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Class 1 integrons have strongly influenced the evolution of multiple antibiotic resistance. Diverse integrons
have recently been detected directly in a range of natural environments. In order to characterize the properties
of these environmental integrons, we sought to isolate organisms containing integrons from soils, which
resulted in the isolation of Pseudomonas stutzeri strain Q. Further isolation efforts targeted at this species
resulted in recovery of two other strains (P and BAM). 16S rRNA sequences and chromosome mapping showed
that these three strains are very closely related clonal variants in a single genomovar of P. stutzeri. Only strains
Q and BAM were found to contain an integron and an associated gene cassette array. The intl and attl
components of these strains showed 99 and 90% identity, respectively. The structure of these integrons and
their associated gene cassettes was similar to that reported previously for other integron classes. The two
integrons contained nonoverlapping sets of cassette-associated genes. In contrast, many of the cassette-
associated recombination sites in the two integrons were similar and were considered to constitute a distinct
subfamily consisting of 59-base element (59-be) recombination sites (the Pseudomonas subfamily). The recom-
bination activity of P. stutzeri integron components was tested in cointegrate assays. IntIPstQ was shown to
catalyze site-specific recombination between its cognate attl site and 59-be sites from antibiotic resistance gene
cassettes. While IntIPstQ did not efficiently mediate recombination between members of the Pseudomonas 59-be
subfamily and other 59-be types, the former sites were functional when they were tested with IntIl. We
concluded that integrons present in P. stutzeri possess recombination activity and represent a hot spot for

genomic diversity in this species.

Integrons are genetic elements that act as scaffolds for the
rearrangement of genes via site-specific recombination of gene
cassettes. The first integrons were discovered as a result of
investigations into the phenomenon of multiple antibiotic re-
sistance (23, 43). These integrons came to be classified into
three classes on the basis of sequence divergence in shared
regions. Most subsequent biochemical characterization of the
site-specific recombination system has been performed with
class 1 integrons recovered from clinical isolates and exhibiting
multiple antibiotic resistance (9, 10, 11, 12, 21, 22). All class 1
integrons possess the following key components: an integrase
gene (intll), a recombination site (attl1), and a promoter (P,)
for the transcription of cassette-associated genes (11, 28).
These components encompass the basic functions needed for
the acquisition and expression of a second type of mobile
genetic element known as a gene cassette (22, 35). Gene cas-
settes typically consist of an open reading frame (ORF) asso-
ciated with a recombination site known as a 59-base element
(59-be) (5). Intl1 most commonly mediates recombination be-
tween 59-be sites and attl1, resulting in insertion of gene cas-
settes into attll (14), although recombination between two
59-be sites is also possible. As a result of multiple insertion and
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excision events, class 1 integrons can compile and shuffle arrays
of gene cassettes.

Recent discoveries have shown that diverse integron-like
structures are also found outside the clinical and antibiotic
resistance context. Integron-like structures have been ampli-
fied from soil DNA samples and have been found in database
searches of available genome sequences, including the se-
quences of Nitrosomonas europaea, Geobacter sulfurreducens,
Vibrio cholerae, Shewanella oneidensis, Acidithiobacillus fer-
rooxidans, and Treponema denticola (31, 39). In almost all
cases, classification of these structures as integrons is based
solely on sequence analysis rather than on demonstration of
function. For the purposes of this study we operationally de-
fined an integron as a genetic element that, at a minimum,
includes an intl homolog associated with a plausible attl re-
combination site and may include an associated, contiguous
gene cassette array.

The principal integron components, namely, intl, attl, and
P_, show great sequence diversity. Although there are enough
characteristic features, particularly in the arrangement of gene
cassette arrays, to infer significant functional similarity with the
well-characterized class 1 integrons, the extent of similarity has
not been adequately tested. It has been shown that the net pool
of gene cassettes present in bacterial communities contains
unprecedented levels of genetic novelty (45). Therefore, the
possibility that all integrons may share the flexible gene cas-
sette acquisition and expression properties of class 1 and class
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3 integrons has a wide range of implications. Do all integron-
containing bacteria have general access to the extensive, mo-
bile metagenome contained within gene cassettes?

In this study we began to focus on the various aspects of the
diversity of the integron-gene cassette system that may influ-
ence movement of gene cassettes by diverse integrons. Collec-
tively, the studies mentioned above showed that integrons ex-
hibit significant diversity in terms of location, since they are
found on mobile elements and in the chromosomes of ecolog-
ically diverse species, and in terms of the components involved
in gene acquisition (Intl, atl, and 59-be sites). Despite the very
early stage of exploration of integron-gene cassette diversity,
there are notable patterns in the distribution of this diversity.
Particular intl genes are always associated with specific att/
sites, some integrons appear to be associated with certain spe-
cies, and some 59-be sequence families are apparently charac-
teristic of some integrons or species. These patterns raise a
number of questions about integron biology. Do all members
of some species contain fixed, chromosomal integrons? Does
specificity of interactions among Intl, attl, and 59-be influence
the flow of gene cassettes between either integrons or species?
Do all integrons show the same flexibility in recombination
reactions that is exhibited by the model class 1 integron sys-
tem?

Here we describe isolation of integron-containing bacteria
from soil samples. Examination of Pseudomonas stutzeri iso-
lates revealed that integrons were present in some, but not all,
strains. The integrase, attl, and 59-be components of these
integrons all showed significant relationships to a chromo-
somal integron described for Pseudomonas alcaligenes. The
associated cassette arrays from two strains were partially char-
acterized. In the region examined, none of the cassettes were
the same, suggesting that members of P. stutzeri exhibit a high
degree of diversity with respect to mobile gene cassettes. As-
says to determine the recombination activity of components of
the P. stutzeri integron demonstrated that Intl, a#tl, and the
59-be sites associated with the adjacent gene cassettes are all
active. These assays were performed by using various combi-
nations of class 1 integron components. The activity of P.
stutzeri integron components was found to be dependent on the
types of recombination reaction partners available. Most no-
tably, the P. stutzeri integrase did not efficiently integrate 59-be
sites into a class 1 integron.

MATERIALS AND METHODS

Enrichment and isolation. Soil samples were collected from a number of sites
previously shown to contain gene cassettes (45). Enrichment cultures were es-
tablished by inoculation of 1 g of soil into 50 ml of either Luria-Bertani (LB)
medium or minimal medium. Samples used for isolation attempts were serially
diluted in sterile media and spread plated onto 1.5% agar plates containing the
same growth medium. The cultures were incubated for up to 1 week at 28°C.
Isolated colonies that were representative of morphotypes observed on the plates
were picked off and inoculated onto fresh plates to obtain pure cultures. Cultures
were stored on slopes and by addition of 25% glycerol at —70°C. Isolates were
presumptively identified by cloning and sequencing of the 16S rRNA gene.

Screening samples for integrons. DNA samples from mixed or pure cultures
were screened for the presence of integrons by PCR. Approximately 100 ng of a
DNA sample was used as the template in PCR performed with various combi-
nations of broad-specificity primers targeting intl or 59-be sequences, as shown
in Fig. 1. Integron PCR experiments target intI and the proximal gene cassettes
by using primers HS298 (or HS300) and HS286 (31). Cassette PCR experiments
target gene cassettes within an array by using primers HS286 and HS287 (45).
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FIG. 1. Genetic organization of the sequenced regions of InPstQ
and InPstBAM (approximately to scale). The HS287 sequence at the
left end of the InPstQ sequence represents a fortuitous mispriming
event in a low-stringency PCR experiment. The approximate target
sites for sequencing and mapping primers are indicated on the arrays.
The left boundary of the integron-associated InPstQ and InPstBAM
att] recombination sites is not precisely known. The regions containing
these sites are indicated by dotted boxes. Cassette-associated recom-
bination sites are indicated by broken triangles. The solid triangles
represent members of the Pseudomonas subfamily of 59-be.

The amplification mixtures consisted of 10 pl of Genereleaser (Bioventures Inc.,
Murfreesboro, Tenn.), 50 pmol of each primer, each deoxynucleoside triphos-
phate at a concentration of 200 nM, 1.5 mM MgCl,, and 1.5 U of Tag DNA
polymerase (Eppendorf) in the buffer supplied with the enzyme. After an initial
denaturation step of 94°C for 3 min, 30 cycles of 94°C for 1 min, 60°C for 45 s,
and 72°C for 90 s were performed. PCR products were electrophoresed on 2%
agarose gels and stained with ethidium bromide.

For enrichment cultures, samples were collected at weekly intervals, and DNA
was extracted by a modification of the FastPrep (Bio 101, Vista, Calif.) bead-
beating procedure as described previously (48). Samples that gave a positive
integron PCR signal were selected for isolation attempts. One plate from each
isolation attempt was used to test for the growth of integron-containing (In*)
organisms on the plates. Cells were collected by washing the plate with 1 ml of
sterile TrissEDTA (TE) buffer (20 mM Tris [pH 8.0], 50 mM EDTA). Five
hundred microliters of the bacterial suspension was used for DNA extraction,
which was performed by the modified FastPrep procedure. For the plates that
yielded a positive PCR signal individual colonies were then screened. A single
colony was picked off with a sterile toothpick, placed into 50 pl of water, and
lysed by boiling for 10 min. The suspension was then centrifuged for 1 min, and
5 pl of the supernatant was used directly as the template in a PCR.

Putative integron fragments were cloned with a pGEM-T kit (Promega) and
were sequenced to confirm their identities. High-molecular-weight genomic
DNA was purified from confirmed In* strains by phenol-chloroform extraction
(41). This DNA was used for further experiments to characterize the integron.

Cloning and sequencing of integrons. The sequence of the P. stutzeri strain Q
integron was obtained by PCR-mediated chromosome walking. In the first step
PCR products were obtained by using the previously described primers HS298,
HS286, and HS287 (31, 45), which target conserved sequences in the integron
integrase gene and in the left and right domains of 59-be, respectively. After
these integron or cassette PCR experiments were performed, the products were
cloned into pGEM-T and sequenced. On the basis of the sequence information
obtained, new primers were designed to target either cassette-associated genes or
59-be sequences.

The different components of the integron were linked after multiple rounds of
PCR and sequencing. The integrity of the assembled integron sequence was
confirmed by performing additional PCR with primers specific for the flanking
genes and subsequent restriction mapping. All of the primers used for cloning,
sequencing, and PCR are listed in Table 1, and their relative binding sites are
shown in Fig. 1. Gene cassettes are traditionally named for their associated
genes, but since most gene cassettes recovered outside the antibiotic resistance
context contain hypothetical genes, we assigned a unique bacterial gene cassette
number (BGC) to each cassette. Where information concerning the 59-be sub-
family of a gene cassette is important below, gene cassettes are referred to by
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TABLE 1. Primers used in this study

Primer Target Sequence Application

AJH14 PSBGC004 GAATCCCAACCACAAGCAGC Mapping

AJH15 PSBGC004 GCGTGCTTGCGATCTGCTTGTAG Mapping

AJH16 PSBGC001 GATAGTGGGTGTGAATTCGAAC Mapping

AJH17 Ps59-be CCCAGYGARCGARGYGAGCG Cassette PCR

AJH21 intl ATGAAGTAGTGTTTGAGCCG Mapping

AJH22 PSBGC005 GTTCCTCGCATAAACTCACTG Mapping

AJH23 PSBGC006 CTGCAGCTTTTATACGGATCGG Mapping

AJH24 PSBGC007 CGACGAAGTGGGTAAGGTTG Mapping

AJH25 BGC008 AAGCACCGCTTACTCCGACG Mapping

AJH26 BGC008 GGGCATTAGGTCAGATGGC Mapping

AJH27 P$59-be GGCTGAAGCCVGCCCCTTARC Cassette PCR

AJH30 intl CGATGTCTGGCTTCCTTTCG Mapping

AJH36 PSBGCO12 GTCCCAGTTAGCACCATACC Mapping

AJH37 PSBGC014 CTAGATGCTTGGACAAGCG Mapping

AJH38 BGC017 GATGTTCGTGTCGAACCTAC Mapping

AJH39 BGC017 GCATGAACTAATGAGAGCTC Mapping

HS298 intl family TGGATCCCACRTGNGTRTADATCATNGT Integron PCR

HS286 59-be family GGGATCCTCSGCTKGARCGAMTTGTTAGVC Cassette PCR

HS287 59-be family GGGATCCGCSGCTKANCTCVRRCGTTAGSC Cassette PCR

HS401 attl CCCAAGCTTCCCAAACAGGTCGTCC Subcloning attIA

HS405 PSBGC001 TTGGATCCTTGAGGTTGGCGTGCG Subcloning attIA

HS413 attl AAGCTTGTTGTCATTTCCTTATTCC Subcloning attIA

HS414 attl GGATCCATTACTATCGATCCAAAGG Subcloning attIA

HS416 PSBGC001 AAGCTTCTCGTGACCATAATCG Subcloning *BGC001 59-be
HS417 PSBGC002 GGATCCATCGCGCTGTAGTTTCG Subcloning "*BGC001 59-be
HS418 PSBGC002 AAGCTTAGCACATCAAAACCTG Subcloning *BGC002 59-be
HS419 BGC003 GGATCCATCGCACGCCAAGAGC Subcloning *BGC002 59-be
HS420 BGC003 GGATCCGAATATGAGTTGGGCAGG Subcloning BGC003 59-be
HS421 PSBGC004 GTCGACAATGCAGTAGCTTATGGC Subcloning BGC003 59-be

using the following notation: S'*fmilcagsette, where cassette is the standard
name or number of the gene cassette.

Recombination activity of integron components. The recombination activity of
integron components (including IntIPstQ, attIPstQ, and 59-be from P. stutzeri
strains) was assessed by performing conduction assays. These assays have been
described in detail previously (14, 15). IntI proteins were supplied in trans by
using plasmid pSU2056 (IntI1) or pMAQ711 (IntI and PstQ). The recombina-
tion sites to be assayed were supplied on separate plasmids. The test site was on
a nontransferable plasmid, and potential recombination partner sites were lo-
cated in In3, a class 1 integron located on the conjugative plasmid (pMAQ495).
This plasmid was derived from R388 (1) by inactivation of IntI1 (13). As previ-
ously defined, recombination efficiency was measured by the frequency with
which the test recombination site was transferred into a recipient cell via inte-
gration into a recombination site on the conjugative plasmid. All of the plasmids
used and the relevant phenotypes are shown in Table 2.

Analysis of cointegrates. In3 contains three recombination sites. These are
attl] and the 59-be sites of dfrB2 and orfA (Fig. 2). Insertion of a test element at
attl] separates the dfrB2 gene from the P promoter, leading to a Tp® phenotype.
Consequently, the Tp phenotype was used as an indicator of insertion at azt/1.
However, to accurately and rapidly map cointegrates, a PCR-based strategy was

used (Fig. 2). Two primers, one specific for a sequence within pACYC184 of the
test element and one specific for a sequence within In3, were used to directly
amplify cointegrate template DNA. The lengths of the derived PCR products
were dependent on the insertion site. The primer pair commonly used was
HS457 and HS459. As an example, the PCR product length involving pMAQ701
was 578 bp for an insertion at orfA, compared to 1,463 bp for an insertion at
attll. PCR products were also used as sequencing templates to identify the
recombination crossover point. For HS457-HS459 products and insertion at
orfA, right junctions were sequenced by priming with HS320. For insertion at
attl1, the sequencing primer used was HS318. For some cointegrates the left
junction was also amplified and sequenced, and this was achieved with HS458
and HS460 as the primers. The sequencing primers for these reactions were
HS458 for insertion events at ast/1 and HS319 for insertion events at orfA.
Sequence analysis. Bioinformatic analyses were conducted with BioManager
provided by ANGIS (www.angis.org.au). Sequenced fragments were initially
analyzed by using MAP (Genetics Computer Group, Madison, Wis.) to detect
reading frames. Intergenic regions were manually examined for homology to
59-be sequences. BLASTP searches of both the nonredundant GenBank protein
database and the National Center for Biotechnology Information microbial ge-
nome web site (www.ncbi.nlm.nih.gov/Microb.blast/unfinishedgenome) were

TABLE 2. Plasmids used in this study

Plasmid Description® Recombination site(s) Phenotype Reference
R388 33-kb IncW plasmid containing class 1 integron In3 attl1, dfrB2 59-be, orfA 59-be 1
PMAQ495  R388 derivative with aphA inserted into intl] attll, dfrB2 59-be, orfA 59-be Tp" Su' Tra™ IntI1~ 13
pACYC184 Cloning vector None Cm’ 6
pSU2056 1,176-bp Rsal-BamHI fragment of In2 in pUC9 None Ap" IntI1™ 30
pPMAQ28  400-bp Sau3A-HindlIII fragment in pACYC184 (1) aadB 59-be Cm" 22
PMAQ702  166-bp HindIII-BamHI fragment of strain Q in pACYC184 (2) attIPstQ Cm" This study
pPMAQ707  238-bp HindIlI-BamHI fragment of strain Q in pACYC184 (2) BGCO001 59-be Cm’ This study
PMAQ708  333-bp HindIII-BamHI fragment of strain Q in pACYC184 (2) BGC002 59-be Cm" This study
pMAQ709  354-bp BamHI-Sall fragment of strain Q in pACYC184 (2) BGC003 59-be Cm" This study
pPMAQ711  1,036-bp HindIIl-BamHI fragment of strain Q in pUC9 None Ap" IntI PstQ™ This study

¢ The numbers in parentheses indicate the orientation of the cloned fragment with respect to pACYC184 as previously defined (14).
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performed for all inferred peptides. Equivalent BLASTN searches were per-
formed with 59-be sequences recovered from the integron cassette arrays.

Phylogenetic analyses were performed by using programs from the Phylip
package (18) within BioManager. The approaches used included distance matrix,
parsimony, and maximum-likelihood methods for either nucleic acid or protein
sequences (not all data are shown). Details of tree construction for the tree
illustrated are given below (see Fig. 4). The sequence alignments included all
positions between residues 40 and 308 (IntIl numbering). For integron inte-
grases the alignments were derived by using ClustalW. The outgroup Cre, XerC,
and XerD sequences were manually added to the alignment by using the model
alignment of the tyrosine recombinase family (32). Sequence regions which were
present exclusively in the outgroup sequences (alignment gaps in all IntI se-
quences) were omitted from the analysis.

PFGE. For pulsed-field gel electrophoresis (PFGE), cultures were grown for
36 h at 30°C in LB broth. Numbers of cells were determined by microscopy. A
total of 1 X 10° cells were harvested by centrifugation and resuspended in 1 ml
of modified cell suspension buffer (10 mM Tris [pH 7.2], 20 mM NaCl, 10 mM
EDTA). One milliliter of 2% low-melting-point agarose was added to the sus-
pended cells before 100-pl aliquots were cast in a block. Plugs were then incu-
bated for 1 h at 37°C in 5 ml of lysis buffer (10 mM Tris [pH 7.2], 50 mM NaCl,
0.2% sodium deoxycholate, 0.5% sodium lauryl sarcosine, 1 mg of lysozyme per
ml). The buffer was then removed, and the plugs were washed in 25 ml of TE
buffer. Proteinase digestion was performed overnight at 50°C in 5 ml of protein-
ase K reaction buffer (100 mM EDTA [pH 8.0], 0.2% sodium deoxycholate, 1%
sodium lauryl sarcosine, 1 mg of proteinase K per ml). The plugs were rinsed four
times in wash buffer for 30 min. The second and third wash solutions contained
1 mM phenylmethylsulfonyl fluoride.

Restriction digestion was performed overnight in the agarose plugs by using 30
U of I-Ceul, Spel, or Pacl in the buffer supplied with the enzymes. In all cases
the plugs were equilibrated by incubation in 10 volumes of 1X restriction buffer
for 1 h at room temperature prior to digestion in 3 volumes of fresh buffer.

Electrophoresis was performed in a CHEF DRIII apparatus (Bio-Rad). For
Spel digests the conditions were as follows: 6 V/cm; 18 h; switch times, 50 to 90 s;
and reorientation angle, 120°. For I-Ceul and Pacl digests the following condi-
tions were used: 6 V/cm; 36 h; switch times, 50 to 200 s; and reorientation angle,
120°.

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study have been deposited in the GenBank database under acces-
sion numbers AY129391, AY 129392, and AY129393.

RESULTS

Integron detection. Our objective was to isolate integron-
containing bacteria from soil for the purpose of recovery and
characterization of integron classes present in natural environ-
ments. Detection of integrons in either the environment or
bacterial isolates is complicated by the considerable diversity in
the core integron sequence between classes, the associated
gene cassette arrays, and the genomic context of the integron-
gene cassette system. Generally, integrases belonging to differ-
ent classes show only 50 to 60% sequence identity. However, in
PCR experiments aimed at generic detection of integrons, new
integron classes and new gene cassettes have been recovered
from environmental DNA (31).

A total of 20 enrichment cultures were examined. Cassette
PCR performed with HS286 and HS287 yielded PCR products
for all of these cultures, although the yields and diversities of
products varied. Cloning and sequencing of PCR products
from six of these cultures confirmed that these products all
included 59-be sequences (data not shown). This implied that
integron-containing bacteria were present in all enrichment
cultures. However, only two enrichments (Balmain soil LB
broth and Lidsdale soil minimal medium enrichments) gave
PCR products of the expected size (>1,200 bp) in integron
PCR experiments. These putative integron fragments (int/ and
the first cassette) were cloned and sequenced. In practice,
integrons have been assigned to different classes on the basis of
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FIG. 2. Schematic representation of primer sites used for mapping
cointegrates resulting from the conduction assay (not to scale). Primer
HS460 is located within the test construct. This primer is used with
HS458 to map the left junction of any cointegrates formed. Similarly,
primers HS457 and HS459 are used to map the right junction of
cointegrates. Other primers shown are used to sequence the relevant
junction. The promoter P, is represented by a bent arrow.

sequence divergence of more than 5% in Intl. On this basis,
both of the integrases described here represent new integron
classes. The integrase obtained from the Lidsdale microcosm
was designated Intl IEL. The integrase obtained from the
Balmain microcosm was subsequently found to be identical to
IntIPstQ found in an isolate recovered from this microcosm
(see below). The relationship of these integrases to integrases
from other integron classes is described below.

Isolation of integron-containing bacteria. Bacterial isolates
were obtained from the two enrichments giving positive inte-
gron PCR results by direct plating onto solid media. Integron
PCR was used to screen representative colony morphotypes
from both enrichments. An integron-positive isolate was re-
covered from the Balmain enrichment; however, none of the
isolates obtained from the Lidsdale minimal medium enrich-
ment gave positive integron PCR results. The most likely ex-
planation for the latter results is that the host bacterium either
failed to grow or was present at a sufficiently low level that it
did not appear on the isolation plates. Lidsdale cultures were
not examined further.

A single colony giving positive integron PCR results was
recovered in the initial isolation attempts from the Balmain LB
broth microcosm (strain Q). Strain Q had a distinctive wrin-
kled colony morphology. Two additional isolates (P1 and P2)
that did not give an integron PCR product but were morpho-
logically indistinguishable from strain Q were recovered from
the same plate. To further explore this finding, we repeated the
enrichment and isolation process with the same soil sample
and obtained two additional isolates (BAM17 and BAM21).
These isolates also gave positive integron PCR results and had
the distinctive wrinkled colony morphology. All five isolates
from Balmain LB broth enrichments were used for further
experiments.

Strain identification and genotypic characterization. The
16S ribosomal DNAs of isolates Q, P1, P2, BAM17, and
BAM21 were cloned and sequenced by PCR. All five se-
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FIG. 3. Variation in chromosomal digests of P. stutzeri strains.
DNA was digested with I-Ceul or Pacl. The following PFGE condi-
tions were used: 1% agarose; 0.5X TBE; switch times, 70 to 120 s; 21 h;
6 V/cm; reorientation angle, 120°. The molecular weight markers used
were Saccharomyces cerevisiae chromosomes; the sizes of bands (in
kilobases) are indicated on the left. The sibling P strains do not have
a detectable integron and have a significantly smaller genome than the
strains possessing an integron. The image was prepared from a
scanned photograph by using Adobe Photoshop 7.0.

quences were found to be identical and showed 100% identity
to the P. stutzeri JIM300 sequence (accession no. X98607). The
levels of identity to sequences of other strains of P. stutzeri
ranged from 98 to 99.8%. Phylogenetic analysis of 16S ribo-
somal DNA sequences from a representative range of P.
stutzeri genomovars and other y-proteobacteria confirmed that
the strains classified as P. stutzeri formed a monophyletic group
that included our new isolates (data not shown).

Despite the 16S rRNA identity, chromosomal digests of the
five isolates showed that they represent three distinct geno-
types (Fig. 3). With all three enzymes tested isolates P1 and P2
had the same profile, which was unique. Isolates BAM17 and
BAM21 also had profiles that were identical and unique. Iso-
late Q had a distinct third profile. This same pattern of inter-
strain relationships was seen when the results of integron PCR,
cassette PCR, and two-dimensional polyacrylamide gel elec-
trophoresis of membrane proteins were examined (unpub-
lished data). Since the matching isolates were recovered from
the same plate in each case, it is probable that they represent
sibling colonies and should not be considered independent

J. BACTERIOL.

strains. We therefore believe that the five isolates represent
three distinct strains, which are referred to as Q, P (comprising
P1 and P2), and BAM (BAM17 and BAM21) below. The
I-Ceul digests contained four bands for each of the three
strains. This enzyme is known to cut within the 23S rRNA of P.
stutzeri and typically produces four chromosomal fragments for
this species (19). I-Ceul fragments at approximately 210 and
1,900 kbp were obtained for all five strains (Fig. 2). Pacl di-
gestion resulted in three to five fragments for each strain. A
fragment at 1,850 kbp was obtained for all of the strains. Spel
digestion resulted in 9 to 13 fragments, the majority of which
were <450 kbp long. None of the fragments was obtained for
all three strains, although several were obtained for two strains
(data not shown). The integron-containing Q and BAM strains
both produced a large 700-kbp fragment. The estimated ge-
nome sizes for these strains were 3.7 Mbp (P strains) to 3.9
Mbp (BAM and Q strains).

Previous studies of the P. stutzeri species complex have
shown that it has exceptional genetic diversity (37). Various
data, including 16S rRNA sequence (2, 20) and chromosome
architecture (19) data, correlate with subgroups termed geno-
movars. Given the identical 16 rRNA sequences of strains Q,
P, and BAM and the similar pattern generated by restriction
digestion, these three strains are almost certainly members of
the same genomovar. No evidence for the presence of plasmids
in any of the three strains was obtained with undigested sam-
ples electrophoresed in PFGE gels (data not shown).

Compilation of integron sequences. The integron sequences
of strains Q and BAM17 were assembled from a series of
overlapping fragments generated by PCR (Fig. 1). In the case
of strain Q a fortuitous mispriming event with HS287 down-
stream of intl resulted in recovery of the complete core inte-
gron sequence. Thus, the compiled 5,957-bp sequence con-
tained an intact intl gene, a putative a#tl site, and an array of
eight gene cassettes. This integron was designated InPstQ. The
compiled sequence (7,275 bp) from strain BAM17 included a
partial intI gene, a putative aft] site, and nine gene cassettes,
and this integron was designated InPstBAM.

Since multiple copies of gene cassettes may be present in an
integron array (8, 23, 24) or gene cassettes may be free circular
molecules (9), the arrangement of cassettes within the inte-
grons of both strains was confirmed by PCR performed with
primers targeting intl (AJH21) and the terminal gene cassette
in the array (AJH25 in InPstQ and AJH38 in InPstBAM) and
subsequent restriction mapping of the products (Fig. 1; also
data not shown). Both cassette arrays described here include
only the cassettes that we could identify as contiguous. Both
strains possess additional cassettes recoverable by cassette
PCR. These are presumably contained in the same array, but
their order is unknown, as is the total number of cassettes in
the array.

Relationship to other integrons. Because of the mobility of
gene cassettes, the relationship of integrons is not reflected by
their gene cassette arrays. However, the core components of
integrons represent stable genetic units whose sequence rela-
tionships reflect the evolutionary history of the integrons.
Here, comparative sequence analyses were performed for both
the coding regions of integrons (int) and the noncoding re-
gions of integrons (sequences between the start codon of int/
and the core site of attl). Collectively, these analyses indicated
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FIG. 4. Evolutionary relationships of integrons based on IntI se-
quence analysis. There is no clear pattern of integron relationships
based on Intl sequence for most known examples. The exceptions are
the clades marked Vibrio cluster, Class 2 cluster, and Pseudomonas
cluster. The numbers at the nodes leading to these groups indicate the
levels of bootstrap support (100 replicates). Each of these groups is
also supported by significant sequence conservation within the non-
coding regions of the members. Evolutionary distances were calculated
from an alignment of 278 positions (positions 40 to 308, Intl number-
ing) with PROTDIST by using the Dayhoff/PAM amino acid scoring
matrix. A neighbor-joining tree was constructed by using NEIGH-
BOUR with XerD (Escherichia coli) as an outgroup. The sequences
used and their source species (when they were not from mobile ele-
ments) are as follows: IntIVchA from Vibrio cholerae (accession no.
af055586), IntIVmiA from Vibrio mimicus (af180939), IntIVmeA from
Vibrio metschnikovii (ay014398), IntIVpaA from Vibrio parahaemolyti-
cus (ay014399), IntILpeA from Listonella pelagia (ay014401), IntIVHiA
from Vibrio fischeri (ay014400), Intl6_Pu2 (af314191), Intll
(af071413), IntI2 (ap002527), IntI3 (d50438), Intl7_Pull (af314190),
IntI8_Bal2 (af314189), IntIPal from P. alcaligenes (ay038186), Intl
pRVS1 (aj277063), and IntIXcaA from Xanthomonas campestris
(af324483). The sequences for IntIGsuA, IntISon, and IntITde were
derived from preliminary genome sequence data for G. sulfurreducens,
S. oneidensis, and T. denticola obtained from The Institute for
Genomic Research web site (http:/www.tigr.org). The sequence of
IntINeuA was derived from the completed genome sequence of N.
europaea, which was obtained from the DOE Joint Genome Initiative
web site (www.jgi.doe.gov).

that the integrons recovered from our P. stutzeri strains are
related to a chromosomal integron in P. alcaligenes ATCC
55044 (47).

In phylogenetic analyses of Intl sequences a group com-
prised of integrons found in Pseudomonas species was ob-
served with all methods of analysis. The level of support for
this group in bootstrap analyses was, however, only moderate
(Fig. 4). The relationship of IntINeu to this Pseudomonas clus-
ter is worthy of comment. This sequence consistently branches
closest to the Pseudomonas cluster, but it is derived from a
chromosomal integron in a very different bacterial species, N.
europaea, a member of the B-proteobacteria. Intl_IEL showed
no significant relationship to any other integron integrase se-
quence.
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In55044 GTCGCRATTGCTCCCTGATTCATGTCGCATCTCCTGATGCCATCTG
InPstQ GGTGCATACCCTCCCAAA. .CAGGTCGTC . CTGACCCGGAAAGCAG
InPstBAM GGTGCATACCCTCCCAAA. .CAGGTCGTC.CTGACCCGGAAAGCAG
Cons GG GCA CTCCC A CA GTCG cT ACG
In55044 CAGG.CTAGACAAGGACTTGCTGGACGACAAGGAACGTTATGCGAC
InPstQ CAG.CCTAGACAAGGAATAAGGAAATGACAAGGAAGATTATCCACC
InPstBAM CAGACCTAGACAGGGAGTGAG.ARATGACAAGGAAGATTATCTACC
Cons CAG CTAGACA GGA T A GACAAGGAA TTAT
In55044 ACAAGTGGCGGAARAAATTACGCCGTTTGTGTCGTCTACTTATAG
InPstQ AGTCCCGCCCGGGAA . GTTATACGCCAACTGGCGTCTATTTATAG
InPstBAM AGTCCCGTTCGGGGA.GTTATGCACCACCTGGTGTCTATTTATAG
Cons A G G A TTA C TG GTCTA TTATAG

FIG. 5. Sequence alignment for the noncoding region of Pseudo-
monas cluster integrons. The sequences shown span the region from
the base adjacent to the start codon of intI to the insertion point of the
first gene cassette. This region contains the integron-associated art!
recombination site. Bases that are conserved (Cons) in all three se-
quences are shown in boldface type below the alignment.

Comparative analysis of the noncoding regions of integrons
confirmed the relationship predicted from the IntI analysis. All
three clusters observed in Intl trees showed significant se-
quence relationships in the noncoding regions. It is not possi-
ble to perform phylogenetic analyses equivalent to those done
with Intl using the noncoding region. The sequence is too
variable; the length ranges from 114 bp (IntI3) to 296 bp
(IntISon) in different integrons. However, significant conser-
vation of this region (71 of 137 bases are identical) in the three
Pseudomonas integrons does indicate that there was a recent
common origin (Fig. 5). The corresponding noncoding region
adjacent to IntINeu shows no similarity to the noncoding re-
gion in the Pseudomonas cluster integrons.

Cassette-associated genes. All 17 cassettes characterized
had the type A arrangement, containing a single ORF in the
forward orientation (45). In common with the vast majority of
previously described gene cassettes, no promoter sequences
were evident in these cassettes, and in most cases there was no
room for a promoter (Table 3). There were six cassette-asso-
ciated genes that gave database matches, but only two of the
matches were to families containing proteins whose functions
are known. orf96 is a member of a family of proteins that
includes the RNase inhibitor BARSTAR. Orfl15 showed a
significant relationship to a protein-tyrosine phosphatase fam-
ily (Table 3).

Given that the mechanism of gene cassette formation is
unknown, matches with other gene cassettes or with Pseudo-
monas genes are also of interest. Two of the cassette ORFs
showed a relationship to previously described gene cassette
ORFs. Orf208 exhibited similarity to the inferred product of a
cassette-associated gene from the V. cholerae N16961 integron.
This gene cassette has a 59-be of the VCR type (7), which is
not related to the Pseudomonas subfamily 59-be (see below).
Orf115 exhibited similarity to a hypothetical protein encoded
by a gene cassette (EGC003) cloned from soil (45). Although
the host integron(s) and 59-be sequence of EGC003 are un-
known, we observed that EGC003 originated from the same
soil sample as the P. stutzeri strains isolated in this study. Two
cassettes showed strong matches with hypothetical proteins
from Pseudomonas aeruginosa PAO1 (46). These were Orf135
(which matched PA2568) and Orfll5 (which matched
PA1506). Neither PA2568 nor PA1506 is cassette associated,
and P. aeruginosa PAO1 does not contain an integron.
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TABLE 3. Structures of gene cassettes found in P. stutzeri integrons

Cassette arrangement”

' > | ’ 59-be Matchin
Cassette ; l ] length (bp) proteinsg
1R Space 1 ORF length Space 2 1L
sequence (bp) (codons) (bp) sequence

PSBGC001 TTAGGC 8 135 42 GCCTAA 77 AAG05956"
PSBGC002 TTATGC 39 136 —67 GCATAA 76 None
BGC003 TTAAGA 14 104 -19 TCTTAA 101 None
PSBGC004 TTAGGC 58 282 28 GCCTAA 76 None
PSBGC005 TTAGcG 14 182 3 CaCTAA 76 None
PSBGC006 TTAGGt 23 173 2 gCCTAA 77 None
PSBGC007 TTAGAG 8 86 -6 CTCTAA 77 None
BGC008 TTAGGC 4 208 14 GCCTAA Unknown AAF96242°
PSBGC009 TTAGAG 6 68 -6 CTCTAA 77 None
BGC010 TTATAG 21 467 2 CTATAA 72 AAG57483¢
PSBGC011 TTATGC 27 168 14 GCATAA 76 None
PSBGC012 TTAGgC 7 96 -6 GtCTAA 76 CAA33551°¢
BGC013 TTAGGC 13 115 6 GCCTAA 101 AAG04895"
PSBGC014 TTAGGC 11 111 -6 GCCTAA 76 None
PSBGC015 TTATAT 16 215 -6 ATATAA 77 AAB41085%
PSBGC016 TTAGAG 15 227 —65 CTCTAA 78 None
BGC017 TTATGC 18 356 3 GCATAA Unknown None

“ The inferred circular cassette is shown as it appears in the integron array. 1R refers to the bases that would be located at the right side of the 59-be in its intact,
circularized form. 1L refers to the bases at the left side of the 59-be (Fig. 6). Space 1 is the region between the boundary of 1R and the start codon of the associated
OREF. Space 2 is the region between the stop codon and the boundary of 1L (a negative value means that the ORF extends into the 59-be). Bases that are complementary

between 1L and 1R are indicated by boldface type.

® orf135 has 30% identity and 53% similarity to gp:AAG05956, a hypothetical protein in the P. aeruginosa PAO1 genome (PA2568).

€ orf208 has 19% identity and 45% similarity to gp:AAF96242, a hypothetical cassette-associated gene product in the V. cholerae N16961 genome (VCA0334).

4 orf467 has 71% identity and 82% similarity to gp:AAGS57483, a hypothetical protein in the E. coli O157:H7 EDL933 genome (Z3620).

¢ orf96 has 26% identity and 52% similarity to gp:CAC44713, a possible RNase inhibitor from Streptomyces coelicolor.

forf115 has 50% identity and 73% similarity to gp:AAG04895, a possible protein tyrosine phosphatase in the P. aeruginosa PAO1 genome (PA1506). It also matches

putative gene cassette EGC003.

& orf215 has 24% identity and 45% similarity to gp:AAB41085, a hypothetical protein from Bacillus subtilis (YnaE).

59-be recombination sites. From the two cassette arrays a
total of 15 complete 59-be recombination sites were identified;
7 of these sites were in InPstQ, and 8 were in InPstBAM. The
integration of circular gene cassettes into a cassette array re-
sults in the native, circular gene cassette being opened within
the 59-be site. As a result of integration, the last six base pairs
of the 59-be, located within the 1R site (Fig. 6), are at the front
of the integrated gene cassette (Table 3). It follows that the
59-be sites observed in linear arrays are hybrids between two
adjacent gene cassettes. This is readily recognizable since the
imperfect inverted repeat structure of 59-be sites means that
1R is generally complementary to 1L with reference to the
inferred circular form of a cassette but is not necessarily com-
plementary to the observed integrated form. As shown in Ta-
ble 3, the complementarity of the 1L and 1R sites for the
inferred circular forms of the P. stutzeri integron gene cassettes
is consistent with the hypothesis that these arrays were com-
piled by IntI-mediated site-specific recombination.

The variability of 59-be sites within the InPst cassette arrays
was relatively low (compared to the variability in arrays in class
1 integrons), and 12 of the 15 sites comprised a closely related
subfamily of 59-be recombination sites exhibiting a minimum
of 68% sequence identity. The structure of these 59-be sites is
distinctive in that the sites contain an insertion between posi-
tions m and n in the left portion of the site compared with the
majority of the previously characterized 59-be sites (Fig. 6).
Similar 59-be sequences were recently reported by Vaisvila et
al. for the integron In55044 located in the P. alcaligenes chro-

mosome (47). These authors designated all the cassette-asso-
ciated recombination sites in In55044 PAR elements (P. alcali-
genes repeat). Of the 32 PAR elements, 30 contained a
conserved sequence motif designated the PAR signature. This
sequence very closely corresponds to the m-n insertion (Fig. 6).
On the basis of our expanded data set, we believe that 59-be
contains the PAR signature if the sequence between positions
m and n exhibits more than 90% identity to the consensus
sequence CGYTCRCYYCGYTCRCT. The term PAR was
also used to refer to elements without the PAR signature (47).
Here, to avoid confusion, we refer to all the gene cassettes
possessing 59-be sites with this characteristic signature as
Pseudomonas subfamily bacterial gene cassettes (P*BGC).
Three of the gene cassettes identified in our study, BGC003,
BGC010, and BGC013, are not members of the Pseudomonas
subfamily. In the case of BGC010 and BGCO013 59-be sites,
there is no insertion at m-n, and in the case of BGCO003 there
is an insertion, but it is clearly not homologous to the PAR
signature (Fig. 6).

BLASTN searches of sequence databases with representa-
tive 59-be sequences from the P. stutzeri integrons were per-
formed. These searches revealed three instances in which
59-be sites belonging to the "BGC subfamily were detected in
unrelated integrons (Fig. 6). These were orfN in the class 1
integron In31 of P. aeruginosa isolate 101/1477 (27) (accession
number AJ223604 refers to this cassette as orfl in In101), orfO
in an unnamed class 1 integron in Acinetobacter baumanni
BM4426 (34) (accession number AJ251519 refers to this cas-
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iL 2L 2R iR
BGCO013 CTGCGGCCTAACAATGCGTICAAGC CGAAGCCGC 55 GCr**********gtctgggtgTTAGECCGCAG
aacA7 TTGGTGCCTAACAATTCGTTCAAGC CGAACTTGC 55 GCAAGTCGGCTTAACTCAGGCGTTAGGCACCAA
Position abecdefg+++++hij*klmn op+grs SRQPONMLKJIH++++++GFEDCBA
>EO>>>> >>> >>>> >> >>> LLLLL L L L L L L <L L L L LK
orfC5ab ATAATGCCCAACAAGGCACTGCTIGT CGGACAAATT 15 AATTTGCCGCAGAGT-GCGGCETTGGGCAGTTT
BGCO10 TARGGCTATAACAAAGCGCTGCTGT CGGACAAATT 15 GATTTGCCGCAGAGC-GCGGCGTTATAGCTCCG
Position abcdefg+++++hij*klm” nop+q rs SROPONMLKJIH++++++GFEDCBA
DOO>>>> >>> >>> >>> > >> <L<LLLLLLLLL L L <LLLL LKL
PSBGC002 GCAGTGCATAACAATGCGCTCAAAT - —ecifeAET TlE THSCER-GGEAC-CGGC~ 03 -GCCGGCCCCTTAGCTTAATCGTTATGCACTGC
PSBGC007 CCGAGCTCTAACAATGCGCTCAAAT - —ecifeae T Tole TifeiCeliN- GCGGAC-GGGC- 04 -GCCCGCCCCTTAGCTTAATGGTTAGAGCACAT
PSBGC009 GTATTCTCTAACCATGCGCTCAAAT--| 2 TS G- GGGAC-TGGC- 04 ~GCCAGCCCCTTAGCTTAATCGTTAGAGALRCAC
PSBGCO12 TTTATGTCTAACAAGGCGCTCAAAT -—[®EC] TG - GGGAC-GGCG- 03 -CGCCGCCCCTTAGCTTAATCGTTAGGCAARAC
PSorfx CAAATGCCTAACAATGCGCTCAAAG-~FIEC TIEGEI-GGGAC-CGGC- 03 -GCCGGCCCCTTAGCTTAATCGTTAGECATTTG
PSBGCO14 CATGCGCCTAACAAGTCGCTTAAAT-—oleC TEECIleA oil-GGGAC-GGEC- 04 -GCCCGCCCCTTAGCTT-TTCGTTAGGCACACA
P*RGCO01 TTCAAGCCTAACAAGTGGTTCAAAT-—#leC T A B CCGACGEEEC- 04 -GCCCGCCCCTTAACC-AAACGTTAGGCGTTAC
PSBGC004 GRATAGCCTAACAACTGGTTCAAAC--ETHECET THECHEAR-GGGAC-GGGC- 04 -GCCCGCCCCTTAACC-AAACGTTAGGCACAGC
PSBGCO0S GTAAGCACTAACAAGTGGTTCAAAT - —SETISGETT! TCHCT—GGGAC—GGGC- 04 -GCCCGCCCCTTAACC-AAACGTTAGCGCAAGG
PSBGCO06 TAAAACACTAACAAGTGGTTCAAAT - - e Tile -GCCCGCCCCTTAACC-AAACGTTAGGTTTATT
PSRGCO11 CAGACGCATAACAACTGGTTCAAAC~ e Tile -GCCCGCCCCTTAACC-AAACGTTATGCGCTTA
PSorfl CCCATTCCTAACAAATGGTTCAAAT - —oleCide C| -G-CCGCCCCTTAACC~AAACGTTAGGAATTCA
s SonBGC AATARGCCTAACAAATGGTTCAAAT- - ~GCCCGCCCCTTAACC-AAACGTTAARCATTAT
PSBGCO15 CGCARATATAACAACTGGTTCAAGC-—[®E Tl ~ACCGGCCCCTTAACC-AAACGTTATATTCACT
PSBGCO16 TATTCCTCTAACAATTGGTTCAAAGT - CETHEGETC GGGAC-GGGC- 04 -GCCCGCCCCTTAACC-AAACGTTAGAGGAATT
PSPAR 1 AAGGCATCTAACAATTGGTTCAAGT -~ - @ECHloGOT THeC) GGGAC-CGGC- 04 -GCCGGCCCCTTAACC-AAGCGTTAGATGCTTA
PSPAR 26 ATGAAACCTAACAAACGGTTCAAGTT - (e TIeGE T T!EC CGGAC-GCCCG 13 CGGTCGCCCCTTAACC-GTCCGTTAGGTATCAA
"PAR 5 GTCGCACCTAACAATGCGCTCAACTGCHECHHEART THETIeGEI-~GGAC-AGTCA 13 TGCCTGCCCGTTAGCTTAATCGTTAGGTGCTCA
BGCO03 TCGGCTCTTAACAAGTCGCTGTAGT --ACGCGGCCGATGGCCGC-CGGAC-GCCCT 26 -GGGCGCCGCTAAGCTT-CGCGTTAAGAGGCCA
Position abedefg+++++hiJ+k1lmANNANAAAAARAAAAAAANAADIOD+Y TS SRQPONMLKJIH++++++GFEDCBA

S55555> >>> >>>

>>> > >>

<LLLLLLLL L LKL <LK LKL

FIG. 6. Alignment of the inferred circular forms of *BGC 59-be sequences with representative 59-be sequences and the 59-be structural model.
Five bases flanking the 59-be site are shown at each end of the alignment. The gray shading indicates the 1L, 2L, 1R, and 2R regions proposed
to be Intl binding domains (44). The Position line indicates sites that are considered equivalent in all known sequences; a position at which there
is a lowercase letter characteristically complements a position indicated by the corresponding uppercase letter (also indicated by arrowheads). Plus
signs indicate positions that characteristically disrupt the inverted repeat. An 18-bp insertion at m-n, including the 17-bp PAR signature (47), is
diagnostic for the Pseudomonas subfamily. Conserved bases within this sequence are shaded. An insertion at the same site in BGC003 does not
conform to the signature and is considered heterologous. The BGC013 59-be is an illegitimate sequence that is missing 11 bp with respect to the
structural model (indicated by asterisks). The adjacent 9 bp of this element (integrated form) is unlikely to belong to the authentic BGC013 59-be
site and is indicated by lowercase letters. The sources of 59-be sequences not described in this paper are as follows: aacA7, accession no. U13880;
orfC5ab, accession no. AY035340; PorfX, accession number AJ251519; Porfl, accession no. AJ223604; sSonBGC, accession no. AE014299;
PSPAR 1, accession no. AY038186; "PAR 26, accession no. AY038186; and "PAR 5, accession no. AY038186.

sette as orfX), and one site in an integron-like cassette array in
the S. oneidensis genome (25). The genes associated with these
elements all encoded hypothetical proteins whose functions
are not known. Although Pseudomonas subfamily elements are
not unique to Pseudomonas spp., it is apparent that these
elements are not strongly represented in other currently known
integrons.

Of the three unaffiliated 59-be sites, two did show significant
matches with sites of previously described gene cassettes. The
BGCO010 59-be exhibited a significant match (83% identity)
with the recently described orfC5ab 59-be from a class 9 inte-
gron in V. cholerae SXT"" (26). The BGCO013 59-be was of
particular interest since the leftmost 86 bases of the element
exhibited 83% identity to the 59-be of a gene cassette encoding
the aminoglycoside resistance gene aacA7 (4). Positions S to H
with respect to the conserved structural model of 59-be have
apparently been deleted, and the remaining 15 bp do not show
significant homology to the aacA7 59-be (Fig. 6). It is likely
that the BGCO013 sequence, as observed, does not contain an
intact 59-be site. It is possible that the observed sequence
resulted from an illegitimate excisive recombination event that
removed an unknown gene cassette(s) from between BGC013
and P*BGC014 in this array, failing to reconstitute a 59-be site.

Recombination activity. To determine if InPstQ was capable
of assembling gene cassettes, the IntIPstQ recombinase and
the attl recombination site were tested for recombination ac-
tivity in cointegration assays. The potential target recombina-
tion sites for attIPstQ were attl1, dfrB2 59-be, and orfA 59-be
(Fig. 1) contained in the class 1 integron In3. The frequency of
conduction in these experiments was approximately 4 orders of
magnitude above the background frequency (Table 4). These
data indicate that both IntIPstQ and a#IPstQ are functional.
The participating recombination sites in In3 were determined
by PCR mapping of 24 individual cointegrates (from six inde-
pendent crosses). A marked preference for insertion at the
orfA 59-be was found (23 cointegrates). The remaining cointe-
grate had a PCR product length consistent with insertion at the
dfrB2 59-be. These insertion sites were confirmed by sequenc-
ing cointegrates for five (independent) predicted orfA recom-
bination events, as well as the predicted dfrB2 insertion (data
not shown). In each of these cases the sequence was consistent
with a recombination crossover point within the a#tIPstQ and
59-be core sites, as is the case for site-specific recombination
reactions catalyzed by both IntI1 and IntI3 (15, 36).

Conduction assays with the target recombination sites de-
scribed above were also performed to test if the 59-be sites of
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TABLE 4. Recombination activity of integron components from P. stutzeri strain Q

Fragment

Cointegration

Integrase Test plasmid Test element length (bp)* Range frequency?

IntI1 pMAQ28 aadB 59-be 202/198 4.5%x107°-1.6 X 102 1.1 X102 5)°
IntI1 pPMAQ707 PSBGC001 124/114 21X 107*25x1073 1.3 X 1073 (6)
IntI1 pMAQ708 PSBGC002 150/183 6.8 X 107°-3.6 X 10~* 21x10°* “4)
IntI1 PMAQ709 BGC003 216/138 1.7 X1073-7.7 x 1073 4.7 X 1073 (2)
IntI1 pACYC184 None 88 X107 74.5x10°° 29X 107°(4)
IntIPstQ pPMAQ702 attl 121/19 9.2 X 1073-5.0 X 1072 3.1 X 1072(7)
IntIPstQ pMAQ28 aadB 59-be 202/198 25%X107°-8.0x10°° 4.7 X 107°(4)
IntIPstQ pMAQ707 PSBGC001 124/114 31 x107%-9.8 x 107° 5.6 X 107° (4)
IntIPstQ pMAQ708 PSBGC002 150/183 1.6 X 1077-2.6 X 10°° 1.2 X 107° (4)
IntIPstQ pPMAQ709 BGC003 216/138 54x1077-2.9x10°° 2.0 X 107°(4)
IntIPstQ pACYC184 None 1.6 X 1077-3.4 x 10°¢ 1.0 X 107°(7)

“ The numbers are the numbers of base pairs on either side of the predicted recombination crossover point.

® Averages. The numbers in parentheses are the numbers of independent assays.

¢ Control value reported by Collis et al. (14).

PSBGC001, P*BGC002, and BGCO003 from P. stutzeri strain Q
were functional recombination sites. Surprisingly, when tested
with IntIPstQ, these three elements were inactive since the
cointegration efficiency was not significantly greater than that
of a no-element control (Table 4). As IntIl is known to rec-
ognize a number of disparate 59-be sites, we tested the ability
of this integrase to recognize "*BGC001, "BGC002, and
BGCO003. With IntI1 as the integrase all three 59-be sites were
found to be active, and the conduction frequencies were 2 to 3
orders of magnitude above the background frequency (Table
4).

DISCUSSION

It is not yet possible to directly assess the abundance and
diversity of integron-containing organisms in nature. Crude
estimates of abundance may be based on the incidence of
integrons in genome sequences. At the time of this study, 7 of
the 106 partial or complete genome sequences available for
searching through the National Center for Biotechnology In-
formation contained integrons. Given that viable bacterial
counts are typically >10° cells g of soil %, even allowing for
biases in the bacterial genome sample set, an estimate of 10°
In* bacteria g of soil ! is very conservative. This estimate is
consistent with the abundance and diversity of components of
the integron-gene cassette system that can be directly recov-
ered from soil DNA samples (31, 45). Thus, although the
functional significance of integron-gene cassette diversity is
largely unknown, it is evident that integrons and gene cassettes
are sufficiently common to strongly influence bacterial evolu-
tion.

Diversity of integrons. The simplest means of recognizing
integron diversity is on the basis of sequence divergence in the
intl gene. The levels of pairwise Intl sequence identity of
known integrons range from ca. 50 to 99%. The partial inte-
gron recovered from the Lidsdale enrichment clearly repre-
sents a new class of integrons that forms a distinctive line of
descent within the IntI radiation (Fig. 4).

The integrons recovered from the P. stutzeri Q and BAM
strains exhibit high levels of identity and are considered rep-
resentatives of a single, new class. Comparative sequence anal-
yses of both coding and noncoding regions of integrons indi-

cate that the two InPst integrons, together with In55044 found
in P. alcaligenes ATCC 55044, comprise a distinct subfamily of
integrons. The support for a monophyletic Pseudomonas group
in IntI trees was only moderate (74% bootstrap support). This
reflects poor resolution of the IntINeu sequence in these trees,
probably because of the incomplete nature of current integron
integrase sequence databases. An analysis of the noncoding
region between intl and the attl core site provided unambigu-
ous support for a monophyletic group that includes the
Pseudomonas cluster integrons but not the integron from N.
europaea.

There are notable parallels between the Pseudomonas group
of integrons and some of the integrons found in Vibrio species
(39). In both cases, organisms that are related as determined
by 16S rRNA phylogeny possess closely related integrons, as
determined by both Intl and noncoding region analyses, and
are strongly associated with distinctive 59-be subfamilies. This
suggests the possibility that there is a degree of fidelity among
certain integrons, gene cassettes, and bacterial species. Inter-
estingly, of the three P. stutzeri strains examined here, one did
not contain an integron and the two integron-containing
strains had nonoverlapping gene cassette contents. Clearly,
further investigation of this issue with respect to population
structure in both Vibrio and Pseudomonas requires strain col-
lections that are much larger than those that are currently
available and extensive testing of organisms that do not belong
to these genera.

Recombination activity. The integrative and excisive recom-
bination activities of the integron-gene cassette system involve
an integron integrase and two types of recombination sites. All
components of InPstQ tested here were shown to participate in
site-specific recombination when appropriate combinations of
reaction partners were present. These partners include both
the integrase protein and the a#t/ site since IntIPstQ mediates
recombination between attIPstQ and at least the two different
59-be sites located in In3. In addition, 59-be sites found in P.
stutzeri-associated cassettes are active since all three elements
tested were recognized by IntIl.

The fact that IntIPstQ was apparently unable to recognize
any of the P. stutzeri- associated 59-be sites was possibly an
artifact of the conduction assay. Data from experiments with
the extensively studied integron IntIl have clearly demon-
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strated that there are strong partner site preferences (14).
While other explanations are also possible, the simplest expla-
nation is perhaps that IntIPstQ has a rigid requirement for
recombining elements with its own a#l site, an option not
available in the present assay system since the only available
attl site in In3 is attll. Further experiments are required to
clarify this question. Notwithstanding the fact that IntIPstQ
may have strong partner site preferences, it is still clear that
this protein is capable of recognizing members of the 59-be
family, a phenomenon seen with all other integron integrases
that have been tested for this activity. These include IntI3 (15),
IntISon (17), and IntIVchA (39). Consequently, it is likely that
gene cassettes can be captured by a disparate range of inte-
gron-containing organisms.

Evolutionary significance of integrons. The species concept
for prokaryotes has long been debated (38). It is now widely
accepted that a large part of bacterial diversity arose via lateral
gene transfer (33). With this background, our observations
take on new significance in the species-genome concept (3). In
this model, species contain a core set of genes that are very
rarely transferred and whose sequence reflects the evolution-
ary history of the cell. They also include a much larger auxiliary
set of genes that is distributed across the population. This gene
set may more easily transfer between members of the popula-
tion and occasionally may transfer to different species. In an
evolutionary context this presents an interesting dilemma for
cells containing integrons. The ability of an integron to assem-
ble useful sets of genes is restricted by the extent of contact
between integrons and gene cassettes. However, we might also
expect that the usefulness of an integron to a host population
is determined by the ability of the population to restrict export
of gene cassettes to competing populations. The apparent pre-
disposition of some integron and gene cassette subfamilies for
particular genera is highly significant in this regard.

By virtue of the activity (23) and prevalence (31, 40) of
integrons and the diversity of the associated gene cassette pool
(45), integrons clearly have the potential to exert tremendous
influence over the evolution of bacterial genomes. The core
components of integrons comprise a very simple structure that
has been observed to reside within a range of higher genetic
elements, including insertion sequences, transposons, constins
(conjugative transposons), plasmids, and chromosomes (7, 16,
26, 29, 30, 42). This diversity of genomic context, in conjunc-
tion with the ability of at least some integrons to act as a
scaffold for multigene assembly, makes it increasingly likely
that we will observe the impact of integrons at all scales of
bacterial genome evolution.
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