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Abstract. The SXT element (SXT) is becoming an in-
creasingly prevalent vector for the dissemination of an-
tibiotic resistances in Vibrio cholerae. SXT is a member
of a larger family of elements, formerly defined as IncJ
plasmids, that are self-transmissible by conjugation and
integrate site-specifically into the host chromosome.
Comparison of the DNA sequences of SXT and R391, an
IncJ element from Providencia rettgeri, indicate that these
elements consist of a conserved backbone that mediates
the regulation, excision/integration and conjugative trans-
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fer of the elements. Both elements have insertions into this
backbone that either confer the element-specific proper-
ties or are of unknown function. Interestingly, the con-
served SXT and R391 backbone apparently contains
hotspots for insertion of additional DNA sequences. This
backbone represents a scaffold for the mobilization of ge-
netic material between a wide range of Gram-negative
bacteria, allowing for rapid adaptation to changing envi-
ronments.

Discovery of SXT and related elements in 
Vibrio cholerae

In late 1992, Vibrio cholerae O139 emerged in India and
Bangladesh as the first non-O1 serogroup of V. cholerae to
cause epidemic cholera. Microbiological and molecular
characterization of V. cholerae O139 revealed that this
newly emerged serogroup was closely related to the El Tor
biotype of V. cholerae O1 that it initially replaced as the
predominant cause of cholera on the Indian subcontinent
[1]. Besides the novel serogroup antigen, V. cholerae O139
isolates also differed from El Tor O1 isolates in their an-
tibiotic resistance profiles. Unlike the El Tor strains, O139
strains were resistant to sulfamethoxazole, trimethoprim,
chloramphenicol and streptomycin. Initial characteriza-
tion of the genes encoding these resistances indicated that
they resided on a novel mobile genetic element designated
SXT (for sulfa and trimethoprim) [2]. Although these an-
tibiotic resistance genes were transmissible between V.

cholerae strains by conjugation, plasmids were not de-
tected in V. cholerae O139 isolates [2]. Instead, analyses of
genomic DNA derived from transconjugant cells by
pulsed field gel electrophoresis revealed that these an-
tibiotic resistance determinants were integrated into a sin-
gle site in the chromosome. Additionally, these transcon-
jugants were able to serve as donors, indicating that SXT
was a conjugative, self-transmissible integrating element
similar to conjugative transposons [2]. The host range of
SXT was not limited to V. cholerae, as the element could
be transferred to several Gram-negative bacteria. 
When El Tor O1 V. cholerae reemerged in India, these
strains, unlike their predecessors, were resistant to the
same antibiotics as the O139 strains that they replaced [3].
The resistance determinants in these strains were also
found to be located on a self-transmissible element closely
related but not identical to SXT [2, 4]. Although more re-
cent O139 isolates from India are no longer resistant to
sulfamethoxazole or trimethoprim [5], molecular analyses
indicate that these isolates still harbor an SXT-related
element [6]. In addition, a recent study examining V.* Corresponding author.

Key words. SXT; conjugative transposon; R391; gene transfer; Vibrio cholerae; comparative genomics.

Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 1200 1200 ] dpi
     Papierformat: [ 595 785 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends false
     /DoThumbnails true
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile ()
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings true
     /CompatibilityLevel 1.2
     /UCRandBGInfo /Preserve
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Apply
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo true
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 1200 1200 ]
>> setpagedevice



cholerae clinical isolates from Mozambique and South
Africa [7] suggests that SXT-like elements are now wide-
spread in Africa as well as Asia. Finally, an SXT-related el-
ement has recently been detected in Providencia alcalifa-
ciens clinical isolates from Bangladesh, indicating that the
SXT group of conjugative integrating elements is found
outside of V. cholerae [6].

SXT is related to IncJ elements

SXT appears to be a member of a larger family of mobile
elements [8], once thought to be plasmids of the IncJ
group, all mediating resistance to antibiotics and/or met-
als. Except under unusual laboratory conditions [9, 10],
extrachromosomal DNA has not been isolated from any
IncJ element [11], suggesting that like SXT, they are con-
jugative transposons, integrating into their hosts’ chro-
mosomes [12]. These elements have been found in a vari-
ety of pathogenic g proteobacteria. R391, the first
described IncJ element, was initially isolated from a Prov-
idencia rettgeri clinical isolate in South Africa in 1972
[13] and encodes resistance to mercury and kanamycin.
Other reported IncJ elements include pJY1, isolated from
Vibrio spp. in the Philippines [14], R997, isolated from
Proteus mirabilis in India [15], and pMERPH, isolated
from Shewanella putrefaciens in the UK [16]. Although
only two of these elements, SXT and R391, have been ex-
amined in detail [2, 12], preliminary phenotypic analyses
suggest that the other elements are closely related. SXT
and the IncJ elements are gaining recognition as wide-
spread mobile elements that can disseminate antibiotic re-
sistances and probably other important properties among
bacterial populations.

Properties of SXT and R391

SXT was found to be integrated near the 5¢ end of the prfC
gene in V. cholerae [4]. The integrated element appears to
be very stable, as loss of SXT has never been observed,
even after growth without selection for many generations
[4]. Following transfer to a new host, SXT integrates into
the same site in the V. cholerae and Escherichia coli chro-
mosomes [2, 4]. SXT site-specific integration into and its
excision from the chromosome require an element-en-
coded integrase, Int, that bears similarity to phage-en-
coded tyrosine recombinases. SXT chromosomal integra-
tion and excision are similar to the chromosomal
integration and excision described for lambdoid phages.
These similarities include (i) formation of a circular ex-
trachromosomal intermediate through recombination of
sequences at the left and right ends (attL and attR, re-
spectively) of the integrated element, (ii) recombination
between relatively short element (attP) and chromosomal
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(attB) sequences in a recA-independent fashion and (iii)
the requirement of a tyrosine recombinase to mediate this
recombination [4]. SXT integration disrupts the 5¢ end of
prfC, a nonessential gene encoding RF3, a protein in-
volved in the termination of translation. The 3¢ end of
SXT encodes a novel 5¢ coding sequence for prfC and a
promoter that leads to expression of functional RF3. SXT
excision from the chromosome restores the wild-type
copy of prfC [4]. This disruption/restoration phenomenon
has also been observed in integration of the Gifsy-1 phage
integration into lepA [17], and a cryptic integrating ele-
ment derived from Mesorhizobium loti into a transfer
RNA (tRNA) gene [18]. R391 was found to be integrated
between 98.0 and 99.5 minutes on the E. coli chromosome
[19]. Subsequently, Hochhut et al. localized the insertion
site to prfC and identified an R391-encoded integrase
nearly identical to that of SXT, indicating that the mech-
anisms for R391 integration and excision are virtually
identical to those of SXT [8].  
Although an extrachromosomal circular form of SXT has
been observed and is thought to be the transfer interme-
diate, an autonomously replicating circular form of SXT
has not been identified [2, 4]. Consistent with this obser-
vation, analysis of the SXT DNA sequences did not reveal
any genes related to known replication factors [20]. Also,
transconjugant formation requires int expression in recip-
ient cells, suggesting that the circular extrachromosomal
form of the element cannot be stably maintained without
its integration [4]. Instead, SXT maintenance apparently
requires its integration into the chromosome. Under cer-
tain experimental conditions an extrachromosomal, cir-
cular form of R391 and R997 has successfully been iso-
lated [9, 10]. When the investigators transferred R391 into
a recA-deficient strain containing R997, both elements
were able to coexist, and an extrachromosomal element
corresponding to the approximate size of R391 was iso-
lated. The same was true for R997 in the converse exper-
iment [10]. It remains to be determined whether these ob-
servations reflect detection of an autonomous replicative
form of these elements or a shift in equilibrium between
the excised and integrated forms of R391 and R997 in
cells containing both elements.
DNA sequence analysis indicates that the conjugative ap-
paratus utilized by SXT and R391 is related to that of the
F plasmid [20, 21]. Following transfer of R391 and R997
to ‘bald’ strains of E. coli, long, flexible pili were observed
[22]. The transfer frequency of both R391 and SXT are
relatively low (10–4–10–5 exconjugants per donor in E.
coli, and even lower in V. cholerae) [2, 12, 13], while R997
transfers at a higher frequency (10–3 per recipient) [22].
While both SXT and R391 are able to transfer on solid
media, only R391 is able to transfer at a relatively high
frequency in broth [13]. Also, the elements differ in their
requirement for recA in conjugative transfer. The fre-
quency of SXT transfer drops dramatically in the absence



of RecA in the donor [2], while R391 transfer is unaffected
[12]. The basis for this difference in not understood. SXT
and R391 have also been shown to mobilize chromosomal
DNA in a manner similar to an Hfr [11, 23]. SXT is able
to mobilize certain plasmids in trans as well [23]. 
Although SXT and the IncJ elements are not plasmids and
do not appear to encode partitioning or replication genes,
they do exhibit a form of incompatibility [10, 24, 25]. IncJ
‘incompatibility’ has been assessed by measuring the fre-
quency of loss of an unselected resident element in a re-
cipient upon introduction of a second element. Two recent
studies observed this type of incompatibility between
R997 and R391 [10], and between R391 and SXT [8]. The
molecular mechanisms for this type of incompatibility
have yet to be determined, but surface exclusion does not
appear to play a role. When R391 was introduced into a
cell containing SXT, or vice versa, and both elements were
selected for, both elements were stably maintained in the
cell in tandem arrays [8]. It was proposed that the incom-
ing element recognizes attL or attR as a target sequence
for integration. 

Genomic Comparison Between SXT and R391

The complete nucleotide sequences of both SXT (99.5 kb)
and R391 (89 kb) have been determined [20, 21]. Com-
parison of these sequences indicates that the elements are
very closely related. In fact, the elements share approxi-
mately 65 kb of DNA exhibiting greater than 95% iden-
tity at the nucleotide level (fig. 1). Our recent work [20]
suggests that this conserved DNA (shown in green in
fig. 1) includes the genes for conjugative transfer, exci-
sion/integration and regulation of transfer, and therefore
seems to constitute a minimal ‘backbone’ of genetic in-
formation required for the mobility of this family of ele-
ments. While all of the SXT genes found to be essential
for conjugative transfer are conserved in R391, not all of
the conserved sequences between the two elements were
required for conjugative transfer. For example, deletion of
the region from s024 to s040, which is largely conserved
between the two elements, had no detectable effect on the
excision or transfer of SXT [20]. Given their conservation,
these gene products may confer a selective advantage that
remains to be determined. Thus, the minimal conjugative
element is smaller than the conserved backbone. 
The backbone contains three modules, or clusters of genes
of related function, required for the conjugative transfer
and maintenance of these elements: an integration module
encoding the functions involved in integration and exci-
sion, a conjugation module encoding proteins forming the
mating apparatus and for processing transferred DNA as
well as containing an origin of transfer (oriT), and a reg-
ulation module controlling the expression of the other two
modules and, presumably, coordinating the events leading

to transfer. The integration module consists of the attach-
ment site (attP) and the operon from s003 to int. R391 has
two open reading frames (ORFs) upstream of s003 (indi-
cated in red, fig. 1); the DNA in this region is largely con-
served within SXT, but the ORFs were not annotated due
either to frame shifts or sequencing errors. Unlike SXT,
R391 contains three genes of unknown function down-
stream of int; this separation of the int gene from the at-
tachment site is unusual. 
The conjugation modules are absolutely conserved in both
gene content and gene order. This module is related to the
conjugation modules found in the conjugative plasmids
R27 from Salmonella serovar Typhi [26], pNL1 from
Sphingomonas aromativicans [27] and Rts1 from E. coli
[28], and the Gonococcal Genetic Island (GGI) from the
chromosome of Neisseria gonorrhea [J. P. Dilliard, per-
sonal communication], though the genetic arrangements
differ. These genes are divided into four separate groups
in both elements, group 1 (traI to s043), group 2 (traL to
traA), group 3 (s054 to traN) and group 4 (traF to traG),
although the DNA sequences dividing these groups are
not conserved. With the exception of the genes between
group 2 and group 3 in SXT, each transfer group is sepa-
rated by divergently oriented genes, suggesting indepen-
dent regulation. 
The regulation module of SXT consists of the transcrip-
tional activators, SetC and SetD, and the putative repres-
sor, SetR [20]. SetC and SetD are similar to FlhC and
FlhD, the master regulators of flagellar transcription, and
SetR is similar to the repressor CI from phage l. The pu-
tative R391 SetC, SetD and SetR gene products are 95,
100 and 100% identical, respectively, to their SXT coun-
terparts. Given this similarity, we presume that these ele-
ments share common regulatory mechanisms. 
In addition to the three modules required for mobilization
and maintenance of SXT, both elements contain two other
conserved regions, s024 to s040 (see above) and s063 to
s073, that are not essential for SXT transfer. The later re-
gion is 12.1 kb in length and found between transfer
groups 3 and 4. This region contains an ORF (ssb) that en-
codes a protein that has homology to single-stranded
DNA-binding proteins, a common feature in conjugative
plasmids [29], and another ORF (s065) whose product is
similar to a phage recombinase. The rest of the gene prod-
ucts in this region do not have significant similarity to
anything in GenBank. While deletion of this region re-
sulted in a 1000¥ reduction in transfer frequency [20],
smaller deletions indicate that no single gene accounts for
this defect. 
Genes are inserted in several locations in the con-
served backbone (shown in blue for SXT and in yellow for
R391, fig. 1) that in some cases confer the element-
specific properties. Some of these insertions appear to
have been mediated by transposons, including a compos-
ite transposon-like element carrying SXT’s resistance de-
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Figure 1. Comparison of the SXT and R391 DNA sequences. Shared DNA sequences are indicated by the green arrows. SXT gene des-
ignations are used to annotate shared genes. Red arrows indicate genes annotated in the R391 sequence but not in SXT, even though the
sequences are generally conserved. SXT-specific DNA is indicated by the blue arrows, R391-specific DNA by the yellow arrows. Gray lines
indicate the point of insertion for the element-specific DNA. The location of sequences depicted in figure 2 is indicated by asterisks. The
origin of transfer is indicated by the hatched box. 



terminants inserted into rumB and a putative transposon
carrying kanamycin resistance in R391 [6]. In other cases,
analysis of the inserted sequences does not suggest a
mechanism of acquisition. These include the mercury
resistance genes in R391 and a variety of different inserts
that confer no known phenotype in both elements. While
we hypothesize that these genetic differences reflect in-
sertions into the backbone, an equally plausible ex-
planation is that some differences reflect deletions from 
a progenitor element. 
Interestingly, three sites in the backbone element appear to
be hotspots for the introduction of novel DNA. Both R391
and SXT contain different inserts into their respective
conjugation modules, between s043 and traL, traA and
s054, and s073 and traF (fig. 1). These insertions poten-
tially divide the transfer region into four independently
regulated transcriptional units. Remarkably, the insertions
appear to have occurred at the same nucleotide in both el-
ements at all three loci (fig. 2). There are no obvious in-
sertion sequences or repeats flanking these inserts, and
only the insert between traA and s054 in R391 contains a
putative transposase, cds48. A recent study examining the
antibiotic resistance determinants in other SXT-like 
elements noted a third, different insertion between s073
and traF in SXTET, an SXT-like element derived from a 
V. cholerae El Tor O1 clinical isolate [6]. The point of 
insertion for this cassette is within a few base pairs of the
common insertion site in SXT and R391 (fig. 2). The in-
sert contains a novel type of integron that constitutes a
fourth class of resistance integrons. It contains a novel 
integrase and five integron cassettes, each with a charac-
teristic attC [6]. The integrase presumably explains the
presence of the five cassettes, but does not explain the
presence of the integron in the element. The mechanism(s)
of acquisition of these insertions are unknown. 

Conclusions

SXT and R391 share a conserved backbone that has ac-
quired additional DNA conferring element specific prop-
erties. Both contain three functional modules for element
integration, conjugation and regulation essential for their
dissemination. These shared modules, however, only rep-
resent a portion of the conserved genetic content making
up the backbone of the two elements. For the most part,
the remainder of this backbone consists of genes of un-
known function that may confer some fitness advantage.
Both elements contain inserts into this scaffold that impart
their element-specific properties, namely resistances to
antibiotics and heavy metals. Other element-specific in-
serts are of unknown function; three of these insertions re-
vealed that the backbone apparently contains hotspots for
recombination. The genetic differences between these two
elements likely reflect the distinct evolutionary pressures
encountered by their hosts. The backbone of SXT and
R391 represents a dynamic scaffold facilitating the flow
of genetic information among host bacteria, thereby aid-
ing in their survival and spread.
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