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In this study, we determined the boundaries of a 99-kb deletable element of Shigella flexneri 2a strain
YSH6000. The element, designated the multiple-antibiotic resistance deletable element (MRDE), had recently
been found to contain a 66-kb pathogenicity island (PAI)-like element (designated the SRL PAI) which carries
the Shigella resistance locus (SRL), encoding resistance determinants to streptomycin, ampicillin, chloram-
phenicol, and tetracycline. The YSH6000 MRDE was found to be flanked by two identical IS91 elements present
at the S. flexneri homologs of the Escherichia coli genes putA and mdoA on Notl fragment D. Sequence data from
two YSH6000-derived MRDE deletants, YSH6000T and S2430, revealed that deletion of the MRDE occurred
between the two flanking IS91 elements, resulting in a single IS91 element spanning the two original IS91 loci.
Selection for the loss of tetracycline resistance confirmed that the MRDE deletion occurred reproducibly from
the same chromosomal site and also showed that the SRL PAI and the SRL itself were capable of independent
deletion from the chromosome, thus revealing a unique set of nested deletions. The excision frequency of the
SRL PAI was estimated to be 10> per cell in the wild type, and mutation of a P4-like integrase gene (inf) at

the left end of the SRL PAI revealed that inf mediates precise deletion of the PAI.

Shigella spp., the causative agents of bacillary dysentery, are
responsible for the deaths of more than 1.1 million people
every year (28). Infections are transmitted via the fecal-oral
route either as a result of person-to-person contact or through
ingestion of contaminated food or water, and result in watery
diarrhea which may progress to the bloody mucoid stools typ-
ical of bacillary dysentery (12). In developing countries indi-
viduals affected by acute diarrhea are commonly treated by
oral rehydration and antimicrobial therapy. However, rehydra-
tion therapy alone provides little benefit to patients with dys-
entery caused by invasive enteropathogens such as Shigella,
and the global importance of dysentery in developing countries
has increased as a result of ineffective treatment (26). In ad-
dition, resistance to antibiotics such as tetracycline and ampi-
cillin, which were once highly efficacious in treatment of shig-
ellosis, has grown considerably in the past few decades (45). In
many cases, resistance genes are found to reside on easily
transferable R plasmids. However, chromosomally borne re-
sistance genes have recently been identified in a number of
studies (10, 15, 29, 41, 42), although the basis of chromosomal
resistance has not been widely investigated.

Rajakumar et al. (42) have described a spontaneous 99-kb
chromosomal deletion that results in multi-antibiotic suscepti-
bility in Shigella flexneri 2a YSH6000. The resistance locus
carried on the 99-kb element was found to encode resistance
determinants to streptomycin, ampicillin, chloramphenicol,
and tetracycline. These determinants have since been col-
lectively designated the SRL, for Shigella resistance locus.
The SRL exhibits similarity in sequence and organization to
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the antibiotic resistance loci of NR-1, an R plasmid commonly
found in Shigella, and transposon Tn2603 (41). Although the
nature and exact location of the 99-kb multiple-antibiotic re-
sistance deletable element (MRDE) harboring the SRL have
not been determined, it has been mapped to a region of the
chromosome on Notl fragment D bounded by the S. flexneri
homologs of the Escherichia coli genes ompA and pyrC (42).
The instability of the MRDE is reminiscent of the behavior of
other large chromosomal regions in E. coli and Yersinia pestis,
referred to as pathogenicity islands (PAIs) (7), suggesting that
the MRDE may also be a PAI-like element.

The term “pathogenicity island” was first used to describe
large unstable DNA regions in uropathogenic E. coli (UPEC)
(7). However, the term is now used more generally to refer to
sections of chromosome throughout a number of species that
are often unstable and that frequently carry virulence genes
(18). Since the introduction of the term PAL, islands have been
identified in many species, including E. coli, Yersinia spp., Hel-
icobacter pylori, Salmonella spp. and S. flexneri (20). In addition
to virulence genes, PAIs also encode mobility elements such as
integrases and insertion elements (IS elements) and commonly
integrate into, or adjacent to, tRNA genes. These characteris-
tics, which show remarkable similarity to those of bacterio-
phages, in conjunction with a G+C content that often differs
from that of the host chromosome, have led to the suggestion
that PAIs are acquired from different species via phage-medi-
ated horizontal transfer (19). Indeed, it has recently been re-
ported that the Vibrio cholerae PAI (VPI), which plays a role in
the emergence of epidemic and pandemic cholera, is the ge-
nome of a prophage, and the VPI$ has been shown to transfer
to one VPIdb-negative V. cholerae strain (24, 25).

In most cases, the instability of PAIs is due to their precise
excision from the chromosome via recombination between
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TABLE 1. Bacterial strains and plasmids used

Strain or plasmid

Relevant characteristics

Reference or source

Strains
S. flexneri
YSH6000 Wild-type S. flexneri 2a Japanese isolate; Sm"™ Ap"” Cm" Tc" 46
YSH6000T MRDE deletant of YSH6000; Sm*® Ap® Cm® Tc* 38
$2430 MRDE deletant of YSH6000; Sm® Ap® Cm® Tc® 39
SBA1304 Wild-type S. dysenteriae 3 Japanese isolate This study
SBA1363 Spontaneous SRL PAI deletant of YSH6000; Sm® Ap® Cm® Tc* This study
SBA1365 Spontaneous MRDE deletant of YSH6000; Sm* Ap® Cm® Tc* This study
SBA1366 Spontaneous SRL deletant of YSH6000; Sm*® Ap® Cm® Tc* This study
SBA1367 Spontaneous SRL PAI deletant of YSH6000; Sm® Ap® Cm® Tc* This study
SBA1368 Spontaneous SRL deletant of YSH6000; Sm® Ap® Cm® Tc* This study
SBA1369 Spontaneous MRDE deletant of YSH6000; Sm® Ap® Cm® Tc® This study
ALI11 YSHG6000 insertional int mutant; Sm" Ap" Cm" Tc" Kn" This study
AL108 YSH6000 harboring pPBRTp'A; Sm" Ap" Cm" Tc" Tp" This study
AL109 ALI11 harboring pBRTp"A; Sm" Ap" Cm" Tc" Kn" Tp" This study
AL110 ALI11 harboring pAL66; Sm" Ap" Cm" Tc" Kn" Tp" This study
E. coli
DHS5a F~$80dlacZAM15 A(lacZYA-argF)U169 endAl recAl hsdR17 Deo" thi-1 sunE441 gyrA96 relAl Bethesda Research
Laboratories
S17-1(\pir) RP4-2(Tc"::Mu)(Kn®::Tn7) recA \pir Sm" Tp" 36
JM109(\pir) recAl supE44 endA1 hsdR17 gyrA96 relAl thi A(lac-proAB) Npir 36
Plasmids
pWSK29 pSC101-based low-copy-number vector; AlacZ Ap" 47
pWSK129 pSC101-based low-copy-number vector; AlacZ Kn* 47
pBRTp'A 4.8-kb pBR322-based cloning vector; Tp" Tc" C. Sasakawa
pIP5603 R6K-based suicide vector; Kn* 40
pSBA348 pWSK29 harboring 23-kb BamHI fragment containing sol4-mdoA region of YSH6000 K. Rajakumar
pSBAS09 pWSKI129 harboring part of SRL PAI and flanking regions S. N. Luck
pSBAS33 pWSK129 harboring 14-kb EcoRI subclone from pSBAS509 S. N. Luck
pSBA574 pWSK29 harboring SBA1366 SRL deletion region; Ap" This study
pSBAS57S5 pWSK29 harboring SBA1368 SRL deletion region; Ap” This study
pAL11 pJP5603 harboring 666-bp internal SRL PAI integrase gene fragment This study
pAL64 pWSK29 harboring 1.3-kb PCR fragment containing int This study
PAL66 pBRTpA harboring 1.3-kb int fragment This study

identical sequences situated on either side of the element.
PAIs are commonly arranged with short flanking direct repeats
(DRs) of 9 to 20 bp which are analogous to phage att sites.
These repeats are often identical to the 3’ sequence of the
target tRNA gene, and upon PAI deletion only one copy of the
DR remains on the chromosome (11). IS elements have also
been found in the flanking region of some PAIs (19), and
recombination between two flanking IS700 elements has been
shown to occur upon deletion of the high-pathogenicity island
(HPI) from Y. pestis (5, 13).

In this study, we investigated the various types of deletion
events leading to loss of multiple-antibiotic resistance in S.
flexneri 2a strain YSH6000. We report here that the antibiotic
resistance genes of the SRL are lost following at least three
distinct events including the precise deletion of the MRDE and
the independent deletions of the SRL and of a PAI-like ele-
ment termed the SRL PAI, both of which are entirely con-
tained within the larger MRDE.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Strains were grown routinely at 37°C
in Luria-Bertani (LB) medium (4) with the addition of ampicillin (100 wg/ml),
kanamycin (50 pg/ml), trimethoprim (50 wg/ml), chloramphenicol (40 wg/ml), or
tetracycline (10 pg/ml) when necessary.

Molecular biological techniques. Genomic DNA was isolated by small-scale
preparation as described previously (4). Plasmid DNA was isolated by a modi-
fication of the alkaline lysis method (37). Standard cloning procedures using the
vector pWSK29, pJP5603, or pPBRTp"A were employed. E. coli DH5« was trans-
formed using the rubidium chloride method (16). DNAs from both plasmids and

PCR products were prepared for sequence analysis using the PRISM Ready
Reaction Dye Deoxy Terminator Cycle, and chromatograms were produced on
an Applied Biosystems model 373A DNA sequencing system.

Selection of tetracycline-sensitive derivatives of YSH6000. Tetracycline-sensi-
tive derivatives of YSH6000 were selected by plating dilutions of YSH6000
(grown in LB broth to a density of approximately 10° cells ml~!) onto LB agar
supplemented with fusaric acid (12 pg/ml), chlortetracycline (50 wg/ml), and 0.1
mM ZnCl, (31). Plates were incubated for 24 to 40 h at 37°C.

Southern hybridization. After electrophoresis, DNA was transferred to a
charged nylon membrane (Roche) using a vacuum blotting apparatus (TE80
Transvac; Hoefer) or by capillary transfer in 20X SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) (pH 7.0). Overnight hybridization and subsequent
washings were performed under high-stringency conditions at 68°C as recom-
mended in the Roche digoxigenin labeling and detection kit instructions. Probes
were labeled by PCR amplification with digoxigenin as specified by Boehringer
Mannheim. The 0.5-kb phoH probe was amplified using primers BAP507 (5'-A
ATAAACCCTTCCCGCTTCC-3") and T3 (5'-AATTAACCCTCACTAAAGG
G-3') from a pSBAS09 template. The 2.0-kb csg probe was amplified using
primers csgA forward (5'-AAAGAATTCGCTCTGGCAGGTGTTGTTCC-3")
and csgA reverse (5'-AAAAAGTCGACTTAACCAAAGCCAACCTGAGTCA
CG-3') from an SBA1304 template. The 1.0-kb fec probe was amplified using
primers BAP914 (5'-GCTCCCATTTCGCTCGGC-3") and BAP935 (5'-GTTG
TCGTCATAAGAGCGG-3') with a YSH6000 template. The 1.0-kb int probe
was amplified using BAP1005 (5'-GCTGGATTGGGAACTTACC-3") and T7
(5'-GTAATACGACTCACTATAGGGC-3') from a pSBA533 template.

PCR amplification of deletion point junctions. Amplifications were performed
on chromosomal DNA with the following oligonucleotide primers: for mapping
the MRDE deletion endpoint by inverse PCR, BAP499 (5'-CGGGAAGAATA
CCTGTTGATG-3") and BAP531 (5'-TATTTGATGCTATGAAGAAGGGG
G-3'); for the MRDE deletion region, BAP649 (5'-AGCGGCAGCGGTATTC
AC-3') and BAP530 (5'-TTAATCTCTTCTTCACTTCGCCCC-3') or 470 (5'-
TCCAGCCACCTTTAGCGG-3"); for the SRL deletion region, BAP1249 (5'-T
ATCCCGCTTGCCGTCGC-3") and BAP694 (5'-AGCGGCAGCGGTATTCA
C-3"); and for the PAI deletion region, BAP679 (5'-GTGCTGCTTTCGGTGT
GC-3') and BAP1157 (5'-GCCAGCATTTCAACAGGAGG-3').
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FIG. 1. Map of the right flank of the YSH6000 MRDE. (A) Sche-
matic representation of the YSH6000 mdoA-pyrC region. (B) The
2.4-kb EcoRI/EcoRV fragment within pSBA348 bearing the right de-
letion endpoint of the MRDE. Chromosomal DNA is represented as
a thin black line, and genes are represented as arrows. The presence
(+) or absence (—) of regions as tested by Southern hybridization in
MRDE deletants YSH6000T and S2430 is also shown. Open arrow-
heads indicate the positions of primers BAP499 and BAP531, which
were used to amplify across the MRDE deletion region in YSH6000T
by inverse PCR of Sall-digested and religated genomic DNA. Abbre-
viations for restriction sites: E, EcoRI; EV, EcoRV; S, Sall.

Mutant construction. Primers BAP1354 (5'-GCGGATTCCCCTGGCTTCG
C-3") and BAP1355 (5'-TTGGATTCAGGGGCGGGGGAAATGGG-3") were
used to amplify a 666-bp internal fragment of the integrase gene (bp 714 to 1380;
GenBank accession no. AF326777), which was then ligated into the T-tailed
Hincll site of pJP5603. The recombinant plasmid carrying the int fragment,
pALL11, isolated in JM109(\pir), was transferred by conjugation into YSH6000
using the mobilizing strain S17-1(\pir). Exconjugants carrying a single-crossover
mutation of int were obtained by selection on kanamycin-ampicillin LB plates
and confirmed by PCR and Southern hybridization.

Mutant complementation. A 1,344-bp product (bp 586 to 1930; GenBank
accession no. AF326777) containing the entire int open reading frame (ORF)
was amplified by PCR with primers BAP1636 (5'-TGGATGGGATCCCAGAG
TGACGGGAATTAGC-3") and BAP1637 (5'-ATGCCAGGATCCCATTACG
AACTGGCATTG-3'). Both primers included BamHI sites at the 5" ends, and
this product was cloned into the T-tailed EcoRV site of pWSK29, designated
PALG64, and sequenced to confirm that no errors were incorporated. The 1.3-kb
BamHI fragment from pAL64 containing the int fragment was then cloned into
the BamHI site of pBRTp"A, and clones were selected by sensitivity to tetracy-
cline. The orientation of the int fragment was confirmed by restriction enzyme
digestion to be the same as that of the interrupted Tc" gene.

Computer analysis. Sequencing chromatograms were analyzed using the Se-
quencher program (GeneCodes Corporation, Ann Arbor, Mich.). Nucleotide
sequence similarity searches of the databases were performed using the BlastN
or BlastX program (2). Protein sequence alignments were performed in eclust-
alw, available on the Australian National Genomic Information Server (ANGIS
[http://www.angis.org.au]).

RESULTS

Mapping the MRDE deletion point. The MRDE of S. flex-
neri 2a YSH6000 had previously been mapped to chromosomal
Notl fragment D, between the ompA and pyrC genes (42).
Southern analysis of the wild-type strain, YSH6000, and the
spontaneous MRDE deletion strains, YSH6000T and S2430,
with a series of probes derived from the ompA-pyrC region
showed that the right MRDE endpoint lies within a 2.4-kb
EcoRI-EcoRV fragment between mdoA and solA (Fig. 1A).
Sequencing of this fragment revealed that this region con-
tained the 3’ end of the mdoA locus and a 1,829-bp element
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showing 93% similarity at the nucleotide level to IS91 of E. coli
(Fig. 1B). Due to the high number of IS elements in Shigella,
Southern hybridization could not be used to determine the
deletion endpoint within this region. As the position of the left
endpoint of the MRDE was unknown, inverse PCR with prim-
ers situated near the right deletion endpoint was employed to
amplify a product which traversed the deletion site in strain
YSH6000T. A PCR product of approximately 6 kb was ampli-
fied from Sall-digested and religated YSH6000T genomic
DNA using primers BAP499 and BAP531 (Fig. 1B). As the
positions of these primers allowed the amplification of a max-
imum of 2 kb of right flanking region, this suggested that the
amplified inverse PCR product extended across the MRDE
deletion point and 4 kb into the left flanking region. Sequence
analysis revealed that this fragment contained the right end of
an IS97 element followed by a sequence exhibiting high-level
identity to the 3’ region of the E. coli putA gene, which is
situated approximately 31 kb upstream of mdoA in E. coli.
These data showed that a single copy of the IS91 element
spanned the deletion region in YSH6000T and suggested two
possible explanations. There may have been a single 1S9/ ele-
ment adjacent to the mdoA locus that, after the deletion event,
spanned the region between this locus and the putA4 sequence.
Alternatively, an IS97 element may have been present at each
locus in YSH6000, and after the deletion event, only one copy
of the element remained on the chromosome. To decide be-
tween these two alternatives, direct PCR and sequence analysis
of both the left flanking region of the MRDE in YSH6000 and
the deletion regions of YSH6000T and S2430 were carried out.
Identical intact IS9/ elements were found at both flanks of the
MRDE in YSH6000, confirming that two distinct 1S9/ ele-
ments were present, one downstream of the mdoA locus and
the other interrupting the put4 sequence. The data also
showed that an identical intact IS97 was present at the deletion
point in both S2430 and YSH6000T. The organizational simi-
larity between E. coli and S. flexneri, together with the known
sequence of the SRL PAI, which is located within this region
(S. N. Luck, S. A. Turner, K. Rajakumar, H. Sakellaris, and
B. Adler, submitted for publication), allowed us to propose a
structure for the MRDE in YSH6000 and for the correspond-
ing regions bearing the deletion points in YSH6000T and
52430 (Fig. 2A). This organization suggests that the MRDE
was not acquired or did not evolve as a unit but is composed of
a PAI that is situated within a distinct deletable region of the
chromosome defined by two IS9I elements.

Although the S. flexneri IS91 showed considerable similarity
to the E. coli 1S91, some differences were noted. IS9/ is known
to show absolute insertion specificity for the tetramer GAAC
or CAAG, always inserting such that the right inverted repeat
(IRR) is adjacent to either of these target sequences (34). The
left flanking IS97 in YSH6000 also exhibits this specificity, but
the right flanking IS97 is inserted adjacent to the sequence
CGAG (Fig. 2A), indicating that this element may have an
insertion specificity different from that of the E. coli 1S91.
Additionally, the sequences showing similarity to the two ma-
jor ORFs of 1S97, ORF121, which is implicated in insertion
specificity (6) and tnpA, the transposase ORF (33, 35), are
shortened by 12 and 31 amino acids, respectively, at the car-
boxy termini compared with their E. coli homologs.
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FIG. 2. Deletion of the YSH6000 MRDE. (A) Schematic representation of the genetic organization of the wild-type YSH6000 MRDE. The
boundaries of the MRDE are defined by the two IS9/ elements, indicated by arrows. The SRL PAI is represented as an open rectangle. Genes
and IS elements are represented as arrows, with truncations indicated by a capital delta. The fec, csg, and SRL loci are shown as thin black lines.
The tetramers immediately downstream of the IS97 elements at the left and right flanks of the MRDE are shown boxed below each element.
Shaded boxes indicate the positions of probes used to determine the presence (+) or absence (—) of these regions within six streptomycin-,
ampicillin-, chloramphenicol-, and tetracycline-sensitive strains, YSH6000T, and YSH6000. Open arrowheads represent primers BAP649 and
BAP530/BAP470, which were used to amplify across the deletion endpoint. The physical distance between put4 and csg is based on PCR and/or
sequence analysis, while the distance between csg and mdoA was calculated based on the original sizing of the MRDE at 99 kb (42). Regions
designated the MRDE left and right flanks, common to both the wild type and MRDE deletants, are indicated above the diagram. (B) Schematic
representation of the resultant structure across the deletion point following loss of the MRDE element in YSH6000T, S2430, SBA1365, and
SBA1369. (C) Detection of the MRDE deletion point. Shown are PCR products amplified using primers BAP649 and BAP470 (panels A and B).
Lanes: 0, HindIII-digested X DNA size markers; 1, YSH6000; 2, YSH6000T; 3, SBA1365; 4, SBA1369.

Spontaneous deletion of the MRDE. In order to assess
whether the MRDE deletes reproducibly from the same point
in the chromosome, we selected for the loss of tetracycline
resistance by growth of YSH6000 on LB medium supple-
mented with fusaric acid. Colonies that grew on fusaric acid
medium were confirmed for sensitivity to tetracycline and

further tested for susceptibility to the antibiotics streptomy-
cin, ampicillin, and chloramphenicol. Using this method, six
Sm®, Ap®, Cm®, and Tc® strains were identified: SBA1363 and
SBA1365 through SBA1369. PCR using the inwardly direct-
ed primers BAP649 and BAP470 was employed to confirm
MRDE deletions, as the intact deletion region would be am-
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FIG. 3. Deletion of the SRL. (A) Diagram of the SRL in YSH6000.
(B) Schematic representation of the structure across the deletion point
following loss of the SRL element in SBA1366 and SBA1368. IS
elements are represented as arrows, and chromosomal DNA is repre-
sented by thin black lines. Determinants encoding resistance to strep-
tomycin, ampicillin, chloramphenicol, and tetracycline are represented
as open boxes labeled Sm', Ap’, Cm', and Tc', respectively. Left and
right flanking regions common to both the wild type and SRL deletants
are indicated by shaded boxes, with the solid part of each box corre-
sponding to the identical 487 bp of each ISI.

plified only in MRDE™ strains. Products were amplified in
strains SBA1365 and SBA1369 (Fig. 2C, lanes 3 and 4); se-
quencing revealed that these strains each carried a single 1S91
element at the deletion point, confirming that the MRDE
deletions in these strains were identical to those in YSH6000T
and S2430 (Fig. 2B).

Novel deletions leading to loss of antibiotic resistance. As
typical MRDE deletions could be confirmed by PCR in only
two of the six multi-antibiotic-sensitive strains, the basis for
antibiotic sensitivity in the remaining strains was investigated
further. Pulsed-field gel electrophoresis of NotI-digested chro-
mosomal DNA showed that in both SBA1365 and SBA1369,
Notl fragment D carrying the MRDE underwent a deletion of
the same size as those observed in YSH6000T and S2430 (data
not shown). However, in the remaining strains a variety of
smaller deletions were observed (data not shown). To localize
these deletions more precisely, strains were analyzed by South-
ern hybridization with a series of probes corresponding to four
regions within the MRDE (Fig. 2A). With the exception of
SBA1365 and SBA1369, which had undergone deletion events
identical to that in YSH6000T, the deletions were confined to
the region between phoH and csg (Fig. 2A).

Deletion of the SRL. Sequence analysis of the region respon-
sible for antibiotic resistance in S. flexneri YSH6000 revealed
that the MRDE harbors a cluster of resistance genes, now
called the SRL (Fig. 2A). The SRL shows significant similarity
to the resistance region in the Shigella R plasmid NR-1 but also
includes an oxal cassette, encoding B-lactamase (41), therefore
conferring resistance to the antibiotics streptomycin, ampicil-
lin, chloramphenicol, and tetracycline. The SRL is 16.7 kb in
length, including the two flanking 768-bp ISI elements (Fig.
3A). Each IS!/ contains an intact insAB' and AinsA-B'-insB
OREF, both of which have been implicated in transposition (30,
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32), suggesting that they are still functional. However, the IS/
elements were not identical; the left and right IS7 elements
showed 99 and 97% identity, respectively, to the E. coli 1S1
nucleotide sequence.

Although the profiles of SBA1366 and SBA1368 indicated
that all probed areas were present (Fig. 2A), these strains were
susceptible to all four antibiotics to which resistance was en-
coded by the SRL. For this reason it was considered that these
two strains might harbor deletions of the resistance locus itself.
Inward-facing primers, BAP1249 and BAP694, situated on ei-
ther side of the SRL were used to amplify this region. These
primers are separated by 18.5 kb in the wild type and thus do
not result in the amplification of a product (Fig. 3A), but
amplification of a 2.6-kb product occurred in both SBA1366
and SBA1368. The PCR products were cloned into EcoRV-
digested, T-tailed pWSK29 and designated pSBA574 and
pSBASTS, respectively. Sequence analysis revealed that these
fragments contained sequences identical to that flanking the
left end of the SRL, a stretch of sequence identical to the left
IS7 element, followed directly by sequences identical to that
flanking the right end of the SRL (Fig. 3B). These data indi-
cate that the SRL was able to delete from the chromosome
independently of the MRDE and that upon deletion, a single
IS/ element identical to the left IS of the SRL spanned the
deleted area. However, it is not possible to determine whether
the IS7 element spanning the deletion point has its origin
entirely from the left IS7 of the SRL or whether it is a com-
posite of the left and right IS/ elements, which share an iden-
tical sequence throughout bp 1 to 487 (Fig. 3).

Deletion of the SRL PAIL. We have recently sequenced the
region surrounding the SRL, revealing the presence of a 66-kb
element which displays characteristics of a PAI. This element,
designated the SRL PAI, is contained completely within the
MRDE (Fig. 2A). The SRL PAI carries an integrase-like gene
at the left boundary, contains numerous IS elements and
phage-related sequences, and also encodes a ferric dicitrate
transport system (fec) (Luck et al., submitted). The genetic
organization in the wild-type strain YSH6000 showed the SRL
PAI to be flanked by 14-bp DRs which correspond to the 3’
terminus of the tRNA gene serX (5'-GGGGGAGTGGCGG
T-3"). The right flank of the PAI harbored an intact serX, but
similarity to the E. coli sequence ended directly downstream of
the 14-bp sequence. At the left end of the SRL PAI, the 14-bp
repeat was followed by a stretch of sequence similar to that
found downstream of the serX tRNA gene in E. coli, indicating
that the PAI had inserted into the 3" end of the serX gene (Fig.
4A). Although deletion of this element had not been previ-
ously reported, the Southern hybridization profiles of
SBA1363 and SBA1367 suggested that the PAI might be ca-
pable of excision (Fig. 2A). Inward-facing primers situated on
either side of serX were used to amplify a product spanning the
right and left flanking regions of the PAIL. A product of ap-
proximately 1.1 kb was amplified in both SBA1363 and
SBA1367, and sequence analysis of this fragment revealed the
presence of an intact serX gene, with only a single copy of the
14-bp repeat present. Upstream and downstream regions were
identical to the left and right flanking regions of the PAI,
demonstrating that the SRL PAI itself is capable of precise
excision from the chromosome, leaving behind an intact serX
gene (Fig. 4B).
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FIG. 4. Deletion of the SRL PAI (A) Diagram of the genetic organization of the left and right SRL PAI flanking regions in YSH6000. (B)
Schematic representation of the structure across the deletion point following loss of the SRL PAI in SBA1363 and SBA1367. Thin black line,
chromosomal DNA; open rectangle, SRL PAI; arrows, genes; solid boxes, 14-bp DRs. Also shown are the locations of primers BAP1157 and

BAP679, used to amplify across the SRL PAI deletion point.

Role of integrase in excision of the SRL PAI. Hacker et al.
(18) have suggested that flanking repeats may act as targets for
site-specific recombinases, facilitating integration and/or exci-
sion of PAIs. It was thought that the 14-bp repeat may there-
fore represent the core sequence of the SRL PAI attachment
(att) site, acting in a manner similar to that of the at sites of
site-specific bacteriophages (9). The presence of mobility
genes encoding determinants, such as integrases, on PAIs had
been noted previously (18, 19), but with the exception of the
PAl-like V. cholerae SXT element (21), the role of integrases in
the excision of integrated PAIs had not been demonstrated.
The SRL PAI encodes an ORF at its left boundary that shows
similarity at the amino acid level to several integrase proteins
from the P4 prophage Int family (Luck et al., submitted). This
OREF, designated int, encodes a putative protein of 405 amino
acids and contains the highly conserved HXXR, Y motif nec-
essary for integrase function (3). As the model of PAI deletion
described above suggests the involvement of a site-specific
recombinase, the role of the SRL PAI int in deletion of the
element was investigated.

An insertion mutation in the int gene was constructed in S.
flexneri 2a strain YSH6000 (see Materials and Methods), and
the frequencies of spontaneous SRL PAI excision in YSH6000
and the int mutant strain, AL11, were compared. Spontaneous
SRL PALI excisants were isolated by taking advantage of the
selective properties of fusaric acid against tetracycline resis-
tance encoded by the SRL PAI (see Materials and Methods).
Tetracycline-sensitive derivative strains were further tested for
susceptibility to the antibiotics streptomycin, ampicillin, and
chloramphenicol, and PAI deletions were confirmed by PCR
using primers to amplify a 1.1-kb product across the intact serX
gene, as performed previously for SBA1363 and SBA1367 (Fig.
4). By comparing the number of PAI excisants to the total cell
count, the PAI deletion frequency was estimated to be approx-

imately 107> per cell in the wild-type strain YSH6000. How-
ever, precise excision of the SRL PAI was not detected at all in
the mutant strain AL11 (detection limit = 1.1 X 10~7 per cell).
Since deletion of the MRDE occurs at a rate of 10~ per cell
in both the wild type and AL11 (data not shown), the int
mutation was responsible for at least a 10-fold decrease in the
SRL PALI excision rate, suggesting that the integrase gene is
essential for precise excision of the PAI.

To confirm that the loss of PAI excision in this strain was
due to inactivation of the integrase, AL11 was complemented
with pBRTp"A, carrying an intact int gene (pAL66). The re-
sultant strain (designated AL110), YSH6000/pBRTp"A (AL108),
and AL11/pBRTp*A (AL109) were tested for spontaneous SRL
PALI excision using a PCR assay. Genomic DNA extracted from
AL108, AL109, and AL110 was standardized for concentration
and assayed for excision of the PAI using the inward-facing
primers BAP1157 and BAP679 to amplify serX as described
previously. Although PAI excision is an infrequent event, a
PCR product could be detected using wild-type AL108 DNA
(Fig. 5, lane 1), but as expected, no PCR product was detected
when AL109 DNA was used as the template (Fig. 5, lane 2),
confirming the previous findings that strains lacking a func-
tional int gene are unable to undergo PAI deletion. An ampli-
fication product across the PAI deletion point was again de-
tected using the int-complemented strain AL110, confirming
that int was required for SRL PAI excision (Fig. 5, lane 3).

DISCUSSION

In this study we demonstrated three independent mecha-
nisms for the deletion of the resistance locus of S. flexneri 2a
YSH6000: deletion of the MRDE involving 1S91 elements,
deletion of the SRL involving IS/ elements, and deletion of the
SRL PAI occurring via int-mediated recombination of 14-bp
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1.1 kb

FIG. 5. Complementation of the int mutation. PCR products span-
ning the SRL PAI excision site were obtained by amplification using
primers BAP1157 and BAP679 (Fig. 4). From 100-pl PCR mixtures, all
was loaded for lanes 1 and 2, 75 pl was loaded for lane 3, and 25 pl was
loaded for lane 4. Lanes: 1, AL108 (YSH6000/pBRTp'A); 2, AL109
(AL11/pBRTpA); 3, AL110 (AL11/pAL66); 4, SBA1363 (YSH6000-
derived spontaneous PAI deletant).

DRs located at each extremity of the element. In many ways,
the different deletion events involving the SRL PAI resemble
the variety of deletion events that the HPI undergoes in dif-
ferent species of Yersinia. Like the SRL PAI, in Yersinia pseu-
dotuberculosis 1P32637, the HPI deletes via recombination be-
tween flanking 17-bp DRs (8). However, like MRDE deletion,
in'Y. pestis or Yersinia enterocolitica Ye8081 deletion of the HPI
is associated with loss of flanking chromosome either by ho-
mologous recombination of flanking IS700 elements or by as-
yet-undefined mechanisms, respectively (5, 13). To the best of
our knowledge, the SRL PAI of S. flexneri 2a YSH6000 is the
first PAI that has been observed to undergo both integrase-
mediated and non-integrase-mediated excision in the same
strain. It is only the second such element to be described which
carries multi-antibiotic resistance determinants (the first was
the SXT element of V. cholerae [20]).

The structuring of the three nested elements is itself unique,
and although the MRDE was the first element to be described
as carrying the SRL (41, 42), it seems unlikely that the entire
99 kb inserted en bloc into the Shigella flexneri 2a YSH6000
chromosome. Rather, it would appear that insertion of the
IS91 elements and insertion of the SRL PAI were distinct
events. This hypothesis is supported by the occurrence of in-
dependent deletions involving the PAI and MRDE, and it also
explains the remarkable sequence and organizational conser-
vation of the regions surrounding the PAI and the correspond-
ing region in the E. coli chromosome. Additionally, had the
entire MRDE inserted into the S. flexneri chromosome, this
would presumably have led to duplication of the regions be-
tween the mdoA locus and putA, a phenomenon which was not
observed in YSH6000 (S. A. Turner, unpublished data).

We have shown that the int gene was not required for
MRDE deletion, and the loss of one of the flanking 1S97
elements after deletion suggested that this element itself may
be involved in excision of the MRDE. IS91 is the prototype of
a small, unique family of IS elements that are believed to
propagate by a rolling-circle replication mechanism (30). 1S9/
was originally isolated from a hemolysin-encoding plasmid of
E. coli and has since been implicated in the spread of hemo-
lysin (hly) genes (49, 50). hly genes have been reported on
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several PAIs in E. coli (17), and although no hly genes were
discovered on the SRL PAI, it does carry an ORF showing
similarity to a hemolysin expression-modulating protein of
E. coli (Hha) (Luck et al., submitted). It is an intriguing pos-
sibility that /ly determinants may have originally been present
on the SRL PAL

IS element-mediated deletion of adjacent DNA has been
demonstrated for some IS elements (14). However, it has been
reported that IS97 is unable to cause deletions of adjacent
DNA (6); thus, the deletion of the MRDE is probably not
mediated by transposition of the elements themselves. It is
likely that MRDE deletion is the result of recA-mediated ho-
mologous recombination between the two flanking elements,
which would cause a looping out of the intervening region, re-
sulting in a single residual copy of the IS97 element on the
chromosome. Such RecA-dependent “adjacent deletions” have
been shown to occur for other IS elements (27), and work is
currently under way to determine if the MRDE deletion is the
result of RecA-dependent homologous recombination.

Deletion of the SRL also appears to involve IS elements.
Two potentially functional IS/ elements flank the SRL, al-
though upon deletion, only a single IS7 element remains on the
chromosome. IS/ is known to mediate deletions of adjacent
DNA that end precisely at one boundary of the element (14).
The loss of the SRL may be an example of such a deletion.

Alternatively, the SRL may delete via homologous recom-
bination between the flanking IS7 elements. As described pre-
viously, the YSH6000 SRL shares many similarities with the
resistance determinant (r-det) of NR1, an archetypal resis-
tance plasmid of Shigella (41). The r-det of NR1, which has a
size of 23.3 kb and is flanked by DRs of IS/, is also a trans-
posable unit (48). Using phage P1 as a carrier, the IS/-flanked
r-det (Tn2671) was shown to move both to the site of the
resident IS/ in the P1 genome and to another region of the P1
genome (22). It was proposed that the former mechanism
would involve an intermediate circular form of the r-det car-
rying a single copy of the IS/ that excises from NR1 via ho-
mologous recombination between the flanking IS/ elements
(22). The organization of the YSH6000 SRL deletants suggests
that a similar recombination event may have taken place be-
tween the two flanking SRL IS/ elements, thus leaving a single
copy of an IS7 element on the chromosome. Interestingly, after
mobilization to P1, Tn2671 was subsequently mobilized to
E. coli recipients and then to the genome of phage P7, dem-
onstrating the existence of a natural mechanism for spread of
antibiotic resistance genes (23). This highlights the potential of
the SRL to spread to other genomes, independent of mecha-
nisms involving the MRDE or SRL PAI deletions.

In this study we have demonstrated that the SRL PAI of
S. flexneri 2a strain YSH6000, which is flanked by 14-bp DRs,
excises from the 3’ end of the serX tRNA gene via mechanisms
that resemble the site-specific recombination exhibited by
some prophages. The absence of detectable precise deletion of
the SRL PAI in the int mutant suggests that recombination
between the flanking DRs is int-mediated site-specific recom-
bination, a mechanism similar to that observed for some
phages. Phage transduction has previously been implicated in
the mobility of some PAIs (e.g., the V. cholerae VPI and the
staphylococcal PAI SaPT), and bacteriophage proteins encoded
on PAIs are often assumed to have played a role in the original
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mobilization of the elements (20). However, with the exception
of the SXT element of V. cholerae (21), a role for phage-like
integrases in the excision of integrated PAIs has not been
demonstrated. Here, the S. flexneri 2a strain YSH6000 SRL
PAIl integrase was shown to be required for the precise excision
of the element, confirming that the integrase is functional and
plays an important role in the deletion of the SRL PAIL

The SRL PAI is one of a growing number of PAIls that
appear to delete precisely through site-specific recombination
of short flanking DRs. It is probable that, like phages, these
PAISs originally integrated into the 3’ termini of tRNA genes,
with the DR sequence acting in a manner similar to the core of
attB sites during phage integration (9). Other elements in this
category may include PAI I, and Il55, of UPEC, with 16- and
18-bp DRs, respectively (7), the she PAI of S. flexneri with
22-bp DRs (1), and the HPI of Y. pseudotuberculosis with 17-bp
DRs (8). Additionally, these five PAIs also carry sequences
near one end of the element exhibiting similarity to the P4
family of phage-like integrases (1, 8, 17). Indeed, many other
PAIs have been found to possess sequences with similarity to
integrases and other phage-related ORFs. Interestingly, the
insertion site of the HPI has been found to contain a region
showing partial similarity to the P4 a#B site (8). The 3’ end of
serX near the SRL PAI integration site also possesses a se-
quence that matches 12 of the 20 bp of the P4 attB (Luck et al.,
submitted). The she PAI in S. flexneri and the HPI of Y. pseudo-
tuberculosis have been found inserted in at least two different
phe and asn tRNA genes possessing the target DR of each,
respectively (8; K. Al-Hasani, B. Adler, K. Rajakumar, and H.
Sakellaris, submitted for publication). Similarly, the SRL PAI
has been found inserted in both serX and a paralog of this gene,
serW, in Shigella (S. A. Turner, unpublished data), indicating
that, like the chromosomal integration of phages, there is a
high level of insertion specificity for these PAIs.

In this study, the SRL PAI was shown to have a deletion rate
of approximately 10>, which is consistent with those of PAI
I3 and L5 (10 to 10°) (18), the HPI (10~ %) (8), and the
she PAI (107> to 10~°) (43). Other similarities include flanking
DRs, the presence of integrases, and evidence of site-specific
deletion. In light of evidence presented here that the int gene
is required for precise excision of the SRL PAI, the shared
features of these PAIs provide a strong argument that inte-
grase-dependent, site-specific recombination is likely to be a
common mechanism of excision among these elements. In-
deed, the P4-like integrase from the Y. pestis HPI has been
shown to act in a site-specific manner (44), while in the HPI of
Y. enterocolitica, interruption of the integrase gene and loss of
conservation in the flanking 17-bp DRs are thought to be
responsible for the “stabilization” of this element in the chro-
mosome. In the HPI of Y. pseudotuberculosis, the integrase
gene and DRs are intact, probably explaining why this element
undergoes precise excision from the chromosome (5). It is
noteworthy that although the int sequences of both PAI 155
and Ily;, of UPEC are thought to be nonfunctional, these PAIs
delete from the chromosome at a rate similar to that of the
SRL PAI (17, 18), implying that other recombinases may me-
diate the excision of these elements.

Further evidence for the importance of integrases is found in
the V. cholerae SXT element, which exhibits many similarities
to PAISs, including mobility, insertion into a specific chromo-
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somal site, and the presence of 17-bp DRs flanking the inserted
element. The int gene of the SXT element is necessary for
excision and/or production of an extrachromosomal circular
form of the element, which is required for the transfer of SXT
to both V. cholerae and E. coli recipients (21). Recently Rakin
et al. provided evidence that the integrase from Y. pestis HPI
promotes both excision and integration of a minimal integra-
tive HPI module into the asn tRNA target site (44). These
findings demonstrate that the int of the SRL PAI and other
PAIs may play equally important roles not only in excision but
also in acquisition and dissemination of the PAI-like elements
on which they reside.

Importantly, from a clinical perspective, these elements pose
a substantial risk given their ability to alter dramatically both
the virulence and the antibiotic susceptibility profile of a
pathogen.
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