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ABSTRACT Integrative and conjugative elements (ICEs) of the SXT/R391 family are
key drivers of the spread of antibiotic resistance in Vibrio cholerae, the infectious
agent of cholera, and other pathogenic bacteria. The SXT/R391 family of ICEs was
defined based on the conservation of a core set of 52 genes and site-specific inte-
gration into the 5’ end of the chromosomal gene prfC. Hence, the integrase gene int
has been intensively used as a marker to detect SXT/R391 ICEs in clinical isolates.
ICEs sharing most core genes but differing by their integration site and integrase
gene have been recently reported and excluded from the SXT/R391 family. Here we
explored the prevalence and diversity of atypical ICEs in GenBank databases and
their relationship with typical SXT/R391 ICEs. We found atypical ICEs in V. cholerae
isolates that predate the emergence and expansion of typical SXT/R391 ICEs in the
mid-1980s in seventh-pandemic toxigenic V. cholerae strains O1 and O139. Our anal-
yses revealed that while atypical ICEs are not associated with antibiotic resistance
genes, they often carry cation efflux pumps, suggesting heavy metal resistance.
Atypical ICEs constitute a polyphyletic group likely because of occasional recombina-
tion events with typical ICEs. Furthermore, we show that the alternative integration
and excision genes of atypical ICEs remain under the control of SetCD, the main ac-
tivator of the conjugative functions of SXT/R391 ICEs. Together, these observations
indicate that substitution of the integration/excision module and change of specific-
ity of integration do not preclude atypical ICEs from inclusion into the SXT/R391
family.

IMPORTANCE Vibrio cholerae is the causative agent of cholera, an acute intestinal
infection that remains to this day a world public health threat. Integrative and con-
jugative elements (ICEs) of the SXT/R391 family have played a major role in spread-
ing antimicrobial resistance in seventh-pandemic V. cholerae but also in several spe-
cies of Enterobacteriaceae. Most epidemiological surveys use the integrase gene as a
marker to screen for SXT/R391 ICEs in clinical or environmental strains. With the re-
cent reports of closely related elements that carry an alternative integrase gene, it
became urgent to investigate whether ICEs that have been left out of the family are
a liability for the accuracy of such screenings. In this study, based on comparative
genomics, we broaden the SXT/R391 family of ICEs to include atypical ICEs that are Received 27 February 2018 Accepted 11 April
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direct contact between donor and recipient cells. ICEs are usually integrated into the
chromosome of their host and are vertically inherited from one generation to another.
Excision of SXT/R391 ICEs from the chromosome and their transfer to a new host are
triggered by conditions that induce the host SOS response, including exposure to
antibiotics (5).

The resistance profile and evolution of V. cholerae seventh-pandemic clones appear
to have been shaped by two major independent events of ICE acquisition (4). First, in
the mid-1980s, V. cholerae strains of the O1 El Tor serogroup gained ICEVchInd5, which
is now globally distributed in seventh-pandemic clones. In addition to conferring
multidrug resistance, ICEVchInd5 seems to have restricted horizontal gene transfer
because it codes for the periplasmic DNA endonuclease IdeA, which has been shown
to inhibit natural transformation (6, 7). The second event took place in 1992, when SXT
was acquired by V. cholerae 0139 or its El Tor progenitor, prior to the first 0139 cholera
outbreak in the Indian subcontinent in early 1993 (4, 8). SXT and ICEVchInd5 likely
originate from environmental Vibrio spp. or other Gammaproteobacteria. Now, SXT/
R391 ICEs are found in several other species of Vibrio, Proteus, Providencia, Alteromonas,
Shewanella, and Marinomonas. Recently, such an ICE was even reported in a drug-
resistant isolate of the Pasteurellaceae member Actinobacillus pleuropneumoniae recov-
ered from a pneumonic pig in the United Kingdom (9).

SXT/R391 ICEs have been grouped together based on the conservation of a core
set of 52 genes and their integration into the 5’ end of prfC, a gene coding for the
peptide chain release factor 3 (10). Over the years, a function has been attributed
to 30 of these genes. Hence, int and xis mediate integration into and excision from
the chromosome at prfC (11, 12), srpR and srpM code for an active partitioning
system (13), and mobl and tral initiate at the origin of transfer (oriT) a rolling-circle
replication of the excised ICE (13, 14). Together with the putative type IV coupling
protein TraD and the putative auxiliary relaxosome component Tral, they also
enable the conjugative translocation of the ICE into the recipient cell, via a type IV
secretion system (T4SS) encoded by four operons of tra genes. bet and exo encode
a A Red-like homologous recombination system involved in ICE plasticity (15). Eex
is the entry exclusion factor in the recipient cell that works jointly with TraG in the
donor cell (16). setC and setD code for a class 2 transcriptional regulator that
activates the expression of all the aforementioned operons except eex (17). Finally,
setR and croS code for two transcriptional repressors that form a bistable switch
controlling setCD expression in response to DNA damage (5, 18).

In recent years, two reports have described atypical ICEs that are closely related
to SXT/R391 ICEs but differ in structure and/or specificity of integration. ICEVchBan8
of V. cholerae 037 carries alternative int and xis genes, is integrated at the 3’ end
of a serine tRNA gene, and has undergone a large inversion between traG and srpM
(19). Therefore, ICEVchBan8 was excluded from the SXT/R391 family (10). Whole-
genome sequencing of Vibrio alginolyticus strains from China revealed three other
atypical ICEs inserted in the same tRNA-Ser gene as ICEVchBan8 but lacking the
large DNA inversion (20). These two reports show that int is not a conserved feature.
Thus, the core set of conserved genes that was deduced from sequence comparison
of a representative set of 13 ICEs integrated at prfC (10) and used to define the
SXT/R391 family is likely smaller than previously described. Moreover, the lack of
conservation of int suggests that its systematic use as a marker to detect SXT/R391
ICEs in epidemiological screenings needs to be reconsidered since atypical ICEs
closely related to SXT/R391 are not detected when int is used as a marker, thereby
jeopardizing the reliability of such screenings.

In this study, we conducted a comparative analysis of a large sample of represen-
tative elements that helped us redefine the core genome of SXT/R391 ICEs, which now
excludes genes involved in integration/excision. We show that despite the change of
integration/excision module, expression of the alternative integrase gene retains its
dependency on the transcriptional activator SetCD. Based on these analyses and strict
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conservation of the regulatory functions, we propose a novel inclusive and compre-
hensive typing scheme for SXT/R391 ICEs.

RESULTS AND DISCUSSION

Conserved core of genes of the SXT/R391 family of ICEs. To assess the diversity
of SXT/R391 ICEs, we searched the GenBank database using R997 from Proteus mirabilis
as a reference. We also screened a collection of 275 Canadian Vibrio isolates using
primers designed to detect setCD. One positive isolate, V. parahaemolyticus S107-1, was
found, and its genome was sequenced and assembled. The sequence of ICEVpaCan1
was then extracted and included in this study. Overall, a set of 68 complete ICEs from
different bacterial species and origins were recovered (Table 1). After manual curation
of the annotated sequences to correct missing small open reading frames, such as
mobl or xis, and inconsistent start codons, the soft core of SXT/R391-like ICEs was
built based on genes present in 95% of all sampled ICEs (57 of 61 ICEs). Forty-three
genes were found to be strictly conserved, including those involved in DNA
recombination and repair (ssb-bet-exo, rad(), initiation of conjugative rolling-circle
replication (mobl and tral) and partition (srpRM), and conjugative DNA translocation
(traDJ), as well as T4SS assembly (tralEKB, traVA, dsbC-traC-trhF-traWUN, and
traFHG) and entry exclusion (eex) (Fig. 1). The regulation module that contains
setCD, setR, and croS was also strictly conserved. Genes coding for a putative
cobalamin synthase (cobS) and a putative lytic transglycosylase (s082) as well as 11
genes of unknown function (s091, s093, s063, s089, s088, s068, s069, s092, s072, s083,
5084) are also part of the conserved soft core.

Although int and xis are annotated in all sampled SXT/R391 ICEs, both genes are
missing in the soft core (Fig. 1). This absence results from the low sequence identity
between proteins encoded by the SXT-type int or xis genes and those encoded by
ICEVchBan8-type int or xis genes. Int encoded by SXT is only 27% and 25% identical to
Int encoded by ICEValA056-2 and ICEVchBan8, respectively, whereas these two alter-
native integrases share 90% identity.

Atypical ICEs integrated at the same insertion site as VPI-2. Eighteen of the 68
ICEs were found to carry an atypical site-specific recombination module and to be
located within the 3’ end of a tRNA-Ser gene. Comparison of the attachment sites (attL
and attR) that flanked these ICEs revealed that site-specific recombination for integra-
tion took place within a 14-bp repeated sequence (5'-CTCACTCACCGCCA-3’) corre-
sponding to the 3’ end of the tRNA gene (Fig. 2B). In toxicogenic V. cholerae O1 and
0139 isolates, this locus is the insertion site of Vibrio pathogenicity island 2 (VPI-2),
which encodes sialic acid release, transport, and catabolism and a neuraminidase (21).
VPI-2 is flanked by a 22-bp direct repeat (22) containing the same 14-bp conserved
sequence (Fig. 2B). Although VPI-2 and atypical ICEs share the same integration site,
their integrases share only 60% identity, thereby ruling out the emergence of atypical
ICEs through direct substitution of the prfC recombination module of SXT/R391 ICEs by
the tRNA-Ser recombination module of VPI-2. This idea is supported by Boyd et al. (23),
who demonstrated that genomic island integrases are distinct from those encoded by
phages, plasmids, integrons, and ICEs.

Four types of SXT/R391 ICEs. Phylogenetic analysis of the 18 atypical integrases
suggests the existence of three types with two alternative ICE configurations (Fig. 2A
and B). Therefore, SXT/R391 ICEs fall into four distinct types differing in insertion site,
structural organization, prevalence, and distribution in bacterial species. Type 1 in-
cludes all ICEs inserted at the 5" end of prfC, like SXT from V. cholerae 0139 MO10. Type
1 ICEs are found in both Enterobacteriaceae and Vibrionaceae of clinical and environ-
mental origin (Fig. 3A; Table 1). Type 1 ICEs of clinical origin are strongly associated with
antibiotic resistance, significantly more than with heavy metal resistance (Fig. 3C and
D). Interestingly, elements carrying multiple antibiotic resistance genes tend to carry
fewer heavy metal resistance genes and vice versa (Fig. 3B). This observation likely
reflects the selection of the most beneficial traits for a specific ecological niche. Thus,
isolates from clinical settings have higher counts of antibiotic resistance genes (Fig. 3C),
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TABLE 1 SXT/R391 ICEs used in the study

Applied and Environmental Microbiology

Predicted
resistance GenBank
Species Strain Origin Yr ICE name Ta Size (bp)? G¢ gene(s)? Referencee accession no.
Actinobacillus MIDG3553 Pneumonic lung of a 2012 ICEApl2 1R 92,660 + sul2, floR, strAB, 9 MF187965
pleuropneumoniae pig, UK dfrA1
Alteromonas macleodii D7 Adaman Sea, Thailand 2000 ICEAmaD7 1S 117,055 +  merTPCA, CP014323
acrAB-tolC,
ZitB, zntA,
copA
Alteromonas mediterranea MED64 Aegean Sea, Lebanon 2000 ICEAmaMED64 1S 80,715 + - CP004848
Escherichia coli HVH 177 Human blood, 2003 ICEEcoHVH177 1S 89,125 + - AZJM01000017
Denmark
Idiomarinaceae bacterium  HL-53 Unknown ND ICE/baHL53 1S 71,962 + - LN899469
Methylophaga frappieri JAM7 Seawater treatment ND ICEMfrJAM7 1S 109,780 + - CP003380
plant, Montreal
Biodome, Canada
Photobacterium damselae  PC554.2 Senegalese sole, 2003 ICEPdaSpal 1S 102,985 +  tetA 10 AJ870986
Galicia, Spain
Proteus mirabilis TJ1809 Stool, Tianjin, China 2013 ICEPmICHN1809 1R 76,218 + - 36 KX243413
09MAS2407 Stool, Maansham, 2009 ICEPmICHN2407 1R 97,078 + tetA, merTPCA, 36 KX243405
China czcD
09MAS2410  Stool, Maansham, 2009 ICEPmMICHN2410 1R 93,537 +  merTPCA, czcD 36 KX243406
China
09MAS2416 Stool, Maansham, 2009 ICEPmMICHN2416 1R 92,556 +  merTPCA, czcD 36 KX243407
China
TJ3237 Stool, Tianjin, China 2013 ICEPmMICHN3237 1S 87,215 + 36 KX243414
TJ3300 Stool, Tianjin, China 2013 ICEPmICHN3300 1R 108,335 + sul2, floR, strAB, 36 KX243415
dfrG
TJ3335 Stool, Tianjin, China 2013 ICEPmMICHN3335 1S 89,996 +  sul2, floR, strAB, 36 KX243416
tetA
MD20140901  Stool, Beijing, China 2014 ICEPmICHN901 1S 89,493 +  sul2, floR, strAB, 36 KX243408
dfrG
MD20140902  Stool, Beijing, China 2014 ICEPmMICHN902 1S 89,096 + sul2, floR, strAB 36 KX243409
dfrG
MD20140903  Stool, Beijing, China 2014 ICEPmICHN903 1S 89,644 +  sul2, floR, strAB, 36 KX243410
dfrG
MD20140904  Stool, Beijing, China 2014 ICEPmMICHN904 1S 94,942 +  sul2, floR, strAB, 36 KX243411
tetA, czcD
MD20140905  Stool, Beijing, China 2014 ICEPmICHN905 1S 94,956 +  sul2, floR, strAB, 36 KX243412
tetA, czcD
PM13C04 Chicken fecal sample, 2013 ICEPmIChn1 1S 92,752 +  sul2, floR, strAB, 32 KT962845
Hubei, China tetA, czcD
PM14C28 Chicken fecal sample, 2014 ICEPmilpn1 1S 91,091 +  blacyy-» 30 KT894734
Heibei, China
HI4320 Human urine, MA, USA 1986 ICEPmMIiUSA1 1S 79,733 + - 10 AM942759
Unnamed India 1977 R997 1S 85,368 +  blayws.y, czcD 61 KY433363.1
Proteus vulgaris 08MAS2213 Food, Maansham, 2008 ICEPvuCHN2213 1S 94,340 + sul2, floR, strAB 36 KX243403
China
Providencia alcalifaciens P-18 Bangladesh 1999 ICEPalBan1 1R 96,586 +  sul2, floR, strAB, 10 GQ463139
dfrA1
Providencia rettgeri 107 Pretoria, South Africa 1967 R391 1R 88,532 + aph, merTPCA 62 AY090559
Providencia stuartii ATCC 33672  ATCC, unknown ND ICEPst33672 1R 75,588 +  merTPCA CP008920
Shewanella decolorationis  S12 Wastewater treatment 2012  ICESdeCHNS12 1S 70,735 + - AXZL01000060
plant, Guangdong,
China
Shewanella sp. W3-18-1 Pacific Ocean 2000 ICESpuPO1 1S 108,623 +  acrAB-tolC, zitB, 10 CP000503
zZntA, copA,
czcA, czcD
Vibrio alginolyticus A056 Whiteleg shrimp, 2003 ICEValA056-1 1S 89,004 +  sul2, strAB, 20 KR231688
Guangdong, China acrAB-tolC
ICEValA056-2 2R 103,826 + - 20 KR231689
E0601 Seawater, Guangdong, 2006 ICEValE0601 1R 106,165 + - 20 KT072768
China
HN396 Seawater, Guangxi, 2008 ICEValHN396 2R 86,687 + - 20 KT072770
China
HN437 Seawater, Hainan, 2008 ICEValHN437 2* 94,920 + ugd 20 KT072771
China
HN492 Seawater, Hainan, 2008 ICEValHN492 1R 106,164 + 20 KT072769
China
Z)-T Orange-spotted 2005 ICEValZIT1 1S >88,684 sul2, strAB, CP016224
grouper, acrAB-tolC,
Guangdong, China gnrVcs
ICEValZJT2 2R >100,515 CP016224
Vibrio cholerae O1 El Tor ~ 2055/98 Bangladesh 1998 ICEVchBan5 1R 102,131 +  sul2, floR, strAB, 10 GQ463140

dfrA1
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TABLE 1 (Continued)

Applied and Environmental Microbiology

Predicted
resistance GenBank
Species Strain Origin Yr ICE name Ta Size (bp)? G¢ gene(s)? Referencee accession no.
MJ-1236 Matlab, Bangladesh 1994 ICEVchBan9 1R 106,124 +  sul2, floR, strAB, 10 CP001485
tetA, dfrAl,
ZitB
ICDC-2605 Patient, Guizhou, China 1998 ICEVchCHN2605 1S 98,458 +  sul2, floR, strAB, 37 KT151661
dfrG
ICDC-4210 Patient, Jiangxi, China 1999 ICEVchCHN4210 1S 110,349 +  sul2, floR, strAB, 37 KT151662
tetA, dfrG
ICDC-956 Environment, Liaoning, 2001 ICEVchCHN956 1S 109,322 + sul2, floR, strAB, 37 KT151655
China tetA, dfrG
wujiang-2 Patient, China ND  ICEVchCHNwuiji 1R 96,168 +  sul2, strAB, KT151664
tetA, dfrA1
C0943 Sevagram, India 1994 ICEVchInd5 1R 97,847 +  sul2, floR, strAB, 10 GQ463142
dfrA1
2010EL-1786  Patient, Artibonite, 2010 ICEVchHai1 1R 97,847 +  sul2, floR, strAB, CP003069
Haiti dfrA1
2012HC-25 Stool, Haiti 2012 ICEVch2012HC25 3R >108,600 + — JSTY01000047
JSTY01000048
V. cholerae 0139 AS207 Clinical, Kolkata, India 1997 ICEVchind4 1S 95,491 +  sul2, floR, strAB 10 GQ463141
MO10 Clinical, Chennai, India 1992 SXT 1S 99,452 +  sul2, floR, strAB, 8 DS990138
dfr18
V. cholerae non-01/0139  HC-36A1 Stool, Haiti 2010 ICEVchHai2 1S 82,795 + - 63 AXDR01000007
2012Env-25 Water, Haiti 2012 ICEVch2012Env25 3R >108,600 + — JSTE01000047
JSTE01000048
1-010118-075 Sewage, San Luis 2001 ICEVchMex1 1R 82,839 + = 10 GQ463143
Potosi, Mexico
V. cholerae 037 MZ0-3 Clinical, Bangladesh 2001 ICEVchBan8 3R 105,790 + acrAB-tolC 10 JQ345361
V. cholerae 077 8-76 Diarrhea, India 1976 ICEVch8-76-1 1S >102,800 ND JIDN01000032
JIDN01000021
ICEVch8-76-2 3R >122,200 ND JIDN01000012
JIDN01000016
V. cholerae YBSEOS Oyster Pond, MA, USA 2009 ICEVchYB8EO8 3R >104300 + ND LBGNO01000012
LBGN01000009
OYP6E07 Oyster Pond, MA, USA 2009  ICEVchYP6EO7 3* 93,439 +  acrAB-tolC NMTB01000014
3272-78 Water, MD, USA 1977 ICEVch3272-78 3R 104,112 +  acrAB-tolC MIOZ01000052
3223-74 Storm drain, Guam 1974 1CEVch3223-74 3R 104,112 +  acrAB-tolC MIZG01000083
Vibrio fluvialis H-08942 Infant diarrhea, 2002 ICEVflind1 1S 102,862 +  sul2, floR, strAB, 10 KM213605
Kolkata, India dfr18
Vibrio mytili CAIM528 Seawater, Spain 1985 ICEVmyCAIM528 2R >63,900 - JXOK01000005
JXOK01000034
Vibrio parahaemolyticus CHN25 Shrimps, Shanghai, 2011 ICEVpaCHN25 1R 88,331 +  sul2, strAB, CP010883
China tetA, dfrG
S163 Seafood, Malaysia 2007 ICEVpaS163 2R >75,600 + - AWHQO01000004
AWHQ01000048
S167 Environment, China 2007 ICEVpaS167 2R >82,000 + — AWHMO01000024
AWHMO01000222
UCM-V493 Sediment, Spain 2002 ICEVpaUCMA493 1S 111,578  +  blayws. CP007004
$107-1 Oyster, Ladysmith 2005 ICEVpaCan1 1R 81,255 + CP028481
Harbor, BC, Canada
Vibrio vulnificus SC9729 Seawater, South Korea 2011 ICEVvuSC9729 4S  >85,200 +  cbiO JZEQ01000086
JZEQ01000106
CladeA-yb158 Tilapia fish, Israel 2005 ICEVwuCladeA158 4R >87,800 aral LBNN01000013
LBNNO1000014
CG100 Oyster, Taiwan 1993  ICEWuCG100 4S  >105,300 aral PDGD01000031
PDGD01000050

aType of SXT/R391 ICEs corresponds to the integrase type (1 for int, and 2, 3, and 4 for intzna.ser) and entry exclusion groups (S or R). An ambiguous entry

exclusion group is indicated with an asterisk. Entry exclusion groups were inferred from phylogenetic analyses presented in Fig. 5 and 6.
bFor ICEs scattered over two contigs extracted from WGS data, an estimation of the minimum size is provided.

<ICE included in the Get_Homologs analysis. Other ICEs were excluded due to poor sequencing quality or missing data.
9ND, not determined; —, no resistance gene.
eReferences are provided for ICEs that have already been described elsewhere.

while isolates originating from wastewater or marine or freshwater sediments are more
likely to be exposed to heavy metals such as zinc, cobalt, and cadmium.

Type 2, 3, and 4 ICEs are all inserted at the 3’ end of the tRNA-Ser gene and are
found exclusively in isolates of Vibrio species that are mostly of environmental origin
(Fig. 3A; Table 1). These ICEs do not carry antibiotic resistance genes but commonly
encode a heavy metal efflux pump, which seems to be a distinctive trait of atypical ICEs
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FIG 1 Genetic map of the soft core of conserved genes of 61 SXT/R391 ICEs. The soft core map is drawn to scale and based on conservation of genes in at
least 57 of the 61 ICE representatives used in the analysis. Positions of the promoters are based on the work of Poulin-Laprade et al. (17, 18). Numbered loci
in brackets contain shell genes. Locus 1 includes rumAB and its associated ISCR2 antibiotic resistance element, s024-s026, and the hot spot 5 (HS5) as described
by Wozniak et al. (10). Loci 2, 3, and 4 correspond to variable DNA inserted at HS1, HS2, and HS4, respectively (10). Loci 5 and 6 correspond to orfZ and 5070,
respectively (15, 64). Locus 7 corresponds to s073 and variable DNA inserted at HS3, such as a trimethoprim resistance-conferring integron (10) or diguanylate
cyclase genes (65). Locus 8 corresponds to the mercury resistance genes in R391.

(Fig. 3D). Type 2 ICEs, such as ICEValA056-2 from V. alginolyticus A056, retained the
overall structure of SXT/R391 ICEs despite the alternative integration module. ICEVch-
Ban8 from V. cholerae 037 MZO-3 provides an example of type 3 ICEs. In addition to the
alternative integration module, type 3 ICEs hold another major rearrangement consist-
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FIG 2 Alternative integration/excision modules. (A) Structural comparison of the region surrounding the regulatory module of SXT from
V. cholerae 0139 MO10, ICEValA056-2 from V. alginolyticus A056, and ICEVchBan8 from V. cholerae 037 MZO-3. Maps of circularized ICEs
are drawn to scale. Color keys are the same as for Fig. 1, except for gray and brown, indicating integration/excision, and black, indicating
transposition. (B) Maximum likelihood phylogenetic analysis of 20 integrases targeting tRNA-Ser. The integrases of VPI-2 from V. cholerae
N16961 (locus VC1758) and VPI-8-76 from V. cholerae O77 (locus DA89_2501) that target the same tRNA-Ser gene were used as the
outgroup. Bootstrap supports, as percentages, are indicated at the branching points only when >80%. Branch length represents the
number of substitutions per site over 406 amino acid positions. The genetic context of int genes in each taxon is represented on the right
side of the tree (refer to panel A for color coding). An asterisk indicates the presence of a frameshift in int of ICEVmyCAIM528. Alignment
of the attl and attR sites for each corresponding element is also indicated. Shaded sequences correspond to the 3’ end sequence of the
serine tRNA gene. Nucleotides in bold show identity, while colors represent sequences internal to the elements, color coded by types. The
region in which site-specific recombination likely takes place is indicated by a box.
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FIG 3 Distribution of ICEs and resistances. (A) Distribution of ICE types for each isolation niche. (B) Prevalence of heavy metal and
antibiotic resistance genes. (C) Resistance profiles by niche of isolation. (D) Resistance profiles according to ICE types. Statistical
analyses were performed using the Wilcoxon matched-pairs signed-rank test (two-tailed) to compare the medians of each
resistance type for each isolation niche (animal, P = 0.1328; clinical, P < 0.0001; environmental, P = 0.2227) and according to the

type (type 1, P = 0.0002; atypical, P = 0.0078).

ing in an inversion of the srpR-to-traG region (Fig. 2A). Currently, type 3 ICEs have been
found only in V. cholerae, including environmental isolates recovered in the 1970s.
Therefore, the emergence of type 3 ICEs in V. cholerae predates the spread of type 1
ICEs in toxigenic strains O1 and 0139 of V. cholerae that began in the mid-1980s (4).
Finally, three ICEs all found in Vibrio vulnificus belong to type 4. Although these ICEs
retain the same structure as type 2, namely, lacking the large srpR-traG inversion, their
integrases share the same common ancestor as type 3 ICEs. This suggests that types 3
and 4 would derive from a common ancestor sharing the same genetic structure as
type 2 with a subsequent srpR-traG DNA inversion in the type 3 lineage. However,
further analysis based on the soft-core genes suggests that V. vulnificus ICEs strongly
diverge from other SXT/R391 ICEs (see below). Therefore, their type 4 integrase might
be a more recent acquisition.
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FIG 4 The integrase gene of atypical ICEs is under the control of SetCD. (A) Alignment of predicted SetCD-dependent promoters upstream
of int in ICEs targeting the tRNA-Ser gene. The SetCD-binding logo and SetCD-dependent promoters of xis and srpM of SXT were
characterized previously (17). SetCD boxes are shown in bold green capital letters. The position of known transcription start sites (TSS)
is indicated in blue capital letters. Shine-Dalgarno sequences (SD) are underlined, while start codons are in capital letters. The approximate
positions of the —35 and —10 regions are highlighted in gray. Numbers in brackets indicate the length in base pairs of spacers between
the TSS region and the SD sequence. (B) The activity of two promoters representative of type 2 (ICEVch2012HC25) and 3 (ICEVpaS167)
intgna-ser gENES Was monitored from single-copy, chromosomally integrated /acZ transcriptional fusions in E. coli BW25113. Colorimetric
assays of B-galactosidase activity were carried out on LB medium supplemented with or without arabinose to express setCD from Pg,p,

on pGG2B (64).

It is noteworthy that isolation biases exist in databases. For example, ICEs
isolated in 2003 and 2005 were carried mostly by strains recovered from animals
(see Fig. S1A in the supplemental material). Likewise, ICEs around the year 2000
belong mostly to type 1 (Fig. S1B). To better visualize how these elements cluster
together based solely on the isolation perspective, a factorial analysis of mixed data
(FAMD) revealed that ICEs found in clinical isolates belong mostly to type 1,
whereas atypical ICEs are carried mostly by environmental strains (see Fig. S2 in the
supplemental material).

The int and xis genes of atypical ICEs remain under the control of the activator
SetCD. The site-specific recombination module of type 1 SXT/R391 ICEs consists of two
convergent genes, int and xis, each preceded by the SetCD-dependent promoters P,
and P, respectively (Fig. 2A). In atypical ICEs, int and xis likely form an operon under
the control of a new promoter, P,,,, that replaces P,,. Bioinformatics analysis revealed
the presence of a putative SetCD binding motif located 176 to 178 bp upstream of the
GTG start codon of int (Fig. 4A). We introduced the promoter sequences P,,, of type 2
ICEVpaS167 and type 3 ICEVch2012HC25 upstream of a promoterless lacZ reporter gene
to test whether P,, is able to drive expression in a SetCD-dependent manner.
B-Galactosidase assays confirmed that, like P,;, of type 1 ICEs, P,,, of type 2 and 3 ICEs
are constitutively off and activated by SetCD (Fig. 4B). We observed a 36-fold change
in B-galactosidase activity (9.6 = 6.3 arbitrary units [a.u.] versus 0.27 = 0.25 a.u.) for
type 2 P,,, and a 51-fold change (15.4 = 11.5 a.u. versus 0.30 = 0.26 a.u.) for type 3 P
upon induction of setCD expression with 0.2% arabinose.

Most atypical ICEs belong to the R entry exclusion group. Entry exclusion is a
mechanism by which DNA transport from the donor cell is blocked by the recipient cell
to prevent redundant exchange of conjugative elements between cells containing
elements belonging to the same exclusion group. For SXT/R391 ICEs, entry exclusion is
mediated by two inner membrane proteins: Eex in the recipient and TraG in the donor.
SXT/R391 ICEs have been shown to belong to either the S (SXT) or R (R391) entry
exclusion group (24). ICEs of the S group exclude the entry of ICEs of the S group but

not those of the R group and vice versa. ICEs that have been previously examined

int
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FIG 5 Maximum likelihood phylogenetic analysis of 37 Eex orthologue proteins. Bootstrap supports, as percentages, are

indicated at the branching points only when >80%. Branch length represents the number of s
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143 amino acid positions. Taxa corresponding to type 1, 2, 3, and 4 ICEs are shown in black, green, dark red, and orange,
respectively. Taxa highlighted in blue correspond to type 1 ICEs found in strains also bearing a coresident type 2 or 3 ICE.

Asterisks indicate ICEs with an ambiguous entry exclusion group.

always code for matching pairs of Eex and TraG proteins belonging to the
exclusion group, i.e., EexS/TraGg or EexR/TraGg.

Phylogenetic analyses of the Eex and TraG proteins were carried out to
mine the exclusion group of the 68 sampled ICEs. Eex proteins reliably clu
into the two main groups, S and R (Fig. 5). In contrast, TraG proteins did not p

same

deter-
stered
rovide

a robust tree. While analysis of the conservation of an amino acid triplet at positions

606 to 608 allowed us to assign their exclusion group (PG[E/Q] for S, T[G/D]D

for R)

(24), TraG proteins of the same exclusion group did not cluster into consistent
lineages (see Fig. S3 in the supplemental material). Considering that inter-ICE

recombination events probably took place within traG and were blurring ph
netic relationships, we built a phylogenetic network by using the DNA seque
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FIG 6 NeigborNet phylogenetic network of 48 traG genes. Labels are color coded as described for Fig. 5. Asterisks indicate ICEs with an ambiguous entry
exclusion group.

traG genes. This approach revealed a clear segregation between traG genes of the
S and R groups (Fig. 6).

Except for type 4 ICEVvuSC9729 and ICEVwuCG100, atypical ICEs tended to cluster
within the R exclusion group (Fig. 5 and 6). Interestingly, type 2 ICEVchYP6EO7 and type
3 ICEValHN437 are the only ICEs of our sample set that could not be assigned to a
specific entry exclusion group. Unlike any other SXT/R391 ICE, both encode an EexR
entry exclusion protein and a TraGg subunit, thereby suggesting that they should
exclude the entry of ICEs of the S group but not those of the R group or themselves.
However, type 2 ICEVchYP6EO7 and type 3 ICEValHN437 should be excluded by
recipients containing an ICE of the R group.

Type 2 ICEs, which are found in multiple Vibrio species, are also uniformly
distributed within the R exclusion group. In contrast, EexR proteins of type 3 ICEs
from V. cholerae isolates recovered in the 1970s and 2000s exhibit little diversity
and form a distinct lineage. The large traG-srpM inversion specific to the type 3
lineage might have isolated genetically these ICEs from other noninverted SXT/
R391 ICEs by decreasing the opportunities of inter-ICE recombination events
through loss of local synteny around eex (Fig. 2A). However, this isolation does not
seem to occur for traG, as ICEVch2012Env25, ICEVch2012HC25 (traGg), and
ICEVchYP6EOQ7 (traGg) strongly diverge from other type 3 ICEs. These divergences
also correlate with the presence or absence of a complete copy of an insertion
sequence of the 1S4817 family (Fig. 2B, tnp) that is truncated or absent in the other
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type 3 ICEs. This observation suggests that the large traG-srpM inversion could have
occurred more than once during the evolution of the type 3 lineage.

Overall, we found that exclusion groups are evenly distributed in the different ecological
niches among which the ICE-containing isolates were found (Fig. S1C). Therefore, there is
no association between a specific niche and a specific exclusion group.

Cohabitation of ICEs of distinct types in the same natural isolate. Natural
occurrences of isolates containing multiple tandem copies of SXT/R391 ICEs are
strongly counterselected in the environment. Entry exclusion and RecA-dependent and
-independent mechanisms prevent or resolve such occurrences (15, 16, 25). Homolo-
gous recombination plays a key role in destabilizing tandem arrays of SXT/R391 ICEs,
reducing them to a singleton (25, 26). By doing so, it also considerably enhances their
diversity by generating new recombinant ICEs (4, 10, 15). Nevertheless, a change of
integration site through substitution of the int and xis genes seems to facilitate the
cohabitation of a type 1 ICE with another type, likely by lowering the opportunities of
homologous recombination. Indeed, two V. alginolyticus isolates and one V. cholerae
isolate carry a combination of two ICEs: a type 1 ICE inserted at prfC, with either a
type 2 or a type 3 ICE inserted at tRNA-Ser. In all instances, the type 1 ICE belongs
to the S exclusion group whereas the second ICE belongs to the R exclusion group
(Fig. 5 and 6).

Atypical SXT/R391 ICEs form a polyphyletic group. To better understand the
relationship between typical and atypical SXT/R391 ICEs, we constructed a phyloge-
netic tree based on the alignment of the soft-core genes of 61 ICEs of our sample set
(Fig. 7). We found that atypical ICEs do not cluster as a distinct lineage, thereby
indicating that they form a polyphyletic group. Type 4 ICEs, represented by ICEV-
vuSC9729, seem to be the most divergent from all other types and constitute the
outgroup of the tree. Furthermore, while a lineage of type 3 ICEs clearly diverges from
all other ICEs (group 3a in Fig. 7), the other type 3 ICEs (group 3b in Fig. 7) are deeply
rooted among type 1 ICEs. This observation is consistent with multiple occurrences of
the large srpR-traG inversion. Except for ICEVpaS167, type 2 ICEs form a distinct cluster
sharing a common ancestor with two type 1 ICEs found in V. alginolyticus. Altogether,
these results indicate that atypical ICEs have undergone recombination events involv-
ing type 1 ICEs. Whether type 4 ICEVvuSC9729, the most distant lineage, is still capable
of participating in such events remains to be determined.

Concluding remarks. Based on the current definition of the SXT/R391 family, int has
been routinely used as the initial and often sole marker for PCR screening of SXT/R391
ICEs in epidemiological surveys of multidrug-resistant environmental and clinical iso-
lates of several pathogenic species (27-39). Our comparative genomics analyses re-
vealed that the core set of genes conserved in SXT/R391 ICEs is smaller than previously
described (17). Like entry exclusion, int, xis, and integration sites are variable features of
this family. Nevertheless, we showed that the integration and excision functions remain
under the control of the transcriptional activator SetCD that governs the expression of
the conjugation genes. The lack of conservation of int makes it unfit for detection of
SXT/R391 ICEs at large; however, int remains a suitable marker in epidemiological
studies, as we showed that multidrug-resistant clinical isolates are associated mostly
with type 1 ICEs. Nevertheless, we propose to researchers to renounce the systematic
use of int as the first or sole marker for detection of SXT/R391 ICEs. Instead, setCD
should be considered a more robust and specific marker given its key role and strict
conservation. setCD will allow the comprehensive detection of all types of SXT/R391
ICEs in bacterial samples.

MATERIALS AND METHODS

Bacterial strains and media. Bacterial strains were routinely grown in lysogeny broth (LB-Miller;
EMD) at 37°C in an orbital shaker/incubator and were preserved at —80°C in LB broth containing 15%
(vol/vol) glycerol. Antibiotics were used at the following concentrations: ampicillin (Ap), 50 pg/ml (Vibrio)
and 100 ug/ml (Escherichia coli); nalidixic acid (Nx), 40 wg/ml (E. coli); and kanamycin (Kn), 10 wg/ml (E.
coli).
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FIG 7 Maximum likelihood phylogenetic analysis of the soft core of 61 ICEs. Branch length represents the
number of substitutions per site over 24,943 nucleotide positions. All gaps were removed prior to
analysis. Labels are color coded as described for Fig. 5. Asterisks indicate ICEs with an ambiguous entry

exclusion group.
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TABLE 2 DNA sequences of the primers used in this study

Primer name Nucleotide sequence (5’ to 3')

pOP-VpaS167F TTTGCATCTTATTTTACTCTAAAAGTCGCACTGCAGATTCGACTCGAGCAGGA
pOP-VpaS167R GTGTAGGTGGTTAGATAGATGAAAAAATCTAAGCTTGGCACTGGCCACGCA
pOP-Vch12HCF TCCGCACTTCGCTTTACGCTTAGAGTCTCACTGCAGATTCGACTCGAGCAGGA
pOP-Vch12HCR GTGTATGTGGCTAGATAGATAAAAGAATCTAAGCTTGGCACTGGCCACGCA
setDuF ACAACCAATCARCAAGACTTCTATC

setCuR ATTTAAGCTGAATGCGCTGTTG

Molecular biology. lacZ reporter fusions were constructed by introducing the promoter sequences
of int of ICEVpaS167 and ICEVch2012HC25 with primer pairs pOP-VpaS167F/pOP-VpaS167R and pOP-
Vch12HCF/pOP-Vch12HCR, respectively (Table 2), into the Pstl restriction site of pOPlacZ using the Q5
site-directed mutagenesis kit (New England BioLabs) according to the manufacturer’s instructions. The
resulting plasmids were confirmed by restriction profiling and DNA sequencing and then integrated in
single copy into the chromosomal site attB, of E. coli BW25113 using pINT-Ts (40, 41). Sequencing
reactions (except PacBio sequencing) were performed by the Plateforme de Séquencage et de Géno-
typage du Centre de Recherche du CHUL (Québec, QC, Canada).

B-Galactosidase assays. Qualitative assays on solid LB agar plate were done using 40 wg/ml
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) as the substrate with or without 0.02% arabi-
nose. Plates were observed after overnight incubation at 37°C and storage at 4°C. Quantitative liquid
assays using o-2-nitrophenyl-B-p-galactopyranoside (ONPG) as the substrate were done as previously
described (42). Optical density at 420 nm (OD,,,) values were converted to log, and the slope of the
linear regression was calculated for the early reaction. The slope was then normalized by the corre-
sponding OD, value and the reaction time.

ICE detection with setCD markers. Primer pair setDuF and setCuR (Table 2) for setCD detection was
designed using PrimerDesign-M (43) on a multiple-sequence alignment of setCD homologues. setCD loci
were recovered from GenBank NT/NR and whole-genome shotgun contigs (WGS) databases restricted to
Gammaproteobacteria (taxid:1236) using blastn with a 97% coverage threshold (44, 45). The resulting set
of 521 sequences was aligned using the Muscle multiple-sequence alignment tool (46). A collection of
275 Canadian Vibrio strains (169 V. alginolyticus, 2 V. vulnificus, and 104 V. parahaemolyticus strains) were
screened using the primers setDuF and setCuR to detect potential ICEs regulated by setCD. PCRs were
carried out using the EasyTaq polymerase (Civic Bioscience) under the following reaction conditions: (i)
5 min at 94°C; (ii) 30 cycles of 30 s at 94°C, 30 s at the appropriate annealing temperature, and 30 s/kb
at 72°C; and (iii) 1 min at 72°C.

PacBio sequencing. Whole-genome sequencing of V. parahaemolyticus S107 containing
ICEVpaCan1 was carried out from genomic DNA extracted from 2 ml of exponential-phase culture
using the Gentra Puregene kit (Qiagen). PacBio RS Il single-molecule real-time sequencing (Pacbio
SMRTcell) and de novo genome assembly were performed at the McGill University and Génome
Québec Innovation Centre.

ICE data set and comparative analysis. ICE data sets were obtained by using the NCBI's blastn
algorithm against several databases (NT/NR, WGS, Refseq genomic) on different integrase types and
three other key sets of genes (croS-setR, setCD, and sprR-sprM). When complete ICE sequences were not
available, the best blast hits found across contigs were extracted from NCBI's sequence set browser and
were aligned against the adequate ICE type reference sequence using MUMmer3 (47). The following
putative ICE draft sequences were then manually assembled and curated: ICEVch2012Env25,
ICEVch2012HC25, ICEVch3223-74, ICEVch3272-78, ICEVchYB8EOS, ICEVpaS163, ICEVpaS167, and ICEV-
vuSC9729. Whole ICE sequences were scanned to detect antibiotic and heavy metal resistances using
CARD (48). The sequences of 61 assembled ICEs were submitted to the “Get_Homologues” software
package (49) (80% minimum coverage in blastn pairwise alignments) to obtain homology information
and isolate the soft-core genome (95% conservation). The 43 isolated soft-core genes of each ICE were
extracted, reorganized to be syntenic, and concatenated using in-house scripts into 61 streamlined ICE
sequences prior to their alignments using Clustal Omega (50).

Evolutionary analyses were conducted in MEGA7 (51) and PhyML (52) and inferred by using the
maximum likelihood method based on the LG (Intgzyase,) OF JTT (Eex or TraG proteins) matrix-based
models (53, 54). Protein sequences were aligned with Muscle (46). Eex and TraG primary sequences were
first clustered with CD-HIT (55) (sequence identity cutoff, 1) prior to alignment. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using a JTT model (Eex or TraG proteins) and then selecting the topology
with the superior log likelihood value. A discrete gamma distribution was used to model evolutionary
rate differences among sites (5 categories) for Eex or TraG proteins. A NeighborNet phylogenetic network
was built for traG using SplitsTree4 (56) with default parameters (Uncorrected_P method for distances
and EqualAngle drawing method) after clustering of the nucleotide sequences of traG genes recovered
from the ICE sample set using CD-HIT-est (55) (sequence identity cutoff, 1). The 48 unique DNA sequences
were aligned with Muscle prior to phylogenetic analysis. Phylogenetic analysis of the 61 streamlined ICEs was
inferred by using the maximum likelihood method based on the general time-reversible (GTR) model (57). A
discrete gamma distribution was used to model evolutionary rate differences among sites (5 categories). The
rate variation model allowed for some sites to be evolutionarily invariable ([+1], 39.0911% sites). Versions Pfam
31.0, Uniprot 2017_11, and HMMER v3.1b2 were used.
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Statistical analyses. A factorial analysis of mixed data was performed on all 68 ICEs using 8 variables

(origin, type, exclusion group, strain species, WHO region of isolation, year of isolation, number of
antibiotic resistance genes, and number of heavy metal resistance genes). Data were imported in R
version 3.4.3 (58). Missing values were handled with the missMDA package (59). The analysis itself was
performed using FactoMineR package (60).

GenBank under accession numbers CP028481 and CP028482.
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