
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Fig. 3.

Hypothetical model of ICE Ve/Ban8 formation. (1) A fragment of an unknown mobile
genetic element (shown in red) transposes into the variable region IV (VR 1V) of the SXT/
R391 precursor of ICE Vc/Ban8 (shown in blue), with the same mechanism responsible for
acquisition of the new genetic material in the hotspots. (2a or 2b) During transposition or in
an unknown subsequent event, the 3 region of ICE Ve/Ban8 precursor undergoes inversion
rearrangement. This inversion causes loss of the old attR site, triggering excision of the
rearranged element from the prfC locus. (3) During abnormal excision, the ICE loses the 5
region containing the original integration module (/ntsx7). This event may also result from
competition between two integration modules in the linear or circular form. (4)
Reintegration of the newborn ICE V¢/Ban8 in VVPI-2 locus is catalyzed by the new integrase

(intgang).
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