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Abstract A 27 bp t(RNA® region (art]) was identified as
the integration site for a 12,384 bp Pfl-derived genomic
isiind containing 15 open reading frames (ORFs) from
PAO715 to PAO729 in P, aeruginosa strain PAO1. Homologous
islind was observed in P. aeruginosa strain PA14, but not in
2 1eruginosa strain K (PAK). We isolated the Pf1 island from
124 14, and determined its 10,657 bp sequences containing 14
CRFs, with significant sequence variations near the borders.
-1 conrast to the PAOI1 Pf1 island, the PA14 Pfl island was
‘r.egreted at the 10 bp a2 site between PA1191 and PA1192.
Tte antl site of PA14, however, was still occupied by a third
22netic segment, whereas both art/ and a2 sites of PAK
rernainad unutilized. These results exemplify an extensive genomic
viriation of Pfl-related islands involving differential genetic
or zanizations and differential a# site utilizations.

Ky words: Genome plasticity, genomic island, Pseudomonas
ae ruginosa, Pf1 phage, att site

Genetic variability is primarily the result of sexual
rzproduction, which involves chromosomal recombination
curing meiosis in eukaryotes. In prokaryotes, however, no
stch shuffling strategy is available, and other factors play
important roles in genetic variability, determining the rate
o~ evolution. These include the frequent occurrence of
point mutations, high levels of recombination and gene
silencing, and the transfer of genetic material between
differsnt species, even genera. In particular, the latter
process, referred to as horizontal gene transfer, represents a
basis of prokaryotic evolution and diversification, and it has
led to dramatic changes in the composition of microbial
g2nomes over a relatively short period of time [16].

The significant impact of horizontal gene transfer has
bzcome more apparent from recent analyses based on the
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growing pool of microbial genome sequence information,
differentiating the genomic islands from the core genome
by marked differences in their G+C content and codon
usage [9]. It is also important to take note that many highly
expressed genes encoding ribosomal proteins, translation
and transcription processing factors, and chaperone and
degradation complexes also show significant differences
from the average codon usage, probably for the maximal
or constitutive expressions [11]. Therefore, if the codon
usage of a gene substantially deviates from those of both
average genes and highly expressed genes, it is defined as
a putative alien (pA), the clusters of which are relevant for
in silico detection of genomic islands that are flanked by
two separate direct repeats [10]. The repeat sequence that
can be used as the attachment (a#f) site, in many cases, is a
part of a tRNA gene [5]. '

Pseudomonas aeruginosa is a Gram-negative rod
ubiquitously distributed in aquatic and soil habitats. Tt is a
common respiratory tract pathogen that is innocuous in
healthy individuals, but can cause serious infection in
immunocompromised patients or in patients with cystic
fibrosis. The pathophysiology of infections due to P
aeruginosa is quite complex, as shown by the clinical
diversity of the diseases associated with this phenotypically
and genetically diverse species, which is mainly attributed
to the genome diversification by horizontal gene transfers
[12]. Therefore, the studies conducted on genetic variability
involving genomic islands in P. aeruginosa isolates may
have a considerable impact on the diagnosis and control of
this opportunistic pathogen.

Here, we defined the borders of a pA region in P
aeruginosa strain PAO1, which is known as a prophage
derived from a filamentous single-stranded DNA phage,
Pf1 (Pf1 island hereafter). By cloning and sequencing the
homologous region from P. aeruginosa strain PA14, we
found several differences between both Pfl islands;
genetic make-ups, attachment (atf) site specificity, and
chromosomal locations. We propose that the genome
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diversification exploiting Pf1-related islands in P. aeruginosa
might be one of the examples of genome evolutions
to facilitate its adaptations to the adverse environmental
changes that are provided by its natural habitats as well as
its hosts.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

We used Escherichia coli DHSo [18] for general purpose
cloning and three P. aeruginosa strains, PAOI, PAK, and
PA14 [17]. Both E. coli and P. aeruginosa were grown at
37°C using Luria-Bertani (LB) medium. Antibiotics, rifampin
{100 ug/ml) for PA14 and carbenicillin (50 pg/ml) for E.
coli, were supplemented, if necessary.

DNA Manipulations

Restriction and modifying enzymes were used according to
the manufacturer’s recommendations {(KOSCHEM, Promega,
and TaKaRa). Standard methods for DNA extractions,
purifications, and elutions were used, as described elsewhere
{4, 18].

Preparation of the Pf1 Istand Probe

Oligonucleotide primers for the PA14 Pfl island were
designed based on the sequence of the PAO1 Pfl island.
The primer pairs (718D, 5-CAC GGA ATT CGT GCC
CGT GCG C-3' and C-out, 5-TGG CGT TGC CAC GGG
CAC CTT CC -3'; underlines indicate mutation for EcoRI
site) were used under the following conditions: denaturation
at 94°C for 3min followed by 30 cycles of the
amplification (denaturation at 94°C for 30 s, annealing at
44°C for 30s, and extension at 72°C for 1 min) and the
final extension at 72°C for 10 min. The 703 bp PCR fragment
(Fig. 1) was cloned in pGEM-T Easy vector (Promega,
Madison, WI, U.S.A.) and verified by sequencing. The
insert was digested with EcoRI, gel-purified using Gel
Extraction kit (Qiagen, Hilden, Germany), labeled using

Rediprime II random priming labeling kit (Amersham-
Pharmacia, Uppsala, Sweden), and used as a probe for
Southern analysis and library screening.

Southern Analysis

Chromosomal DNA was prepared from 10h cultures
using a rapid method [3] with slight modifications.
Harvested cells were disrupted promptly in 200 pl of lysis
buffer [40 mM Tris-acetate (pH 7.8), 20 mM sodium
acetate, 1 mM EDTA, 1% SDS]. Cell lysate was mixed
with 66 gl of 5M NaCl and 250 ul of chloroform, and
the separated aqueous phase was subjected to ethanol
precipitation. The chromosomal DNA (~3 pg) was digested
with Nrul, and then separated on a 0.8% agarose gel. The
gel was transferred to Hybond-N+ membranes {(Amersham-
Pharmacia) and subjected to hybridization under standard
conditions {18], using the radiolabeled PA14 Pfl probe.
Signals were visualized using the phospho-image analyzer
(Fuji, Tokyo, Japan).

Screening for the Pf1 Island in PA 14 Genomic Libraries
Cosmid and plasmid genomic libraries of PA14 [17] were
screened to isolate the Pf1 island, using the radiolabeled
PA14 Pfl probe. Among several primary candidates, the
cosmid clone AC4 contained the entire Pfl island. The
10,657 bp Pfl island of PA14 and its flanking regions were
sequenced and used for further analyses.

Nucleotide Sequencing and Sequence Analysis
Nucleotide sequencing was performed on double-stranded
DNA fragments cloned in general cloning vectors, using an
automatic sequencer (ALFexpress, Pharmacia). Sequence
comparison with the database was carried out by BLAST
programs [ 1], and multiple alignments were by CLUSTAL W
[19]. GCG PACKAGE and OMIGA 2.0 (Oxford Molecular,
SanDiego, CA, U.S.A.) were used for general analyses and
manipulations of sequence data. Putative ORFs were
identified with GeneMark [2]. tRNA genes were identified
by tRNA-scan-SE {15].

Orfa0 SSB  coat . Integrase
Pf1 = s D
PAC714 ; tRNASY
PAO1—D l nm I -

conserved 1 1 genes
GuGAAGGGAATCGAACCCT~ -

attIR

TGGAGCGGGCGAAGGGAA"CGAACC C T " Y
t + t 4

att1l : 27bp truncated tRNASY 6 5 kb

Fig. 1. Representation of a Pf1 phage-derived genomic island in PAOI.

Genetic organization of the PAQ1 Pf1 istand is shown in comparisons with that of the phage Pf1. Pfl phage contains 13 ORFs and the 15 ORFs that have
been incorporated at the specific location (att!) within the tRNA® gene between PAG714 and PAQ730 are indicated. The 11 common ORFs, including SSB
(single-strand binding protein, PA0720) and coat proteins (CoaB, PA0723 and CoaA, PA0724), are indicated by the dotted box. Both borders are shown as
arr?L and artIR which js the 27 bp 3'-end of the tRNA" gene. The solid line denotes the 703 bp PCR fragmeut that was designed for Southern hybridization
in Fig. 2.



PCR Amplification of the Pf1 Island Attachment (aff)
Sites

The primer pairs (714D, 5'-CAT GAG GTC TAT CTG
GAA. CC-3' and 730U, 5-TCG ACG TCG AGC ACA
£1.GCG CC-3") were used to amplify the art! site contained
in the tRNA® gene between PA0714 and PA0730, and the
primer pairs (1190D, 5'-CAT CGC CAG GTA GGT GAG
GAC CG-3' and 1192U, 5-CTG GGA ATA GGC CTC
GAT GTC C-3") were used for the a2 site between
PA1191 and PA1192. PCR amplifications under standard
conditions generated a 759 bp (art]) and a 1,676 bp (att2)
f-agment, unless the corresponding arr sites were uninterrupted.
“he wucleotide sequence of 719 bp att! region of PAK was
¢ etermined.

Nucleotide Sequence Accession Numbers

The nucleotide sequences of the PA14 Pfl island and the
PAK attl region have been submitted to the DDBJ/EMBL/
(GenBank databases under the accession numbers AY 324828
and AY324832, respectively.

IRESULTS AND DISCUSSION

ldentification of a Genomic Island Associated with a
Pf1-Like Prophage in P. aeruginosa Strain PAO1

An attempt to search for putative aliens (pAs) in P
ceruginosa reported in the presence of two cryptic regions
of becteriophage genes, based on the differences of overall
(3+C content and codon usage [10]. One of them (named
Pfl sland) contains phage Pfl-derived genes. Pfl phage
wvas isolated more than 40 years ago and known to only
infect a single host P. aeruginosa strain K (PAK) via the
pola- sex pili that PAK displays [6]. Since some of these
uenes are highly expressed during biofilm formation [21],
ve szlected this pA region for genome plasticity studies, in
the hope that its expressions and biochemical functions
‘night be associated with the extreme survival capabilities
of P. aeruginosa.

First, we examined whether this pA region might have
nom: canonical features of genomic islands, such as
‘lanked by direct repeats contained in a tRNA gene. As
hov/mn in Fig. 1, we identified the nearest tRNA gene
tRNA®) between two open reading frames (ORFs),
PAQ729 and PA0730, as the right border (artIR) and the
Y7bp S-terminally truncated tRNA® between PA0714
and PAO715 as the left border (arzlL), by exploiting the
zenome sequence information of P. aeruginosa type strain,
PACT (http://www.pseudomonas.com). This 27 bp site
atti) might serve as the attachment site that had been
Juplicated when this island was incorporated into the
zenome of the progenitor strain.

The Pfl island of PAO1 contains 15 open reading frames
ORFs), and the central 11 ORFs are highly conserved
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(more than 95% identity in nucleotide) in the Pfl phage
genome that contains 13 genes [7]. The striking differences
of the PAO1 Pfl island from the phage Pfl are i) the
absence of Orf90, ii) the presence of three additional ORFs
(PAO715, PAO716, and PA0729), and iii) the structural
difference between both integrases (PA0728 for Pf1 island).
PAQ715 and PAQO716 encode a putative reverse transcriptase
and an ABC (ATP-binding cassette) transporter protein,
respectively, whereas PAO729 shows 47% similarity to a
hypothetical protein of Yersinia pestis plasmid pMT1 (data not
shown). The significance of these structural differences
remains to be explored in terms of the roles of this island in
genome evolutions and/or ecological or pathogenic advantages.

Distribution of Pfl-Derived Genomic Islands in P
aeruginosa Strains

To test for the differences in the genomic architectures
related with this region, we performed the Southemn blot
analysis using additional P. aeruginosa strains, PA14 and
PAK. A single PCR product was observed from either
PA14 or PAO1 chromosome (data not shown). The PA14
PCR product was used to hybridize to Nrul-digested P.
aeruginosa chromosomes (Fig. 2). PAO1 exhibited a 2.6
kb (2,642bp) fragment. PAK showed no hybridizing
fragment, probably due to the absence of this island on the
genome. In contrast, PA14 showed an 1.8 kb fragment
(1,797 bp after sequencing), suggesting the polymorphic
natures around this region. The absence of Pfl island
in PAK might be related with the fact that PAK is sensitive
(i.e. not immune) to Pfl infection, unlike PAO1 and
PA14. We, therefore, determined the complete nucleotide
sequences of the Pfl island of PA14, anticipating that the

2.6 kb » | s
1.8 kb »

T 2 3

Fig. 2. Distribution of Pfl-derived genomic island in other P
aeruginosa strains.

Southern analysis with the Nrul-digested chromosomal DNAs from PAOL.
PA14, and PAK verified the presence of one Pf1 island in both PAOI (lane
1) and PA14 (lane 2) and the absence of any Pf1 island in PAK (lane 3).
The probe was designed based on the PAO1 genome sequence, as
represented by the solid line in Fig. 1. The sizes of the two fragments that
hybridized to the probe are indicated.
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Fig. 3. Representation of the Pf1 island of PA14,
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{A) Genetic organization of PA 14 Pf1 island is shown in comparisons with PAO1 Pf1 island and the phage Pf1. The borders are the duplicated 10 bp sites
(ar2L and att2R) located between PA1191 and PA1192. PA14 Pfl island contains 14 ORFs with the variable regions around both borders. Two ORFs
(Orf317 and Orf71) and the integrase are contained in the variable regions. The solid line denotes the junction between the left variable and the conserved
regions, the nucleotide sequences of which are shown in B. (B) Sequence variations in the left region are shown. Strong conservations (bold and underlined)
are observed from the third or fourth codon (TAC) of PAQG717, whereas highly variable sequences are at the nearest upstream of PAQ717. Partially transfated
Orf90, Orf71, and PAO717 are shown with the conserved amino acid residues marked as bold.

genome diversifications around this region took place in
both strains.

Organizations of the Pf1 Island in PA14

We screened for the Pf1 region in PA14 genomic libraries,
isolated three cosmid clones, and determined the nucleotide
sequences that sufficiently cover the ~10 kb region of the
Pf1 island (data not shown). We could not find any tRNA
elements within the 12,859 nucleotide sequences that we
had determined. Instead, two 10bp direct repeats of
TTTGTGCGTA were separated by a 10,657 bp segment
from comparisons made with the corresponding sequences
of PAO1 (Fig. 3A), which might function as another art
site (arr2). The Pf1 island of PA14 contained 14 predicted
OREFs and the conserved 11 ORFs showed strong identities
to the corresponding ORFs, in PAO1 and Pf1, constituting
the ancient and/or essential set of genes for the Pfl-related
functions. The remarkable difference of the PA14 Pfl
island from that of PAOI was the sequence variations
around the left border (Fig. 3B) and the right border (data
not shown), besides the att site sequences and locations,
which results in 1) the presence of Orf71 and Orf317 and
ii) relatively lower identities (51.4%) in integrases (Fig.
4A). The weak identities in integrases are profound at
the C-terminal and likely associated with the att site
specificity.

Orf71 is a small protein that is, to some extent, similar to
phage Pf1 Orf90 (26.1% identity and 59.6% similarity),
whose function is not yet known (Fig. 4B). Orf317 is
highly homologous to the regulatory protein, cII of retronphage

®R73 (31.9% identity and 70.2% similarity). Both Orf317
and ¢R73 cll have a ParA (Soj)-like domain responsible

(A)
PAO1 MSITKLPDGRWFVDVEPIKGKRFRKRFKTKMEAQQFEATARQKCAENPCWTLREPKDRRRL
PAl4 MAITKLEDGRWLADVEPIKGKRFRKRFKT KGEAQRFEAMVRTMRQREWNPVQQDK RLL

TikRER KkER, kK kR AR ARKRIRAK Kkk phkk Kk * ki k ow

PAOL SELVELWYELHGQTLSNGHRCVAILRLVAKDLGDPVAVSLEPAKVARLRSRQIANGMSGK
PAl4 SELIERWYELHGHSITSGRRRKNLLLLIASRLGD PVGQRFTTADLVAFRKRELEEGA LFR

dkk ok dkkwkd sy kiR sk ek kKK o k. ok koo ok

PAQl TANNRLGYLKSMYNELRQLGVIDYENPVGRMRPLKLQERPLSYLTKHQVSELLTALDART
PAl4 SINVRYSYLKTVFTELRRLGDIDYPNPLDRLKPLKPQQSVVSFLSKDQVAVLVSALRDYS
Dok ok kkk gy kkkokk kkk kk, kg ikAk kg sk gk k kkg ko oRkk
BAOl TSPHPKMVARICLATGARWGEAQALTPERLKGNTVIFANTKSKRVRSVPISEELGADLRR
PAl4 TFPHLALISEVCLATGARWSEAQGLTLDPMVRDGSVVFSNTKSKRVRSVPISTDLOARLEK

* KR o g RkkkkkRY kRE K% LiE LK EHKARKAEERERE Kk ok w

PAOL HWQTHGPFTNCLGVFRLVLILSTSIKLPKGQASHVLRHTFASHFIMNGGHIVTLQHILGHA
PAlL4 YFAGRNRFPSCREAE'ARMVKRCGIVLPRGQCTHVLRHTFASHFW’!NGGNILALKEIL(;HS

e LE R kk |k rkkkkkkRkk g kwkk ko kK

PAQ1 SLSMTMRYAHLSQDHLSEAVRFNPLIG
PAL4 SLMMTMRYAHLSPEYLRDAIRLNPLADFDSSSTLVETS

o KERFAEERE 2ok Rk kAR

(B)
0rf71 MEVEEIKAQDLR-AAPPVLPWRD-~------ FANWIGMGE ~-EHETVRGWIRKGYIPAYKI
0rf90 MEESGIVGFTVTGAVEKVTD FRTAPF CSQAVFAQMLGLEDI TEDVVRGWVETKTIPTAKI

L P X 2

Orf71 GKHVMVNVALFVHQLME------~ REEF
Orf90 GRRRVVNLHRIRRDLDRGKSIFCQGDYDGD
PR PPN

LEREEL LA

Fig. 4. Sequence comparisons of PA14 Pf1 proteins with related
proteins.

(A) Integrases from both Pfl islands (PA14 and PAO1) share significant
homologies, whereas the putative integrase from the Pf1 phage is only of
100 amino acids. The relatively diverged C-terminal amino acids are
shown as shaded. Identical residues are marked by asterisks, and similar
residues are marked by colons or dots, following the definitions in
CLUSTAL W program [ 19]. (B) Amino acid sequence comparison between
Orf71 (PA14 Pf1) and Orf90 (phage Pf1) is shown as described in A.
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Fig. 5. PCR amplification of both attachment sites.

P{R primer pairs were used to amplify the region around the attachment
(«'1) sits. For the tRNA® att site (art], A), 714D and 730U primers were
us:d as described in Materials and Methods, resulting in the amplification
of a 757 bp fragment, unless the a#/ is interrupted. For the 10 bp a# site
(12, B), 1190D and 1192U primers were used to amplify a 1,676 bp
fiz gmet, as long as the a2 remains intact.

for ATP-dependent chromosome partitioning [8], although
t-e pt.ysiological roles of Orf317 and its implications have
yut to be revealed. By comparing both Pf1 islands with the
Pl thage, we suggest that both Pfl islands might be
structarally diverged from the original Pfl phage in a
reannar to increase their survival potentials in nature.

Attachment (aff) Sites for Pfl Islands for Genome
Iiversification

1. PAOLI, Pfl is integrated at the azt! between PAQ714 and
PA0730, whereas the Pf1 island of PA14 was integrated at
the ait2 between PA1191 and PA1192. Since PAK did not
have Pfl island on its genome, we designed two primer
pairs to see whether or not the artl and an2 sites are
ozcupied by other genetic segments in PAK. Thus, both
JFCR products (1,686 bp for art2 and 759 bp for artl)
ere amplified from the PAK chromosome (Fig. 5). We
‘volated the att] PCR product from PAK, determined its
1ucleotide sequences, and compared the sequences with
‘he corresponding region of PAO1 (data not shown). Some
-ucleotide differences (13 out of 719) were observed,
+shic1 are most likely attributed to intraspecific variations.
e found the presence of the intact tRNA® gene, implying
“1e p-eservation of the unintegrated art] from the progenitor
sair. PAO1 gave the PCR product only from at2, with
:1e zbsence of any DNA segment at the a#2 region, as
:xpeted. PA14, however, exhibited no PCR product from
zithe: region, implying that the PA14 attl is not empty
:ither. This observation led us to suggest that the at] site
tas zlready been occupied by a genomic island that might
te unrelated to the Pf1 phage (see Fig. 2).

{COMCLUSION

In this study using three different P aeruginosa strains, we
have shown one of the intraspecific genome diversification
1nechanisms that exploit different phage-derived island variants
.nd ‘he different att site utilizations. Also, we found that
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apparently unrelated genomic islands might utilize the same
att element. The highly-induced transcription of the Pfl
island and the abundance of Pfi-like phages in the fluid
over PAO1 biofilms [20, 21] may play an important role in
horizontal gene transfers to diversify its genomic architectures.
A further understanding of the interrelationships between
the gene expressions and functions within these genomic
islands may provide a new perspective on the genome
evolutions along with their roles in the pathogenic and
ecological capabilities of different clinical and environmental
isolates of P. aeruginosa, and may lead to the development
of new detection and enumeration methods [13, 14] to identify
the survival potential of this organism in natural samples.
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