ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Oct. 2010, p. 4321-4328
0066-4804/10/$12.00  doi:10.1128/AAC.00006-10

Vol. 54, No. 10

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Structural Characterization of ISCRS, ISCR22, and ISCR23,
Subgroups of 1S9/-Like Insertion Elements’

Kathleen M. Schleinitz,'* Tatiana Vallaeys,” and Sabine Kleinsteuber'

UFZ Centre for Environmental Research Leipzig-Halle, Department of Environmental Microbiology, Permoserstr. 15,
04318 Leipzig, Germany," and Laboratoire ECOLAG, UMR CNRS-UMII 5119, Université Montpellier II,
cc 093, Place E. Bataillon, F-34095 Montpellier Cedex 5, France®

Received 4 January 2010/Returned for modification 23 April 2010/Accepted 2 July 2010

Analysis of ISCR8 (ISPpsl) revealed that this group of insertion elements has to be subdivided into three
subgroups: ISCRS, ISCR22, and ISCR23. The distinction of three subgroups is supported by phylogenetic
analysis of the transposase open reading frames (ORFs). Comparison of over 20 complete and partial
ISCRS/22/23 elements identified oriIS candidate sequences for all groups and a terlS candidate sequence for
ISCRS. The orilS sequences, their distance to the transposase ORFs, and the sequence of this intervening
region are group specific, further supporting the definition of two new ISCR elements. ISCR8/22/23 have a very
broad host range, including Gram-positive and Gram-negative bacteria, among which are several (opportu-
nistic) pathogens. The IS often resides on plasmids or in the vicinity of other mobile elements and is mostly
associated with genes for the degradation of halo- or nitro-aromatics. However, in one case ISCRS8 was found
in the neighborhood of an antibiotic resistance determinant in Klebsiella pneumoniae. ISCRS resembles other
IS91 family elements in mediating genetic rearrangements by homologous recombination between two copies.
In Delftia acidovorans this led to the loss of the genes encoding dichlorprop cleavage. In conclusion, this study

shows that ISCRS could be a fully functional and active member of the IS9/ family of insertion elements.

The widespread use of antimicrobial agents in human and
veterinary medicine as well as animal husbandry exerts a se-
lective pressure that has led to the emergence of a multitude of
resistance mechanisms. Both the emergence of new resistance
determinants and their rapid spread throughout microbial
communities are of considerable public concern.

Transfer of resistance determinants is frequently mediated
by mobile genetic elements, i.e., plasmids, transposons, inte-
grons, and insertion elements (IS elements). Recently, a new
group of insertion elements, ISCR, was identified (20, 21).
ISCR is a subgroup of 1S97-like elements. These are unusual in
replicating via the rolling circle mechanism and being bounded
by an orilS, the origin of replication, and a ferIS, the termina-
tion sequence (6, 12, 18). The oriIS is indispensable for trans-
position, and replication always starts at this sequence. Due to
aberrant termination, i.e., readthrough of the ferIS site, IS91-
like elements are able to mobilize fragments of DNA adjacent
to terIS. This is currently considered the main avenue by which
1S91-like elements contribute to the dissemination of genes
(6). Additionally, they participate in shaping the genetic
makeup of their hosts by homologous recombination (22, 23).

The ISCR subgroup of IS97-like elements currently com-
prises 21 members (http://medicine.cf.ac.uk/en/research/research
-groups/i3/research/antibacterial-agents/iscr-elements/). In silico
analyses suggested that their insertion, in contrast to that of
canonical IS97 elements (IS91, IS801, and 1S1294) (6, 13, 18),
is not site specific. The GTTC tetramer found adjacent to the
orilS of canonical IS91 elements is not found adjacent to the
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orilS of ISCR elements (21). Another distinguishing feature is
the lack of one of the two key amino acid residues (Tyr249 and
Tyr253) necessary for transposition of IS97 elements (6, 13). In
ISCR elements Tyr249 is replaced by arginine or lysine. This
led to the hypothesis that transposition of ISCRs proceeds by a
mechanism different from that of canonical IS97 (21).

ISCR elements have played an important role in the dissem-
ination of a number of recently identified antimicrobial resis-
tance genes, including extended-spectrum beta-lactamases
(reference 3 and literature cited therein). Moreover, they were
involved in the evolution of complex integrons bringing to-
gether resistance genes that previously were transferred inde-
pendently (3).

Although ISCRs have almost exclusively been found to be
associated with resistance determinants (3, 21), there are two
exceptions, ISCR7 and ISCRS. ISCRS (designation according
to ISfinder [16], ISPpsI) seems to be primarily associated with
genes for the degradation of (halo)aromatics (15, 21). In Delf-
tia acidovorans MC1, rdpA and sdpA, the genes encoding cleav-
age of the herbicide dichlorprop (2[2,4-dichlorophenoxy]pro-
pionate), are flanked and interspersed by ISCRS elements (15).
Under nonselective conditions, i.e., in the absence of the her-
bicide, these genes are easily deleted. At the same time, the
number of ISCRS elements is strongly reduced, suggesting that
recombination between copies of ISCR8 might cause the loss
of dichlorprop cleavage.

ISCRS elements have not been analyzed in detail. The copy
in Pseudomonas pseudoalcaligenes JS45 was postulated to be
truncated and nonfunctional, as it was supposed to be lacking
essential features of active 1S9/ elements (21). However, a
closer inspection of ISCRS in other strains revealed that at
least some contain orilS sequences (15) and that, moreover, at
least one copy is associated with a beta-lactamase gene. These
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TABLE 1. Primers used in this study
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Name Sequence (5'-3")* Source
COS-F AAG CAT TGG TAA CTG TCA G This study
COS-R GGA ATG AAC AAT GGA AGT C This study
FP-1 AGT TCA AGC TTG TCC AGG AAT TC(N), GGC CT 17
FP-2 AGT TCA AGC TTG TCC AGG AAT TC(N), GCG CT 17
FP-3 AGT TCA AGC TTG TCC AGG AAT TC(N), CCG GT 17
FP-4 AGT TCA AGC TTG TCC AGG AAT TC(N), CGC GT 17
6aF ATT GGT CAG GTA CCA AGC This study
6aR CGC ACT CAA GAT ACT TGG This study
IS91outF CAT CAT TGC CTT CAT CAC C This study
SdpoutR TGA CGG TGG CGC CCA GGG TG This study
ProlipoR GTT CGC CAT TGA TGA AGT TGC This study
R10-f GGT GCG ACA GGT AAT AGC This study
R10r ATC TGC GTT AGT TCC TGG This study
AcylCoAout R CGG CGA ACT CAA TGT AGC This study
K-antip_F AGG GGA GTT GGC AAT GAC C This study
K-antip_R CAC GAT CAG CAG GTCTTC G This study
Dihydroxy F GAG GGC GAC TTC AAG AAG C This study
Dihydroxy_R GCT TCA GGT CGC AGA TCA CG This study

“(N)5, any nucleotide (n = 7).

findings led us to conduct an in-depth analysis of ISCRS ele-
ments.

MATERIALS AND METHODS

In silico structural analysis of ISCRS-related elements. BLAST (1) was used to
search for ISCRS-like transposase open reading frames (ORFs) in nucleotide
and protein sequence databases (GenBank, EMBL, and DDBJ). Inspection of
the sequences surrounding the transposase ORFs, including identification of
orilS and terIS candidate sequences, was carried out using Vector NTI Advance
(InforMax). The deduced amino acid sequences of all ISCRS-like transposases
were aligned using MultAlign (5) and ClustalW (19). On the basis of these
alignments, transposase sequences were screened for deletions, insertions, and
rearrangements, and amino acid sequence motifs known to be of functional
importance (6) were identified.

Construction of phylogenetic trees. The deduced amino acid sequences of all
complete ISCRS-like transposases as well as one to five sequences each of IS97,
1S801, 151294, and ISCRI to -7 were aligned using MultAlign. The ISCRS
transposase of Comamonas testosteroni CNB-1 was omitted due to a large du-
plication within the conserved amino acid sequence motif II (see below). Neigh-
bor-joining and minimum evolution trees were calculated from the resulting
431-amino-acid alignment using MEGA2.1 (10). Poisson correction, p-distance,
and the number of differences were applied as distance models. Bootstrap anal-
ysis was performed based on 1,000 resamplings.

Strains, plasmids, and culture conditions. Delftia acidovorans MC1, D. ac-
idovorans MC1-DP ™ (a mutant of strain MC1 that arose by spontaneous loss of
dichlorprop cleavage), and Escherichia coli XL-Blue MRF' (Stratagene) contain-
ing the genomic library cloned in cosmid vector pScosPA1 were all maintained or
grown as described before (15).

DNA isolation. Plasmid and cosmid DNAs were isolated using a Nucleobond
AX100 kit (Macherey-Nagel).

DNA amplification. All primer sequences used for PCR amplifications are
listed in Table 1. The ends of five cosmid inserts known to carry rdpA but not
sdpA were amplified using semirandom two-step PCR (ST-PCR) (4). To each
sample either the primer COS-F or COS-R, annealing to the ends of the cosmid
vector and facing into the insert, was added as specific primer, and either of four
FP primers (FP-1 to -4) (17) was added as random primer. All primers were
synthesized by MWG Biotech.

Rearrangements of plasmid pMC1 were analyzed by PCR with the following
pairs of primers: for PCR-1, 6aF and 6aR, amplifying a 544-bp fragment span-
ning the left end of ISCRS and the region flanking it (see Fig. 5); for PCR-2,
1S91outF and SdpoutR, amplifying a 569-bp fragment spanning the right bound-
ary of ISCRS, and the region flanking it; for PCR-3, ProlipoR and R10_r,
amplifying a 611-bp fragment spanning the left boundary of the right duplicated
region and the region flanking it; for PCR-4, IS91outF and AcylCoAoutR,
amplifying a 575-bp fragment spanning the right boundary of ISCR8y and the
region flanking it.

PCR products for use as hybridization probes were generated as follows: a
451-bp region at the left ends (LE) of the duplicated region was amplified using
primers R10_f and R10_r. A 482-bp fragment of an ORF for a putative potas-
sium antiporter (KA) was amplified using primers K_antip_F and K_antip_R.
An 838-bp segment of an ORF for a putative dihydroxy acid dehydratase (DH)
was amplified using primers Dihydrox_F and Dihydrox_R.

For all PCRs the Tag PCR Mastermix kit (Qiagen) and a PTC-200 thermal
cycler (MJ Research) were used. The fragments were amplified using a cycling
program involving an initial denaturation step at 94°C for 3 min, followed by 35
cycles of 94°C for 45 s, 55°C (PCR-1), 62°C (PCR-2), 59°C (PCR-3), 61°C
(PCR-4), 58°C (LE), or 62°C (KA and DH) for 45 s, and 72°C for 1 min, with a
final elongation step at 72°C for 6 min.

Sequencing and sequence analysis of a cosmid insert and PCR products were
performed as described previously (15).

DNA-DNA hybridization. DNA of plasmids pMC1 and pMC1-DP~ was di-
gested with Pstl or EcoRI and Xmal according to standard procedures and
separated electrophoretically in 2% agarose gels overnight at 2 V cm ™!, Blotting
and hybridization were carried out as described previously (15). The hybridiza-
tion temperatures were 55°C (LE) and 60°C (KA and DH, respectively).

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study were deposited in the GenBank, EMBL, and DDBJ data-
bases as an update of accession number AY327575.

RESULTS AND DISCUSSION

ISCRS transposases. BLAST searches with the originally
described ISCRS transposase gene of Pseudomonas pseudoal-
caligenes JS45 (accession number AF028594) revealed 15 com-
plete ORFs resembling it, as well as a number of truncated
ORFs. Among each other, the ISCRS-related transposases
shared between 100 and 71% identity, as calculated from the
deduced amino acid sequences. The large variation in se-
quence already indicated that not all of the sequences are true
ISCRS transposases but that some belonged to one or more
new groups of ISCR elements. Identities to 1S91/801/1294
transposases varied between 19 and 32%, and those to other
ISCR elements ranged between 32 and 34%. These identities
were distributed over the entire sequences. The amino acid
alignment also showed that the C termini of all ISCRS-related
transposases are conserved (data not shown), but three se-
quences displayed prolonged N termini (Fig. 1A). Two of these
sequences contained a methionine residue at the position that
marks the start of translation in ISCRS of strain JS45. The
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A

ISCR8_JS45_AAB94124.1
ISCR8_pTCl_ABM10544.1
ISCR8_pADP_AAK50265.1
ISCR8_Hhut_AAK11678.1
ISCR8_pADP_AAK50272.1
ISCRS_JS42_ABM42280.1
ISCR8_Bpet_ CAP41868.1
ISCR8_MC1_AAP88276.1

ISCR8_pGNB-_ABR24152.1
ISCR8_CNB-1_ABI49643.1
ISCR8_Bpet_CAP41853.1
ISCR22_Pput_AAX38579.1
ISCR22_CT14_ABA25982.1
ISCR22_JS42_ABM44380.1
ISCR23_JS42_ABM44384.1

B

N-terminus

Motif IV
330 340
ISCR8_JS45_AAB94124.1  AALERLLRYCARPP
ISCR8_TC1_ABM10544.1 AALERLLRYCARPP
ISCR8_ADP_AAK50265.1 AALERLLRYCARPP
ISCR8_Hhut_AAK11678.1  AALERLLRYCARPP
ISCR8_ADP_AAK50272.1 AALERLLRYCARPP
ISCR8_JS42_ABM42280.1  AALERLLRYCARPP
ISCR8_Bpet_CAP41868.1  AALERLLRYCARPP
ISCR8_MC1_AAP88276.1 AALERLLRYCARPP
ISCR8_pGNB-_ABR24152.1 GALERLLRYCARPP
ISCR8_CNB-1_ABI49643.1 AALERLLRYCARPP
ISCR8_Bpet_CAP41853.1  GALERLLRYCARPP
ISCR22_Pput_AAX38579.1 AGLERLLRYCARPP
ISCR22_CT14_ABA25982.1 AGLERLLRYCARPP
ISCR22_JS42_ABM44380.1 AGLERLLRYCARPP
ISCR23_JS42_ABM44384.1 AGLERLLRYCARPP
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20 30 40 50

——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
MCFAYPNNRRRILCICTVFMSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MSATSKPKLYNPRHPERTLLYQTVAEHYETWLELASAG
——MPATAKPKRYNPRHPERTLLYQTVAEHYESWLELACEG
——MPATAKPKRYNPRHPERTLLYQTVAEHYESWLELACEG
——————————— MLCIYTVFMPATAKPKLYNPRHPERTLLYQTVAEHYETWLELACEG
———MRPKWAGGPANRPDGPLQSLRR-RVWAARVFALSVPDAFEKHFFNGLLELASAG

FIG. 1. Partial sequence alignment of ISCR8/22/23 transposases. (A) N termini; (B) motif IV, the functional motif that in canonical 1S97
elements contains two tyrosine residues essential for rolling circle transposition. In ISCRS/22/23 transposases, one of the tyrosine residues
(positions shaded in gray) is replaced by arginine. To the left of the alignment ISCR names, strain designations and accession numbers are given.
JS45, Pseudomonas pseudoalcaligenes JS45; TC1, Arthrobacter aurescens TC1 plasmid pTCl; ADP, Pseudomonas sp. plasmid pADP-1; Hhut,
Herbaspirillum huttiense; JS42, Acidovorax sp. JS42; Bpet, Bordetella petrii; MC1, Delftia acidovorans MC1 plasmid pMC1; pGNB, D. acidovorans
plasmid pGNB1; CNB-1, Comamonas sp. plasmid pCNB-1; CT14, Pseudomonas sp. plasmid CT14; Pput, Pseudomonas putida. The alignment was

created using MultAlign.

extended N termini are therefore likely to be artifacts resulting
from conceptual translation.

As observed for the originally described ISCRS (21), all of
the conserved amino acid sequence motifs of 1S9/-like ele-
ments (7) are present in the ISCRS-related transposases,
among them the family signature in motif III (G-Xs-[H/Q]-X-
[F/W/Y]-G-X5-[H/N]-X-H-X-H-X;-G). However, the tyrosine
residue corresponding to the functionally essential Y249 of
canonical IS97 (Y331 in Fig. 1) was replaced by arginine. This
is a feature distinguishing and differentiating ISCRS from ca-
nonical IS97 elements. The same substitution has already been
documented for other ISCR elements (21) and led to specula-
tions about a different subunit architecture of ISCR trans-
posases compared to canonical 1S9/ transposases.

As stated previously (21), it was observed here that ISCRS-
related transposases contain several insertions and deletions
compared to canonical IS97 family elements. The transposase

of C. testosteroni CNB-1 contains a 21-amino-acid duplication
within motif II that probably renders it inactive. The same
would be true for the insertion into the transposase of Kleb-
siella pneumoniae. Alignments of the ISCRS-related trans-
posases with canonical 1S97/801/1294 elements furthermore
showed that the former contain a 2-amino-acid insertion and a
1-amino-acid deletion within motif I (data not shown). The
same insertion and deletion are also present in other ISCR
elements (21). All additional insertions and deletions detected
in ISCRS-like transposases were located outside the conserved
motifs. These results show that in most cases the insertions and
deletions are in the same range as those discriminating ISCR!
to -7 elements from canonical IS97 elements and do not affect
the conserved amino acid sequence motifs. The overall struc-
ture of ISCRS-related transposases may still be conserved, and
therefore functionality may not be affected by these alterations
of primary structure.
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ISCRS, B. petrii, CAP41868.1

ISCRS, D. acidovorans, AAP88276.1

ISCR8, Pseudomonas sp. ADP, AAK50265.1
ISCRS8, Acidovorax sp. JS42, ABM42280.1
ISCR8, Acidovorax sp. JS42, ABM42290.1
ISCRS, P. pseudoalcaligenes JS45, AAB94124 .1
ISCRS8, A. aurescens TC1, ABM10544.1

ISCRS8, Pseudomonas sp. ADP, AAK50272.1

ISCR8

ISCRS, H. huttiense, AAK11678.1

— ISCRS, D. acidovorans, ABR24152.1

ISCRS, B. petrii, CAP41853.1

ISCR23, Acidovorax sp. JS42, ABM44384.1 ISCR23

. ool ISCR22, P. putida, AAX38579.1
100 | ISCR1, S. typhimurium, CAG34232.1
ISCR1, E. coli, AAP20925.1

100

ISCR22, Acidovorax sp. JS42, ABM44380.1
ISCR22, Pseudomonas sp. CT14, ABA25982.1
ISCR7, P. pavonaceae, CAB65363.1

ISCR22

ISCR2, V. cholerae, AAK64580.1
ISCR2, E. coli, AAG16657.1
— ISCR4, P. aeruginosa, AAR16082.1

10! ISCRS5, P. aeruginosa, CAO91944 .1

o

100

ISCRS5, P. aeruginosa, CAO91941.1
ISCR3, P. aeruginosa, ABY60430.1
98 |[ ISCR3, E. coli, ACF70724.1

99 l|SCR3, S. enterica, AAK02053.1

731 1891, S. flexneri, AAP17216.1
100 )L 1891, S. sonnei, AAK85176.1

99

100

100

IS91, E. coli, S23782

99 I— 1S801, P. syringae, AAT35174.1
IS801, P. syringae, EEB56567.1

100

0.1

100 [ ISPsy3 (1S801), P. syringae, AAO53566.1
I1S801, P. syringae, BAB60893.1

1IS1294, E. coli, ACD54349.1
IS1294, S. boydii, ACD07140.1
1IS1294, S. dysenteriae, ABB64652.1
181294, S. sonnei, AAZ91060.1
1S1294, S. flexneri, AAK18387.1

100

FIG. 2. Phylogenetic tree of IS9/ family transposases. The neighbor-joining tree was inferred from 431 aligned positions of 1S91, I1S801, 1S1294,
and ISCR transposase sequences. In the case of IS97, IS801, and 1S71294, not all sequences available were included, and partial sequences were
generally not included. The alignment was computed with MultAlign, and a Poisson distribution was applied as the distance model. Bootstrap
analysis was performed based on 1,000 resamplings, and bootstrap values above 50% are indicated at the respective nodes. Bar, an estimate change

of 10%.

The phylogenetic relationship of ISCRS-related transposases
and other IS97-like transposases is represented in Fig. 2. Tree
topology was robust when different methods for calculation
were used, and trees were validated by bootstrap analysis. This

held true for the positions of single ISCR elements as well as
for the ISCR subgroup forming a sister group of the canonical
1S91-like elements. ISCRS transposases are most closely re-
lated to ISCR7, as would be expected from comparison of total
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orilS
consensus 1S91/801/1294:
consensus ISCR1/2/3/4/5:

consensus ISCR8 elements:
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AnnnATAGGAANTTnAANNNN
nnGTATAGGAAryyyAArCnn
ncrGATAGGAAATTCAACCGC

consensus ISCR22 elements: nrgGATAGGAAATCCAACCGC
consensus ISCR23 elements: gcgGATAGGAAATCcCAACCaC
terlS

consensus 1S91/801/1294: GCAGCCGcCAGGCTGCC

ISCR4:
ISCRS8:

AAACCTCGAAGCCCGGCCCTGCGCCGGGCTTCGTGCTTT

ACAAGGCCCGAACCGTCGCCAGTTCGGGCCTTGT

FIG. 3. Comparison of conserved sequences at the end of IS97-like elements. (Top) orilS consensus sequence of canonical IS97-like elements
(18), putative orilS sequences of ISCRI to -5 (20), ISCRS, ISCR22, and ISCR23. (Bottom) terIS consensus sequence of canonical IS97-like elements
(18), putative terIS of ISCR4 (20), and ISCRS. Nucleotides conserved within a subgroup are indicated by bold, uppercase letters. Nucleotides
conserved between subgroups are additionally shaded in gray. Nonconserved nucleotides are shown in lowercase letters. Inverted repeats are
underlined. IUPAC ambiguity code: R is A or G, Y is T or C, and N is any nucleotide.

amino acid sequence identities. All ISCR7/ISCRS elements
form a deep-branching clade, showing that they are long di-
verged members of the ISCR subgroup of IS91 elements. The
phylogenetic tree shows that the ISCRS-related transposases
form three clades. The originally described ISCRS of P.
pseudoalcaligenes belongs to the largest clade, which therefore
contains all true ISCRSs. ISCRS transposases are 515 amino
acids long. The second largest clade contains three nearly iden-
tical members that are 526 amino acids long and share 78%
sequence identity with ISCRS. The third cluster contains one
sequence of 538 amino acids that is 76% identical to ISCRS.
The distinction of three clades is not only supported by phy-
logenetic analysis and the length of the transposases but also
mirrored by structural features (see below). We therefore pro-
pose two new subgroups of ISCR elements, ISCR22 and
ISCR23 (Fig. 2). It is noteworthy that Acidovorax sp. JS42
carries members of all three subgroups: the two transposase
genes located on the chromosome belong to ISCRS, and those
located on the plasmid belong to ISCR22 and ISCR23 (Fig. 2;
see also Fig. 4, below).

Structural features of IS91-like elements in ISCR8/ISCR22/
ISCR23. Analysis of the regions flanking the transposase genes
revealed a sequence downstream of the transposase ORFs that
strongly resembles orilS (Fig. 3). This sequence is present in
most of the ISCRS copies, including the one originally de-
scribed (21), with the only exceptions being two truncated
ISCRS elements of Pseudomonas putida plasmid pNB2 and
Comamonas sp. plasmid pCNB-1, as well as one chromosomal
copy of Acidovorax sp. JS42 (Fig. 3). All of the nucleotides
conserved in the orilS of canonical IS9/ elements are con-
served throughout ISCRS, with the exception of ISCRSs in D.
acidovorans MC1, Sphingobium herbicidovorans MH, and P.
putida (Fig. 3). This 20-bp sequence is therefore proposed to
constitute the orilS of ISCRS elements. The distance between
orilS and the transposase gene is always 166 bp. Apart from
one A-G exchange in K. pneumoniae, this stretch of sequence
is identical in all ISCRS elements.

All ISCR22 elements were accompanied by an orIS candi-

date sequence that differed slightly from that of ISCRS (Fig. 3).
The sequence is conserved throughout all ISCR22 and was
located 176 bp downstream of the transposase ORF. The in-
tervening sequence is identical in all ISCR22 elements and
shows only 53% sequence identity to the respective sequence
in ISCRS.

An orilS candidate sequence for ISCR23 was found 161 bp
downstream of the transposase ORF. Its sequence differs
slightly from those of ISCRS and ISCR22 and is therefore
specific for ISCR23. The sequences flanking ISCR8/22/23 at
the putative oriIS sites are different for each copy of the ele-
ments, further suggesting that the oriIS may be functional.

Inspection of the sequence upstream of the transposase
genes revealed a 10-bp perfect inverted repeat in some ISCRS
elements (Fig. 3 and 4). The IR sequence resembles the puta-
tive terlS of ISCR4 and is therefore a candidate sequence for
terIS in ISCRS elements. The distance of the putative terIS to
the start codon of the transposase gene is always 53 bp. Except
for one nucleotide these 53 bp are identical in all ISCRS.
However, unlike the sequence flanking ISCRS8/22/23 at the
putative oriIS, the first 36 bp flanking ISCRS at the putative
terIS are identical. Whether the ferIS candidate sequence is not
functional or is often misread is not known at the moment.

No fterIS candidate sequence was identified in ISCR22 or
ISCR23. This is a phenomenon described for other 1S9!-like
elements that are often not accompanied by a ferIS (7, 12). A
terIS is not a prerequisite for functionality of IS9/ elements,
because they are capable of one-ended transposition.

As already observed with other ISCR elements (21), the
tetranucleotide GTTC or CTTG was not found to flank the
orilS of ISCRS elements. Transposition of canonical 1S9/ ele-
ments is site specific and takes place at the 5’ end of this
tetranucleotide (13). The lack of the tetranucleotide at ISCR
insertion sites has led to speculation about differences in the
transposition mechanism of these elements (24). However,
these hypotheses await experimental confirmation.

Genetic context of ISCRS/ISCR22/ISCR23. ISCRS elements
have a broad host range. As depicted in Fig. 4, they were found
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FIG. 4. Genetic context of ISCR8/22/23 elements in various host genomes. Color coding of ORFs: red, ISCRS transposases (unless stated
otherwise); green, genes for degradation of (halo)aromatics; blue, mobile genetic elements other than ISCRS; white/gray, other ORFs. Symbols:
arrows above ORF, orilS; dot and stalk above ORF, ferIS; white box within ORF, insertion; horizontal lines at right or left end of ORF, partial
OREF. Gene designations: habA/habB, hydroxylaminobenzene mutase; tnpA, transposase; sdpA, S-dichlorprop dioxygenase; rdpA, R-dichlorprop
dioxygenase; pdhL, dihydrolipoamide dehydrogenase; pdhB, dihydrolipoamide acetyltransferase; tmr, triphenylmethane reductase; atzA/atzB/atzC,
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FIG. 5. Rearrangements within Delftia acidovorans MC1 plasmid pMCI1. In the mutant plasmid pMC1-DP~, an ~40-kb region including the
genes for dichlorprop cleavage (rdpA and sdpA), transposon Tn501, and a duplicated region of ~9 kb is deleted, presumably by homologous
recombination between two copies of ISCRS, as verified by Southern hybridization (Hyb1 to -4 indicate the probes) and PCR (PCR1 to -4 indicate
the regions amplified). The outer right boundary of the deletion was identified, but attempts to identify the left boundary failed. Shading of open
reading frames: black, upper pathway of dichlorprop degradation; dark gray, ISCRS transposase; white, other ORFs. Shading of genetic regions:
light gray, duplicated region (99% identical copies); stripes, lower pathway of dichlorprop degradation (99% identity to corresponding regions of

other bacteria); white, Tn501.

in Gram-negative bacteria (Alpha-, Beta-, and Gammapro-
teobacteria) as well as Gram-positive bacteria (Arthrobacter
aurescens TC1). The host range includes several genera of
(opportunistic) pathogens. ISCR8/22/23 elements are often lo-
cated on plasmids but are also carried by the chromosome of
the host. Similarly to other ISCR elements they are frequently
associated with genes not belonging to the core genome of the
host. ISCR8/22/23 elements are often found in the vicinity of
genes for the breakdown of (halo-/nitro-)aromatics, such as
chlorobenzene, catechol, or atrazine (for a detailed description
see the Fig. 4 legend). However, in one instance ISCRS8 was
identified next to a broad-spectrum beta-lactamase gene in K.
pneumoniae (14) (Fig. 4). The sequence available only covers
the 3’ end of the transposase ORF, and therefore it is not
known whether the strain carries a complete or a truncated
ISCRS transposase gene. The deduced amino acid sequence
shows highest sequence identity to the ISCRS transposases of
Bordetella petrii and A. aurescens TC1. However, an insertion
near the 3’ end probably renders the ISCRS transposase inac-
tive.

In database searches for IS97-like elements, a high propor-
tion of partial copies was detected (7). The same applied to
ISCRS/22. Various copies, inactivated by truncation of the
transposase ORF at the 3’ or 5" end, were identified. However,
IS91 family transposases act with similar efficiencies in cis and
in trans (2). Therefore, partial copies can be transposed by the
gene product of a complete copy somewhere else in the host
genome as long as they contain an orilS, part of the sequence
stretching from the oriIS toward the transposase ORF, and the
GTTC tetramer. Whether a partial ISCR8/22 can be trans-
posed in the same way is not known at the moment. Complete
ISCRS/22 elements were often found in close proximity to
truncated homologues and could potentially provide an active
transposase. Several of the partial copies contain an orilS and
could therefore serve as a target for the transposase. However,
as stated above, the GTTC tetramer is missing, and the impli-
cations of this for the transposition process are unclear.

Furthermore, the nonrandom distribution of ISCRS8/22 ele-
ments within the host genomes is noticeable, i.e., when several
copies are present in one strain they are often located near
each other. In this aspect the elements studied here seem to
resemble IS91 in Shigella flexneri 2457T. In a genome-wide
survey investigating the spatial distribution of over 200 inser-

tion sequences in this strain, only IS97 and IS971 appeared to
be nonrandomly distributed (24). This was explained with local
hopping, i.e., the transposition mechanism is biased toward
placing new copies near the parent copy, rather than natural
selection favoring insertion into particular regions of the ge-
nome.

IS91-like elements are often found in the neighborhood of
other mobile elements, and on plasmids (7). ISCRI and ISCR3
were observed to be primarily associated with complex class 1
integrons (21). Among the mobile elements associated with
ISCRS8/22/23, 1S1071 predominates (Fig. 4 and 5). This is also
the case in Comamonas sp. plasmid pCNB-1, where four (par-
tial or interrupted) copies of ISCRS are located on TnCNBI,
an approximately 46-kb composite transposon bordered by two
1S1071 elements (11). Whether IS/071 aids in the spread of
ISCRS or vice versa is difficult to judge. In the genome of
Comamonas sp. CNB-1, TnCNBI would be expected to medi-
ate transposition of ISCRS. However, in Pseudomonas sp. ADP
it appears that a module consisting of ISCRS, pdhL, 1S1071,
and pdhB exists. During one-ended transposition, fragments of
variable lengths adjacent to ISCRS were replicated, resulting in
the transposition of more or less complete copies of this mod-
ule into different sites on plasmid pADP-1. This view that such
a module exists is also supported by the fact that Herbaspirillum
huttiense, B. petrii, and D. acidovorans plasmid pGNBL1 carry
ISCRS with flanking pdhL genes, and in the case of plasmid
pGNBI this also includes an IS7071.

It is intriguing that several subgroups of IS97-like elements
seem to be associated with a particular group of genes: 1S91
and 1S7294 are primarily associated with pathogenicity deter-
minants in animals, IS807 is linked to plant pathogenicity de-
terminants, ISCR elements other than ISCR7 and ISCRS8/22/23
are found in the vicinity of antibiotic resistance determinants,
and ISCR8/22/23 are mainly associated with degradative traits.
Horizontal gene transfer has clearly played a dominant role in
the dissemination of the degradative traits associated with the
elements studied here. Although the exact role ISCRS/22/23
have played in the process is as yet unclear, this is signified by
degradative traits being located on plasmids and in the vicinity
of various insertion elements or transposons.

Rearrangements caused by ISCRS in D. acidovorans MC1. In
D. acidovorans MCI1 degradation of the herbicide dichlorprop
is initiated by two dioxygenases, RdpA and SdpA. Loss of the
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degradative ability under nonselective conditions, i.e., in the
absence of the herbicide, is due to the deletion of the rdp4 and
sdpA genes. As two copies of ISCRS are located in the vicinity
of these genes (Fig. 5) and additional copies are present on
plasmid pMCl1, deletion was previously hypothesized to be
caused by homologous recombination between ISCRS; located
upstream of sdpA and a copy of ISCRS presumed to be down-
stream of rdpA (15) (Fig. 5).

In this study, we sequenced the insert of cosmid R10 span-
ning the region downstream of rdpA and identified another
ISCRS element. Furthermore, a copy of IS7071 and part of the
lower degradation pathway (¢/dRCD), which is unaffected by
the deletion events, were identified at the right end of cosmid
insert R10. In PCR and Southern hybridization experiments
(Fig. 5, PCR1 to 4 and Hybl to 3), ISCR8y was indeed found
to mark the right border of the deletion. However, ISCRS, did
not constitute the left end, the deleted region extended further
to the left. We presume that recombination with another copy
of ISCRS located in this region takes place during the deletion
event. Attempts to clone and characterize this region failed
due to the high instability of plasmid pMCI.

Conclusions. In this study ISCRS-like elements associated
with degradative traits were analyzed with regard to structural
features characteristic for functional IS97 family insertion el-
ements. Analysis revealed that besides ISCRS there are two
more subgroups of ISCR elements, ISCR22 and ISCR23. All
three groups are defined and distinguished by the length and
phylogenetic relationship of their transposases, the sequence
of their orilS, distance of the orilS to the transposase ORFs,
and the sequence of this intervening region. These results give
strong evidence of ISCRS/22/23 being functional and poten-
tially active ISCR elements. The evolutionary success of
ISCRS8/22/23 elements is highlighted by their very broad host
range, their association with a wide variety of degradative
traits, and their involvement in genetic rearrangements, poten-
tially facilitating adaptive processes in their hosts.

To our current knowledge, the elements analyzed here are
only marginally associated with antibiotic resistance. However,
in principle any piece of DNA can be transferred by them, and
the niches inhabited by ISCRS8/22/23 and those ISCR sub-
groups known to disseminate resistance determinants overlap
(8, 9). The understanding of the ISCRS/22/23 subgroup is
therefore an important contribution to the understanding of
the whole ISCR group of insertion elements. The common
theme linking both sets of ISCR elements is their apparent
usefulness for bacterial communities having to respond to re-
cent challenges (e.g., antibiotics or xenobiotics).
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