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Pseudomonas aeruginosa, a ubiquitous gram-negative bacterium, is capable of colonizing a wide range of
environmental niches and can also cause serious infections in humans. In order to understand the genetic
makeup of pathogenic P. aeruginosa strains, a method of differential hybridization of arrayed libraries of cloned
DNA fragments was developed. An M13 library of DNA from strain X24509, isolated from a patient with a
urinary tract infection, was screened using a DNA probe from P. aeruginosa strain PAO1. The genome of PAO1
has been recently sequenced and can be used as a reference for comparisons of genetic organization in different
strains. M13 clones that did not react with a DNA probe from PAO1 carried X24509-specific inserts. When a
similar array hybridization analysis with DNA probes from different strains was used, a set of M13 clones
which carried sequences present in the majority of human P. aeruginosa isolates from a wide range of clinical
sources was identified. The inserts of these clones were used to identify cosmids encompassing a contiguous
48.9-kb region of the X24509 chromosome called PAGI-1 (for “P. aeruginosa genomic island 1”). PAGI-1 is
incorporated in the X24509 chromosome at a locus that shows a deletion of a 6,729-bp region present in strain
PAOL. Survey of the incidence of PAGI-1 revealed that this island is present in 85% of the strains from clinical
sources. Approximately half of the PAGI-1-carrying strains show the same deletion as X24509, while the
remaining strains contain both the PAGI-1 sequences and the 6,729-bp PAO1 segment. Sequence analysis of
PAGI-1 revealed that it contains 51 predicted open reading frames. Several of these genes encoded products
with predictable function based on their sequence similarities to known genes, including insertion sequences,
determinants of regulatory proteins, a number of dehydrogenase gene homologs, and two for proteins of
implicated in detoxification of reactive oxygen species. It is very likely that PAGI-1 was acquired by a large
number of P. aeruginosa isolates through horizontal gene transfer. The selection for its maintenance may be the
consequence of expression of any one of the genes of unknown function or the genes which allow P. aeruginosa
to survive under the conditions that generate reactive oxygen species. Alternatively, one or both of the
transcriptional regulators encoded in PAGI-1 may control the expression of genes in the P. aeruginosa

chromosome, which provides a selective advantage for strains that have acquired this genomic island.

Although it is a common inhabitant of soil and water,
Pseudomonas aeruginosa causes a variety of human infections
ranging from superficial skin infection to acute infections of
damaged sites such as eyes and invasion of tissues through
severe burns and wounds (4, 8, 24). This organism causes a
number of infections of mucosal tissues, such as those of the
urinary or respiratory tract (10, 25). The common predisposing
condition in patients that are infected by P. aeruginosa is some
form of breach in host defenses or the specialized nature of the
underlying disease, such as cystic fibrosis (2, 6, 11). It is also an
important nosocomial pathogen, and it contributes signifi-
cantly to the incidence of urinary tract infections (UTI) in
patients with indwelling catheters (2, 25). Many mucosal infec-
tions are difficult to eradicate due to several factors, the most
important of which is the relative poor activity of antibiotics
against P. aeruginosa due to multiple resistance mechanisms
expressed by the bacterium (13).

One of the many unanswered questions about P. aeruginosa
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infections relates to the genetic makeup of strains that are
responsible for the specific infections. Do all strains of P.
aeruginosa have a similar or identical genetic repertoire, in
which case the types of infections are solely determined by the
predisposing conditions of the patients? Alternatively, is the
genome of P. aeruginosa relatively plastic, in which case various
horizontal gene transfer mechanisms might have led to the
evolution of strains with specific determinants which allow
them to infect different compromised patients? Extensive
genomic rearrangements, as well as acquisition or loss of large
blocks of DNA, have been demonstrated in several surveys of
natural P. aeruginosa isolates (20). Evolution of pathogenic
variants from nonpathogenic or less virulent strains is a well-
documented phenomenon in many bacterial species. Lysogenic
conversion of bacteria by bacteriophages often enhances the
virulence of some organisms (26). Similarly, distinct disease
mechanisms operate in several bacterial species, and these
depend on the ability of commensal strains to acquire virulence
genes located on plasmids or on large DNA segments (5, 12).

Comparisons of several genomes of P. aeruginosa from dif-
ferent clinical sources may provide answers about the associ-
ation of specific genes with particular diseases. Moreover, com-
pletion of the sequencing project of the genome of P.
aeruginosa PAO1 (22) provides a reference for understanding
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TABLE 1. Strains and plasmids”

J. BACTERIOL.

Strain or plasmid Description Source

E. coli
DH5«a sSupE44A lacU169 ($680lacZAMIS) hsdR17 recAl endAl gyrA96 thi-1 relAl Gibco BRL
LE392 F~hsdR514(rrmy+) supE44 supF58 lacY1 galK2 galKT22 metB1 trpL Lab collection
TG1 supE hsdA5 thiA (lac-proAB) ¥'[traD36 proAB™ lacl9 lacZAM15] Lab collection

P. aeruginosa

LX1 to LX744
Supercos-DBI

PAO1 Wild-type laboratory strain
X13273 Blood isolate from UW clinical lab
X13397 Blood isolate from UW clinical lab
X16529 Blood isolate from UW clinical lab
S29712 Blood isolate from UW clinical lab
S35004 Blood isolate from UW clinical lab
H21651 Blood isolate from UW clinical lab
CF2 CF isolate from Boston, Mass.; nonmucoid
CF3 CF isolate from Gainesville, Fla.; nonmucoid
CF4 CF isolate from Tulsa, Okla.; nonmucoid
CF5 CF isolate from Columbia, Mo.; nonmucoid
CF18 CF isolate from a 24-month-old patient; nonmucoid
CF29 CF isolate from San Francisco, Calif.; mucoid
PA15 UTI isolate from Harboview
U2504 UTI isolate from R. Ramphal
u779 UTI isolate from R. Ramphal
UTI125 UTI isolate from Brad Cookson
W57761 UTI isolate from UW clinical labs
X24509 UTI isolate from UW clinical labs
Plasmids
M13mp18 Single-stranded filamentous phage vector

M13 clones containing UTI strain X24509-specific sequences
Cosmid vector

pDX4F8 Cosmid containing the left part of PAGI-1
pDX9ES Cosmid containing the left part of PAGI-1
pDX11G5 Cosmid containing the middle part of PAGI-1
pDX11E6 Cosmid containing the right part of PAGI-1

Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection
Lab collection

Novagen

This study
Stratagene
This study
This study
This study
This study

“UW, University of Washington; CF, cystic fibrosis.

changes at the genomic level which allow this organism to
thrive in such a wide range of environments. Although PAO1
was originally isolated from a clinical source, it has been pas-
saged extensively on laboratory media for more than 3 decades
and is therefore very likely adapted to laboratory conditions.
Here we report the preliminary identification of DNA seg-
ments present in a strain of P. aeruginosa isolated from a
patient with a UTI and absent in strain PAO1. One such
segment was sequenced and was shown to be present in the
majority of clinical isolates. The analysis of this DNA segment
provides several clues about the potential virulence properties
that the gene products of this island confer on P. aeruginosa.

MATERIALS AND METHODS

Strains, plasmids, and growth of bacteria and M13 phages. The bacterial
strains, plasmids, and phages used in this study are listed in Table 1. P. aeruginosa
and Escherichia coli were grown at 37°C on Luria-Bertani (LB) medium (21). For
plasmid maintenance, media were supplemented with 100 g of ampicillin per ml
for E. coli and 150 p.g of carbenicillin per ml for P. aeruginosa. M13 phages were
propagated at 37°C in LB medium in the presence of E. coli TG1.

Preparation of P. aeruginosa chromosomal DNA for the construction of librar-
ies and Southern blot analyses. A 20-ml overnight culture from a single colony
was centrifuged at 1,700 X g for 10 minutes; the pellet was then washed with an
equal volume of 0.85% NaCl followed by a second wash with TES (10 mM
Tris-HCI, 25 mM EDTA, 150 mM NacCl [pH 8.0]). The bacteria were suspended
in 10 ml of TE (10 mM Tris-HCI, 25 mM EDTA). Then, 0.5 ml of 20% sodium
dodecyl sulfate was added to the suspension and the cells were incubated at 37°C
for a few minutes until the suspension cleared. The lysate was extracted with

Tris-buffered phenol (pH 8.0), followed by Tris-buffered phenol-chloroform. The
DNA in the aqueous phase was precipitated with 1/10 volume of 3 M sodium
acetate (pH 4.8) and 2 volumes of ethanol. The DNA was spooled out with a
glass rod, rinsed with 1 ml of 70% ethanol, air dried, and then resuspended in TE
containing 20 pg of RNase per ml.

Construction of an M13 library of P. aerugii chr 1 DNA frag-
ments. Approximately 100 wl of chromosomal DNA was sheared for 5 s on a
W380 sonicator (Ultrasonics, Inc.) using the following settings: duty cycle, 68%:;
output control, 41/2 position; cycle time, continuous. The sonicated DNA was
repaired by T4 DNA polymerase (Boehringer Mannheim) in 20 wl of 5X buffer,
2 pl of 10 mM deoxynucleotide triphosphate, 3 pl of T4 DNA polymerase (10
U/ul), and 75 pl of sonicated DNA solution at 37°C for 1 h. The blunt-ended
DNA was size fractionated by agarose gel electrophoresis. Fragments between
1.5 and 3.0 kb were recovered using a gel extraction kit (Qiagen). The fragments
were treated with T4 DNA polymerase and purified using the PCR product
purification kit (Qiagen). The DNA concentration was determined spectropho-
tometrically and adjusted to 50 ng/pl. The ligation mixture (10 pl) consisted of
50 ng of the P. aeruginosa DNA, 50 ng of M13mp18 replicative-form DNA which
had been predigested with Smal and dephosphorylated (Novagen), and 200 U of
T4 DNA ligase (New England Biolabs) and was incubated at room temperature
overnight. Aliquots of this ligation mixture were used to transform E. coli TG1
and plated in soft agar, overlaid on L-agar, plates containing X-Gal (5-bromo-
4-chloro-3-indolyl-B-D-galactopyranoside) and IPTG (isopropyl-B-p-thiogalacto-
pyranoside) as described by Sambrook et al. (21). White plaques were recovered
following overnight incubation at 37°C.

Preparation of the arrays for differential genomic DNA hybridization. White
plaques from the M13 library plates were inoculated into 1 ml of a suspension of
E. coli TG1 cells (grown overnight and resuspended 1:200 in LB medium) in
96-well plates (Beckman) containing two 3-mm glass beads (VWR Scientific).
The plates were covered with sterile filter paper and incubated 12 to 14 h with
shaking at 37°C. The following day, the plates were centrifuged at 1,700 X g for
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30 min and 100 pl of the phage-containing supernatant was transferred to
polypropylene microtiter plates.

A 96-pin metal spotting device (Nalgene/Nunc) was used to spot aliquots of
the M13 phage mixture in duplicate onto two sets of 7.9- by 11-cm nylon
membrane sheets (Hybond-N+; Amersham). The sheets were treated by se-
quential 5-min exposure to filter paper saturated with a solution of 1.5 M
NaCl-0.5 M NaOH, followed by a neutralization step on sheets impregnated
with 1.5 M NaCl-0.5 M Tris-HCI (pH 7.5). The nylon sheets were then rinsed in
5% SSC (20x SSC is 0.3 M sodium citrate and 3 M NaCl), air dried, baked at
80°C for 2 h, and soaked in 5X SSC prior to hybridization. Chromosomal DNA
probes were prepared by sonication of total DNA from PAO1 and from the UTI
strain X24509, followed by purification using a PCR purification kit (Qiagen).
This DNA was labeled with a Gene Image random primer labeling kit (Amer-
sham). The filters were hybridized with the probes and detected using the
instructions and conditions provided by the manufacturer except that the wash-
ing temperature was increased to 62°C. One set of the membranes was hybrid-
ized with the PAO1 chromosomal DNA probe, while the other set was hybrid-
ized with the X24509 chromosomal DNA probe. M13 clones which were positive
for the X24509 probe hybridization but negative for PAO1 probe hybridization
were recovered and used as templates for DNA sequencing of the inserts. To
assess the distribution of the insert sequences among different P. aeruginosa
isolates, M13 clones that did not react with the PAO1 probe were rearrayed on
fresh nylon sheets and probed with labeled chromosomal DNA from 19 different
P. aeruginosa strains.

Construction and screening of a cosmid library of P. aeruginosa X24509. The
large insert DNA fragments were prepared by limited digestion of purified
X24509 chromosomal DNA with 0.8 U of Sau3A (New England Biolabs) in a
100- .l volume at 37°C for 1 h. The enzyme was inactivated by heat treatment at
67°C for 10 min. The DNA was extracted with 1 volume of phenol-chloroform (1
volume/1 volume) followed by ethanol precipitation. The DNA fragments were
resuspended in 80 pl of water and dephosphorylated with 10 U of calf intestinal
alkaline phosphatase (Promega) at 37°C for 1 h. The phosphatase was heat
inactivated and extracted with phenol-chloroform, and the DNA was precipi-
tated with ethanol. Vector DNA (Super-Cos-DBI) was digested with BamHI,
dephosphorylated, and purified as described for the preparation of chromosomal
insert DNA. Ligation was performed in a total volume of 10 pl containing 5 pg
of insert DNA, 1 ng of vector DNA, and 200 U of T4 DNA ligase at room
temperature overnight. Packaging into lambda particles and recovery of cosmid
clones was done as described in the protocol provided by the supplier of the
packaging extracts (Stratagene). Clones were grown in 96-well plates, and fol-
lowing addition of glycerol to 25%, they were stored frozen at —80°C. The library
consisted of a total of 19 copies each of 96 individual cosmid clones. For
hybridization with labeled DNA probes, aliquots of the library were spotted onto
nylon membranes with a 96-pin spotting tool and hybridized with specific DNA
probes derived from selected M13 clones that contained X24509-specific seg-
ments.

Sequencing of M13 clones and cosmids. Single-stranded DNA for a small
number of M13 clones were prepared as described by Sambrook et al. (21). One
end of the single-stranded DNA was sequenced with the reverse primer GTTT
TCCCAGTCACGACGTTG. The other ends of some clones were sequenced by
first PCR amplifying the entire M13 insert and then sequencing the product with
the forward primer CAGCTATGACCATGATTACG. The cosmids were prop-
agated in E. coli DH5« and were purified using the Qiagen midiprep kit. Ends of
the cosmids were sequenced with the T3’ primer GGCGTATCACGAGGCCC
TTTC and the T7' primer CGATGATAAGCGGTCAAAC. The DNA sequence
of the entire cosmid was determined following the construction of an M13 library
using sonicated DNA as described for the construction of the M13 library from
chromosomal DNA. The individual reads from the shotgun sequencing of the
M13 clones were assembled into contigs using the base-caller program Phred and
the assembly program Phrap (7).

Nucleotide sequence accession number. The PAGI-1 sequence determined in
this study was submitted to the National Center for Biotechnology Information
(NCBI) gene bank under accession no. AF241171.

RESULTS

Identification of sequence present in the genome of a UTI
isolate of P. aeruginosa and absent from PAO1. A library of
random fragments of chromosomal DNA from UTI isolate
X24509 was constructed in M13mp18 and plated onto media
with X-Gal. Phages from white (i.e., insert-containing) plaques
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FIG. 1. Differential genomic DNA hybridization array. A library of
DNA fragments from P. aeruginosa X24509 in M13 was spotted, in
duplicate, onto two sets of nylon membranes. One membrane was
probed with genomic DNA from P. aeruginosa PAO1 (A), and the
other was probed with genomic DNA from X24509 (B). The boxed
spots show the clones that carry DNA inserts that show significantly
reduced hybridization with the PAO1 probe and therefore are likely to
be X24509 specific.

were propagated in 96-well plates, and small aliquots were
arrayed onto nylon sheets in duplicate. One set of the arrayed
clones was probed with labeled DNA from X24509, while the
second set was probed with PAO1 DNA. The hybridization
results are shown in Fig. 1. The phages that show X24509-
specific hybridization are indicated, and the corresponding
clones should carry DNA fragments that are present in the
X24509 genome but absent from the PAO1 genome. Approx-
imately 2,000 M13 clones were screened by differential
genomic DNA hybridization, and 74 putative clones of DNA
unique to X24509 were obtained. A number of clones that
reacted weakly with the PAO1 probe may contain inserts which
contain not only unique X24509 segments but also those that
may be present in PAO1, such as junction sequences of in-
serted elements. Alternatively, they may contain polymorphic
genes which react poorly with the PAO1 probe. A single se-
quencing read was generated from all 74 M13 clones using the
M13 reverse primer, and for a number of genes (see Table 2)
a sequencing read was obtained from the complementary
strand following PCR amplification of the insert DNA. When
these sequences were compared to the PAO1 genome using
the Basic Local Alignment Search Tool (BLAST) at the NCBI
(http://www.ncbi.nlm.nih.gov/Microb_blast/unfinishedgenome
.html), 54 out of 74 showed no corresponding sequences in the
PAOL1 genome. The sequence analysis is shown in Table 2.
One of the striking features of these sequences is the relatively
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TABLE 2. X24509-specific sequence information®

Name GC % Homolog product (range) Identity (%)
LX4 53.11 tRNA-splicing endonuclease positive effector of Schizosaccharomyces pombe (1512-1707) 28
LX5 55.00 Posterior end mark of Ciona savignyi (224-325) 26
LX5R Integrase of Actinobacillus actinomycetemcomitans (7-77) 25
LX7 66.05 Lytic enzyme of Pseudomonas aeruginosa (1-209) 62
LX9 60.41 Gag of human endogenous retrovirus K (168-352) 26
LX10 50.34 Cap5SF of Staphylococcus aureus (150-367) 42
LX12 59.78 1-400, PAO1 sequence, others, putative homeobox protein of Macaca mulatta (56-89) 43
LX12R Protein kinase B of Pseudomonas aeruginosa (106-151) 45
LX15 59.05 FGF homolog of Drosophila melanogaster (509-598) 32
LX16 63.82 Calcium channel alphal subunit of Homo sapiens (907-1003) 33
LX17 63.79 Polymerase of rice ragged stunt virus (453-512) 37
LX18 63.96 Tn4652 transposase of Pseudomonas putida (820-876) 31
LX19 54.79 Heat shock protein HtrC of Escherichia coli (48-156) 27
LX21 64.59 Homeodomain protein of Homo sapiens (172-213) 38
LX23 57.89 Probable membrane protein YDR221w of Saccharomyces cerevisiae (453-546) 23
LX24 61.65 Putative oxidoreductase of Streptomyces coelicolor (140-337) 31
LX24R Polyketide synthase of Streptomyces ambofaciens (499-558) 35
LX26 46.09 MTG8-related protein of Homo sapiens (413-448) 38
LX29 65.16 Homeobox protein of Homo sapiens (73-140) 49
LX29R No hit
LX30 59.46 Hypothetical protein 2 (PicA 5’ region) of Agrobacterium tumefaciens (5-80) 31
LX30R PAO1 sequence
LX31 49.65 PAO1 sequence
LX31R Peptide synthetase of Claviceps purpurea (51-110) 30
LX32 56.79 51-377, pilin biogenesis protein (PilB) of Pseudomonas aeruginosa 97

384701, pilin biogenesis protein (PilC) of Pseudomonas aeruginosa 76
LX32R 22-753, pilin biogenesis protein (PilC) of Pseudomonas aeruginosa 73
LX35 56.74 Outer membrane protein of Campylobacter jejuni (82-242) 27
LX36 52.76 Probable membrane protein YMR317w of Saccharomyces cerevisiae (424-512) 42
LX37 50.31 Putative cell division protein of Escherichia coli (7-289) 38
LX38 48.99 20-B-hydroxysteroid dehydrogenase of Streptomyces exfoliatus (30-153) 33
LX39 52.24 Regulatory protein mnt of Bacteriophage P22 (1-36) 50
LX40 60.20 Hypothetical protein Rv3633 of Mycobacterium tuberculosis (120-262) 38
LX40R Putative oxidoreductase of Streptomyces coelicolor (286-398) 33
LX41 61.65 Hypothetical protein Rv3854c of Mycobacterium tuberculosis (188—413) 53
LX41R PpdK of Mycobacterium tuberculosis (94-171) 35
LX42 53.24 Putative DNA-binding protein of Arabidopsis thaliana (359-390) 50
LX43 59.59 Intestinal mucin of Homo sapiens (156-206) 44
LX46 61.78 LipG of Mycobacterium tuberculosis (218-382) 47
LX46R LipG of Mycobacterium tuberculosis (11-159) 41
LX47 54.66 Reverse gyrase of Pyrococcus furiosus (93-148) 39
LX48 50.07 20-B-hydroxysteroid dehydrogenase of Streptomyces exfoliatus (8-189) 31
LX49 54.14 Receptor interacting protein 140 of Mus musculus (513-600) 26
LX50 61.84 Polyketide synthase of Streptomyces hygroscopicus (4400-4489) 29
LX51 57.08 Hypothetical protein Rv3574 of Mycobacterium tuberculosis (32-182) 28
LX52 62.00 Late expression factor 8 of Lymantria dispar nucleopolyhedrovirus (614-637) 50
LX53 49.70 Putative protein of Arabidopsis thaliana (167-196) 46
LX54 64.37 6-Deoxyerythronolide B synthase II of Saccharopolyspora erythraea (2678-2745) 36
LX55 49.67 KIAAO0350 of Homo sapiens (352-389) 43
LX57 69.67 DNA topoisomerase I of Physarum polycephalum (81-170) 35
LXS8 61.25 VgrG protein of Escherichia coli (378-585) 34
LX59 52.19 Annexin XI of Mus musculus (132-187) 42
LX60 52.38 Etr-3 of Xenopus laevis (204-334) 21
LX61 62.38 Lactate dehydrogenase of Neisseria meningitidis (314-358) 36
LX62 56.11 SLM-2 of Mus musculus (219-266) 39
LX63 66.4 Chitinase of Emericella nidulans (426-604) 24
LX64 50.00 No hit
LX66 59.00 Long ORF of TT virus (26-81) 34
LX67 56.56 2-Isopropylmalate synthase of Schizosaccharomyces pombe (15-201) 54
LX68 56.86 1S911 hypothetical protein, variant (IS911A4) of Escherichia coli (14-108) 49
LX69 59.14 Putative transposase subunit of Pseudomonas alcaligenes (45-130) 33
LX70 57.00 Chitinase of Emericella nidulans (362-446) 30
LX72 58.50 Glycosyltransferase of Pseudomonas aeruginosa (157-237) 59
LX73 67.57 Uptake hydrogenase of Rhodobacter sphaeroides (136-220) 31
LX74 41.57 Ribosomal maturase of Rhododendron edgeworthii (159-274) 29

“ Bold type indicates the sequences of the four clones which were used to screen the cosmid library. Ranges show positions in base pairs. R, sequence from the other
end of M13 clone.
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low G+C content of most of the sequences, compared to that
of P. aeruginosa (66%) (22). This suggests that these segments
were very likely acquired by X24509 by horizontal gene transfer.

Distribution of X24509 DNA segments among different P.
aeruginosa isolates. In order to assess whether any of the
X24509 segments that were identified by differential genomic
DNA hybridization are present in other P. aeruginosa strains,
the 54 M13 clones of genes present in X24509 were arrayed, in
multiple copies, onto nylon sheets and probed with labeled
chromosomal DNA from a collection of P. aeruginosa strains.
A total of 18 different probes were used, representing six UTI
isolates, six blood isolates, and six strains obtained from pa-
tients with cystic fibrosis. The arrays were also probed with a
PAO1 probe. The summary of the hybridization results is
shown in Table 3. Certain M13 clones reacted only with the
X24509 probe, and they include LX4, LX19, LX26, LX42,
LX49, LX64, and LX67. Based on our limited survey, these are
X24509-specific segments that are not present in any other
isolates. Clones LX12, LX29, LX30, LX31, LX32, LX39,
LX51, LX53, LX57, and LX68 reacted weakly with the PAO1
chromosomal probe. All but one very likely contain homolo-
gous sequences from PAO1 at one end of the insert. Clone
LX32 carries the portion of the pilB and pilC chromosomal
segment, and the weak hybridization of the PAO1 probe is
almost certainly due to the polymorphic pilC gene. Finally,
certain M13 clones (LX24, LX40, LX41, and LX46) reacted
with the majority of probes from clinical strains. This group of
M13 clones was then used to identify the contiguous regions in
the P. aeruginosa X24509 chromosome in cosmid clones.

Cloning and sequencing of the pathogen-associated DNA
from P. aeruginosa. A cosmid library containing chromosomal
segments of P. aeruginosa X24509 was prepared, and it was
analyzed using DNA probes generated by PCR amplification
of inserts in M13 clones LX24, LX40, L.X41, and LX46. All of
the probes identified the same four cosmids, indicating that the
probes were derived from a single contiguous region of the
X24509 chromosome. The sequence of the ends of four cosmid
clones (pDX4ES8, pDX9F8, pDX11G5, and pDX11E6) was
obtained using the primers T3" and T7’, which flank the clon-
ing site of the vector. The alignment of the cosmids and the
location of the four M13 clones used for screening of the
cosmid library is shown in Fig. 2. The T7 end of the insert in
cosmid pDX4ES showed identity to the sequence of the PAO1
genome (http://www.pseudomonas.com/; release date, 15 De-
cember 1999) increasing from bp 2438028, while the sequence
obtained from the T3 end was unique. The T7 end of cosmid
DXO9F8 is identical to the PAO1 sequence, increasing from bp
2437159, and the T3 end is unique. This indicates that the T7
ends of the inserts in both DX9ES8 and DX4F8 end within the
same region with a difference of ca. 900 bp. For the insert in
cosmid pDX11E®6, its T3 end is identical to the PAOI1 se-
quence, decreasing from bp 2456045, and its T7 end is a pre-
viously unknown sequence. For pDX11GS5, its T3 end was a
unique sequence, but its T7 end is identical to the PAOI1
sequence, decreasing from bp 5263148. The discrepancies of
the similar location of the ends of cosmids pDX4FS8, pDX9ES,
and pDX11E6 and the distal location of pDX11GS, relative to
the PAO1 genome, were resolved during sequencing of the
cosmids (see below).

The sequence of cosmids pDX4F8 and pDX11E6 was de-
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termined by a shotgun approach, following preparation of ran-
dom M13 libraries and obtaining single sequence reads from
ca. 1,200 M13 clones. Given an average read length of 500 bp,
approximately 600 kb of unique reads were generated, repre-
senting a 10-fold coverage of the sequenced DNA estimated to
be ca. 60 kb in size. The final contig was 60,180 bp in size from
the T7 end of cosmid pDX4F8 to the T3 end of cosmid
pDX11EG6. The BLAST search of the contig against the PAO1
genome sequence revealed that both ends of the contig contain
sequences identical to that of PAO1. The X24509-specific re-
gion designated PAGI-1 (for “P. aeruginosa genomic island 1”7,
which is absent from PAO1, starts at 925 bp and ends at 49,818
bp of the assembled contig. The length of the island sequence
is therefore 48,893 bp. The island sequence flanked by junction
sequences, i.e., those identical to the PAO1 sequences (1,575
bp on the left and 833 on the right), which correspond to the
sequences present in the PAO1 genome was submitted to the
gene bank of NCBI. Cosmid pDX11E6 contains bp 12311 to
48893 of PAGI-1, pDX11GS5 contains bp 801 to 43891 of
PAGI-1, pDX4FS8 contains bp 1 to 43474 of PAGI-1, and
pDXOES contains bp 1 to 48820 of PAGI-1. The locations of
the M13 inserts that identified the island, relative to the
PAGI-1 sequence, are as follows: LX24 is located at bp 25502
to 29068 of PAGI-1, LX40 is at bp 24392 to 26315 of PAGI-1,
LX41 is at bp 21478 to 23497 of PAGI-1, and LX46 is at bp
20192 to 21236 of PAGI-1.

Although both ends of PAGI-1 connect with PAO1 se-
quence from the same region, these sequences are not contig-
uous in PAOL. The left end of PAGI-1 was contiguous with the
PAO1 genome sequence at bp 2438952, while the right end was
at bp 2445682. This shows that a 6,729-bp PAO1 sequence
from bp 2438953 to 2445681 is replaced by PAGI-1 in strain
X24509. The insertion position of PAGI-1 and the replace-
ment of the PAO1 sequence are diagrammed in Fig. 3.

Sequence analysis and annotation of PAGI-1. The complete
nucleotide sequence of PAGI-1 was determined and the se-
quence was annotated. PAGI-1 is 48,893 bp in length. The
open reading frames (ORFs) of PAGI-1 were predicted using
the GeneMark method based on Markov chain models for
coding and noncoding regions of P. aeruginosa (14, 17). A total
of 51 putative ORFs were predicted, and their organization is
shown in Fig. 4. The protein sequence similarities of the
PAGI-1 genes were analyzed using the program based on the
BLAST algorithm (NCBI) and the e-motif search developed
by Craig G. Nevill-Manning, Thomas D. Wu, and Douglas L.
Brutlag, Biochemistry, Stanford University, and the results of
this analysis are shown in Table 4. Approximately one-half of
the genes are either hypothetical unknown or conserved hypo-
thetical unknown genes. Among the genes that could be as-
signed putative functions, the most notable are the remnants of
two transposable elements. Two genes, delineated by orf32-
orf33 and orf37-orf38, share high levels of similarity with ele-
ments encoding transposases A and B, respectively, which be-
long to the IS3 family of insertion sequences (19).

Annotation also revealed the presence of two putative tran-
scriptional regulators. orf5 encodes a polypeptide which shows
significant similarity to the RpoN-dependent subfamily of reg-
ulatory elements and is most closely related to the PrpR of
Salmonella enterica serovar Typhimurium (15). The predicted
product of orf30 shares similarity with putative regulatory pro-
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TABLE 3. Distribution of 55 X24509-specific sequences®

Name

Result for:

PAO1 X24509 UTII25 U779 U2504 W57761 U126 X13273 X13397 X1259 S29712 S35004 H21651 CF18 CF2 CF3 CD4 CF5 CF29

LX4

LXS

LX7

LX9

LX10
LX12
LX15
LX16
LX17
LX18
LX19
LX21
LX23
LX24
LX26
LX29
LX30
LX31
LX32
LX35
LX36
LX37
LX38
LX39
LX40
LX41
LX42
LX43
LX46
LX47
LX48
LX49
LX50
LX51
LX52
LX53
LX54
LX55
LX57
LX58
LX59
LX60
LX61
LX62
LX63
LX64
LX66
LX67
LX68
LX69
LX70
LX72
LX73
LX74
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¢ P, positive hybridization of M13 clones with the corresponding chromosomal probes; empty cell, negative hybridization result. Bold type shows the hybridization
profiles of the M13 clones which reacted with the largest number of chromosomal probes and were selected for the screen of the X24509 cosmid library.

teins in various Mycobacterium and Streptomyces species. This
protein, SrmR, regulates expression of polyketide biosynthetic
genes in Streptomyces ambofaciens (9). A number of genes
encode various dehydrogenases (orfS, -9, -14, -16, -18, and -23).
The left end of PAGI-1 also contains the coding sequence for
two proteins that are homologous to paraquat-inducible pro-
teins of E. coli (16). Paralogues of these genes were also iden-

tified in the P. aeruginosa genome, PAO4689 and PAO4690,
which share 89 and 96% identity with orf2 and orf3, respec-
tively.

The insertion of PAGI-1 is accompanied by deletion of a
6,729-bp region, relative to the PAO1 genome (Fig. 3). The
five genes which have been deleted (Table 5) include a gene
encoding a putative transcriptional regulator of the LysR fam-
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FIG. 2. Overlap of four cosmids that contain the X24509 genomic island PAGI-1. The cross-hatched regions indicate the junction sequences
that are also present in PAO1. The left-hatched regions represent PAGI-1 sequences. The black boxes represent regions containing sequences with
high degrees of similarity to a region in the PAO1 genome. The right-hatched boxes indicate the locations of the sequences of the M13 clones that
were used to screen the X24509 cosmid library. Also indicated are the locations of the junction sequences in PAGI-1 and the sequences in the
X24509 genome, with corresponding coordinates of the genome of strains PAO1. The locations of the T3 and T7 sites in the cosmid vector, used
for sequencing, are also shown.

ily (PAO2220) and a gene encoding a transposase (PAO2221)
which is homologous to a similar enzyme in Rhizobium sp.
strain NGR234. The insertion of PAGI-1 results in the dis-
ruption of a gene which specifies a hypothetical protein
(PAO2223) at the right junction, leading to the premature
termination of the coding sequence of PAO2223 by 187 bp.
The left junction between PAGI-1 and the rest of the chromo-
some is within a gene encoding a homologue of a-ketoglutarte

semialdehyde dehydrogenase (PAO2217). This protein is
probably unaffected by the presence of PAGI-1, because the
PAGI-1 sequence replaces two codons of PAO2217 (GTTG
CT) with ATTGAC followed by a termination codon, which
gives a polypeptide of identical size but with two different
carboxy-terminal amino acids (Val Ala replaced with Ile Asp).

Location of PAGI-1 sequences in different P. aeruginosa
strains. In order to assess the general pattern of PAGI-1 ac-

PAGI-1: 48,893bps
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FIG. 3. Location of PAGI-1 in the genome of P. aeruginosa. Shown are PAGI-1, the replaced 6,729-bp chromosomal segment, and the junction
sequences of the two flanking genes and PAGI-1. The cross-hatched bar represents the P. aeruginosa PAO1 genome. The genes within the replaced
region are indicated, based on the annotation of the PAO1 sequence. The DNA sequences shown in italics, at the junctions, are derived from
PAGI-1.
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FIG. 4. Annotation of the PAGI-1 sequence. The cross-hatched region indicates the junction of the island with the chromosome relative to the
coordinates in the PAO-1 genome. Also indicated are the locations of the homologues of the pgi4 and pgiB genes and probe 2 and probe 3, which
were used in the Southern hybridization. The gray arrows indicate the open reading frames in PAGI-1.

quisition in different P. aeruginosa isolates, we carried out a
Southern blot analysis of different P. aeruginosa strains using
probe 2 and probe 3 from two parts of PAGI-1 (Fig. 4) as well
as probe 1 from a portion of the 6,729-bp region of PAO1 (Fig.
3), which is replaced in X24509 by PAGI-1. When probe 1
(corresponding to the 5" portion of PAO2222 and the 3’ por-
tion of PAO2223) (Fig. 3) was used, several strongly hybridiz-
ing bands of the same size as seen in PAO1 were detected in
two strains from UTI patients (UTI125 and W57761) and
several blood isolates (X13273, X13397, S35004, and H21651).
The strongly hybridizing band indicates the presence of the
6,729-bp PAO1 segment in all of these strains, and additional
DNA bands of weaker hybridization can be detected in the
blots of these strains as well. Since one recognition site for Sa/l,
which was used for the digestion of chromosomal DNA, is
located outside the 6,729-bp region (Fig. 3), the identical size
of the strong band in Fig. SA indicates that this region is most
likely at the same location in all of these strains. Probe 2,
corresponding to the middle portion of PAGI-1 (correspond-
ing to orfl8) (Fig. 4), detected the presence of hybridizing
sequences in the majority of strains, including some that
showed hybridization to the PAO1-specific 6,729-bp probe 1
(Fig. 5B). These results indicate that in these latter strains
(UTT125, W57761, X13273, X13397, and S35004) the acquisi-
tion of PAGI-1 was not accompanied by deletion of the same
region, as was shown for X24509. Because the location of the

6,729-bp region is conserved, PAGI-1 in these strains is prob-
ably present at a location that is different from that of X245009.
Strain H21651 is similar to PAOI1, and it lacks PAGI-1 but
contains the PAO1 band. Finally, strain PA15 shows no hy-
bridization with either PAGI-1 probe 2 or probe 1 from the
deleted 6,729-bp region of the PAO1 chromosome. Therefore,
in this strain, a different genetic island is present at the same
location as PAGI-1. All strains hybridized with probe 3 from
the left portion of PAGI-1, encompassing orf2 and orf3 (Fig. 4),
and either one or two bands were observed (Fig. 5C). All of the
strains that were shown to carry PAGI-1 in Fig. 5B displayed
two bands. These results are consistent with the presence of a
highly homologous copy of these genes in PAO1, and appar-
ently in all other P. aeruginosa strains as well.

DISCUSSION

In this study, we developed an array-based differential
genomic DNA hybridization method to compare genomes of
different bacterial strains. This method is similar to the repre-
sentational-difference analysis that was used to detect genetic
differences between virulent and avirulent Mycobacterium bovis
strains (18) and between Neisseria gonorrhoeae and Neisseria
meningitidis (23). By identifying those segments of DNA in a
random-fragment phage library of P. aeruginosa X24509 DNA
which are absent from the genome of PAO1, we have shown a
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TABLE 4. Annotation of PAGI-1¢

No Identifi- Left Right Length GC Homolog nproduct Score or E
" cation” end end (bp) % S P stringency  value®
Dt 1 1584 1,584 PAO2217 of PAO1

1 Dt 1636 1692 57 66.67  No significant similarity

2 Dt 2140 2853 714 63.31  Paraquat-inducible protein A (Escherichia coli) 183 le™®

3 Dt 2846 5149 2,304 65.97  Paraquat-inducible protein B (Escherichia coli) 285 9e 70

4 Dt 5208 5711 504 59.92  No significant similarity

5 Rt 5777 7729 1,953 64.93  Propionate catabolism operon regulator prpR (Escherichia coli) 285 9e~7®

6 Dt 7899 8981 1,083 67.93  FadE36 (Mycobacterium tuberculosis) 48 le ™

7 Dt 8978 9334 357 66.95  Putative acyl-CoA dehydrogenase (Streptomyces coelicolor A3(2)]

8 Dt 9385 10557 1,173 68.37  Putative acyl-CoA dehydrogenase (Streptomyces coelicolor A3(2)] 225 Te 8

9 Dt 10557 11324 768 71.61  2-Deoxy-D-gluconate 3-dehydrogenase (Escherichia coli) 140 le

10 Dt 11366 13057 1,692 68.09  AMP-binding protein domain (Oryza sativa) 496 le %

11 Dt 13114 13437 324 63.27  Hypothetical protein (Escherichia coli) 60 5¢

12 Dt 13434 15092 1,659 64.86  Putative amino acid transport protein (Escherichia coli) 508 e 143

13 Rt 15156 15308 153 58.17  Amino acid permeases 10753

14 Rt 15382 16341 960 64.90  Hypothetical dehydrogenase (Streptomyces coelicolor A3(2)] 74 2e 12

15 Rt 16391 17644 1,254 65.79  Diaminobutyric acid aminotransferase (Halomonas elongata) 359 2e¢ %

16 Rt 17690 19114 1,425 66.25  Putative aldehyde dehydrogenase (Escherichia coli) 450 le 1%

17 Rt 19193 20524 1,332 64.56  Putative amino acid/amine transport protein (Escherichia coli) 351 6%

18 Rt 20537 21784 1,248 62.58  1,3-Propanediol dehydrogenase 259 2¢ %8
Iron-containing alcohol dehydrogenase motif 101034

19 Rt 21925 22800 876 63.81 Hydrolase motif II 1073

20 Rt 22797 24323 1,527 60.18 Aromatic-ring hydroxylase motif 10710

21 Rt 24707 25288 582 59.62  No significant similarity

22 Dt 25737 26624 888 59.68 Conserved hypothetical protein (Mycobacterium tuberculosis) 84 2e 18

23 Dt 26686 28053 1,368 61.26  Bacterial phytoene dehydrogenase protein motif 1071024

24 Dt 28149 28811 663 52.49 No significant similarity

25 Dt 29342 30790 1,449 61.49 Conserved hypothetical protein (Pseudomonas fluorescens) 256 4e™ ¢
Glycosyl hydrolase family 15 motif T 10775

26 Dt 30814 32460 1,647 62.72  Conserved hypothetical protein (Pseudomonas fluorescens) 182 6%

27 Dt 32469 34871 2,403 63.17  Transport protein (Pyrococcus abyssi) 86 le

28 Dt 34882 35844 963 66.25  Putative oxidoreductase (Streptomyces coelicolor A3(2)] 59 5¢%

29 Rt 35929 36858 930 61.40  Conserved hypothetical protein (Mycobacterium tuberculosis) 90 2e Y

30 Dt 37035 38288 1,254 64.04  SrmR, possible transcriptional activator (Mycobacterium leprae) 296 2e 7

31 Rt 38311 38853 543 5433 No significant similarity

32 Dt 39323 39586 264 56.06  Transposase A, IS3 family (Yersinia enterocolitica] 144 2¢ 3

33 Dt 39619 39850 231 59.48  Transposase B, IS3 family, defective

34 Rt 39984 40610 627 55.66  No significant similarity

35 Rt 40788 41429 642 58.66  No significant similarity

36 Dt 41503 41751 249 5422  No significant similarity

37 Dt 41841 42047 207 62.80  Transposase A IS3 family (Yersinia enterocolitica) 35 0.069

38 Dt 42117 42530 414 62.32  Transposase B, IS3 (Yersinia enterocolitica) 83 8e 10

39 Dt 42906 42959 54 44.44  First half of finger motif 1079

40 Dt 43193 43612 420 5429  No significant similarity

41 Rt 43996 44802 807 47.96  No significant similarity

42 Rt 44975 45712 738 5298  No significant similarity

43 Dt 45612 45734 123 51.22  No significant similarity

44 Dt 46193 46273 81 61.73  No significant similarity

45 Rt 46706 46759 54 55.56  TAT motif III 10>

46 Rt 47268 47300 33 48.48  No significant similarity

47 Rt 47839 48042 204 53.92  No significant similarity

48 Dt 48072 48686 615 56.71  DNA polymerase III, epsilon subunit, putative (Deinococcus 80 le™™*

radiodurans)

49 Rt 49227 49325 99 55.56  No significant similarity

50 Dt 49871 49924 54 59.26  No significant similarity

51 Rt 50058 50219 162 53.16  No significant similarity

“ Bold type shows the sequences of the four clones which were used to screen the cosmid library. CoA, coenzyme A. Right end and left end positions are base pair

numbers.
b Dt, direct typical; Rt, reverse typical.
¢ E value, expectation value.
@ e-motif search.

3% difference between these two strains. A similar survey of
several randomly selected UTI strains and those obtained from
patients with cystic fibrosis suggests that these strains contain
in their genomes approximately 3% unique DNA which is not
present in PAO1 (data not shown). This suggests that the
genomic variation among different P. aeruginosa isolates is less
pronounced than that in different E. coli isolates. For example,

using an M13 library from a UTI strain of E. coli (R45), we
have shown that 25% of these M13 clones do not correspond
to sequences in the genome of E. coli DH5a (unpublished
observations), which is consistent with the observed size vari-
ation among the genomes of different E. coli isolates (1).
The ability to detect strain-specific DNA in a cloned library
can be further exploited for the identification of contiguous
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FIG. 5. Southern hybridization analysis of P. aeruginosa chromo-
somal DNA. Chromosomal DNA from different clinical isolates was
digested with Sall, fractionated by gel electrophoresis, and blotted
onto nylon membranes. The probes used were probe 1, a DNA frag-
ment corresponding to the 5’ portion of PAO2222 and the 3’ portion
of gene PAO2223 (Fig. 3) (A), probe 2, an internal PAGI-1 segment
(corresponding to orfI8 in Fig. 4) (B), and probe 3, an internal region
of orf2 and orf3 (C).

segments, called genomic islands, which are unstable DNA
segments that usually carry determinants important for sur-
vival of the bacteria in unique environmental niches. Best char-
acterized of these strain-specific chromosomal regions are the
pathogenicity islands, which carry virulence genes (12). The
presence of pathogenicity islands is often the only genetic
difference between virulent and avirulent strains of the same
species. Using differential DNA hybridization analysis we were
able to identify DNA segments that are widely distributed
among clinical isolates of P. aeruginosa. One such segment was
sequenced and was termed PAGI-1. In our limited survey of
various P. aeruginosa isolates, 85% of strains carried PAGI-1,
which was absent from the genome of PAOI1, a strain whose
genome was recently sequenced (22). The sequence of PAGI-1
and its flanking sequences showed that the island is not located
near any tRNA genes, a common property of pathogenicity
islands. Moreover, PAGI-1 was apparently incorporated into
the P. aeruginosa chromosome through recombination, replac-
ing a preexisting 6,729-bp sequence that is present in most
strains lacking the island, including PAO1. PAGI-1 contains
two copies of insertion sequences that may facilitate the inter-
bacterial transfer of the island. Interestingly, the deleted

J. BACTERIOL.

6,729-bp region also specifies a transposase related to a homo-
logue in Rhizobium sp. strain NGR234. Therefore this region,
as well as PAGI-1, may have the capability to translocate into
different regions of the chromosome. Our survey of various P.
aeruginosa isolates by Southern blot analysis showed that in a
number of strains (UTI125, W57761, X13273, X13397, and
$35004) PAGI-1 is in different locations. However, the locus
containing the 6,729 bp is a “hot spot” for integration of
genomic islands, since we identified at least one strain (PA15)
which contains another unique insert at this location. A
2,793-bp sequence (64.4% G+C) containing three ORFs of
unknown function is present at this site in PA15 (data not
shown).

PAGI-1 also encodes two transcriptional regulators. If ex-
pressed, the products of these genes can regulate the expres-
sion of not only genes in PAGI-1 but also those that are
located in the chromosome, analogous to plasmid-encoded
regulators of chromosomal genes (3). The product of orf5 is a
homologue of RpoN-dependent transcriptional activators. Ex-
amination of putative regulatory regions of PAGI-1 did not
indicate the presence of any RpoN-dependent promoter se-
quences. Therefore, the putative orf5-encoded transcriptional
activator does not regulate any genes on PAGI-1; its targets
are very likely outside of the island. The acquisition of PAGI-1
by strain X24509 and several other P. aeruginosa strains in-
volved the replacement of the 6,729-bp region with a concom-
itant loss of several genes, one of which encodes a transcrip-
tional regulator of the LysR family (PAO2220 in the genome
of P. aeruginosa PAOL1). It is conceivable that the loss of this
regulator may also influence the expression of genes which are
located outside of the replaced segment.

Two genes, orf2 and orf3, are homologues of pgiA and pqiB,
respectively, a pair of paraquat-inducible genes of E. coli (16).
In E. coli, pgiA and pqiB are under the control of the SoxS and
SoxR regulators, which respond to redox-cycling agents capa-
ble of generating superoxide radicals in the cell. The precise
function of PqiA and PqiB in the detoxification of superoxide
radicals is not known. The genome of P. aeruginosa contains a
pair of pgiA and pgiB homologues (PAO4690 and PAO4689).
These genes show high levels of DNA sequence identity to orf2
and orf3 of PAGI-1. Southern blot analysis confirmed that all
strains carry at least one copy of the sequence homologous to
orf3 (pqiB homologue), with all strains containing PAGI-1
showing the presence of an additional copy of this gene (Fig.
5). The homologues of pgi genes in PAGI-1 were most likely
acquired from P. aeruginosa through a gene duplication event.

The G+C content of PAGI-1 showed a highly asymmetric
distribution pattern (Table 4). The first 75% of the sequence,

TABLE 5. Gene annotation of PAO1 sequence replaced or disrupted by PAGI-1

Gene Start site End site Direction Homolog product
PAO2217 2437428 2439011 — a-Ketoglutarate semialdehyde dehydrogenase
PAO2218 2440253 2439150 — Conserved hypothetical
PAO2219 2441555 2440347 — OpdE
PAO2220 2441771 2442691 — OprR
PAO2221 2443161 2444366 — Transposase
PAO2222 2445533 2444886 — Hypothetical
PAO2223 2446564 2445545 — Hypothetical
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from orfl to orf30, has a G+C content of 63.7%, which is
slightly less than that reported for most strains, including
PAO1 (66%) (22). The remaining 25% of PAGI-1 sequence
has an average G+C content of 54.9%, which is significantly
below the chromosomal content. This analysis suggests that the
portions of PAGI-1 have at least two different origins and that
the island was very likely assembled in an ancestral bacterium,
which was not necessarily P. aeruginosa. The final capture of
PAGI-1 by P. aeruginosa through a process of recombination
and replacement fixed PAGI-1 in the chromosome of the ma-
jority of strains.

The annotation of PAGI-1 provided several clues about the
function of a number of gene products and the basis of selec-
tion for the acquisition of the island by the majority of P.
aeruginosa. The presence of two homologues of the paraquat-
inducible genes whose products may function in detoxification
of reactive oxygen species and the large number of dehydro-
genases which may provide reduced cofactors for the detoxifi-
cation reactions suggest a role for the PAGI-1 genes in the
protection of the bacteria against oxidative damage. Interest-
ingly, there are two homologous copies of the paraquat-induc-
ible genes in all strains carrying PAGI-1 and at least one copy
in strains lacking the island, such as PAOI. It is conceivable
that one or both of the transcriptional factors encoded in
PAGI-1 may be involved in regulating the expression of a
number of genes, including the duplicated copies of the para-
quat-inducible genes. A comprehensive examination of global
gene expression in strains carrying PAGI-1, and the potential
involvement of the transcriptional factors encoded by the is-
land and by the 6,729-bp replaced segment, is currently under
way.
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