
JOURNAL OF BACTERIOLOGY, July 2002, p. 3614–3622 Vol. 184, No. 13
0021-9193/02/$04.00�0 DOI: 10.1128/JB.184.13.3614–3622.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Genetic Variation at the O-Antigen Biosynthetic Locus in
Pseudomonas aeruginosa

Christopher K. Raymond,* Elizabeth H. Sims, Arnold Kas, David H. Spencer, Tanya V. Kutyavin,
Richard G. Ivey, Yang Zhou, Rajinder Kaul, James B. Clendenning,

and Maynard V. Olson
University of Washington Genome Center, Department of Medicine,

University of Washington, Seattle, Washington 98195

Received 11 January 2002/Accepted 3 April 2002

The outer carbohydrate layer, or O antigen, of Pseudomonas aeruginosa varies markedly in different isolates
of these bacteria, and at least 20 distinct O-antigen serotypes have been described. Previous studies have
indicated that the major enzymes responsible for O-antigen synthesis are encoded in a cluster of genes that
occupy a common genetic locus. We used targeted yeast recombinational cloning to isolate this locus from the
20 internationally recognized serotype strains. DNA sequencing of these isolated segments revealed that at
least 11 highly divergent gene clusters occupy this region. Homology searches of the encoded protein products
indicated that these gene clusters are likely to direct O-antigen biosynthesis. The O15 serotype strains lack
functional gene clusters in the region analyzed, suggesting that O-antigen biosynthesis genes for this serotype
are harbored in a different portion of the genome. The overall pattern underscores the plasticity of the P.
aeruginosa genome, in which a specific site in a well-conserved genomic region can be occupied by any of
numerous islands of functionally related DNA with diverse sequences.

Microbes occupy virtually every habitable niche in the bio-
sphere, highlighting the underlying capacity for genetic adapt-
ability in these organisms. Pseudomonas aeruginosa in particu-
lar is notable for its ability to thrive in diverse habitats (44).
Consistent with a genetic basis for this environmental adapt-
ability, characterization of intraspecies differences between
strains of this organism has revealed extensive variation both in
the gross overall structural organization of the genome (41)
and in sequence variation of specific genes (20; M. V. Olson, A.
Kas, and D. H. Spencer, unpublished data). Of particular in-
terest is the observation that a rather large island (�50 kbp) of
genomic sequence, containing dozens of potential genes, is
substituted in different P. aeruginosa isolates (25). This sug-
gests that modular blocks of genes that are swapped between
different strains is one mechanism that mediates diversity
among these different bacterial lineages.

The description of the full genomic sequence of P. aerugi-
nosa strain PAO1 (46) provides a reference sequence map with
which to initiate studies of genetic diversity at the whole-ge-
nome level. We employed whole-genome shotgun sequence
analysis of three different P. aeruginosa strains as a means to
detect both local and more global differences among strains
isolated from different sources (Olson et al., unpublished).
This study revealed a region with prominent differences be-
tween strains that proved to encode the O-antigen biosynthesis
genes involved in the creation and assembly of the bacterial
outer carbohydrate lipopolysaccharide coat (reviewed in refer-
ence 39). In various P. aeruginosa strains, the outer carbohy-
drate polymer, referred to as the B band, is composed of

chemically diverse chains of repeating polysaccharides. The
studies to date have indicated that a major set of enzymes
responsible for O-antigen synthesis and assembly are encoded
in single, large gene clusters (2, 5, 12). The genes within these
operons mediate chemical modification of various sugars, se-
quential assembly of these sugars into polysaccharide subunits,
translocation of these polysaccharide subunits from the cyto-
plasm to the periplasm, and ligation of subunits to form the
repetitive polysaccharide chains of the O antigen (39).

Twenty unique serotype strains of P. aeruginosa, the so-
called International Antigenic Typing System (IATS) strains
(28, 29), have been characterized extensively, although it seems
likely that additional serogroups are present in the natural
environment (45). Reference strain PAO1 is an O5 serotype
strain. The B-band biosynthetic clusters from strains of sero-
type O5 and two other serotypes, O6 and O11, have been
characterized at the DNA sequence level (2, 5, 12). Many of
the genes in the O5, O6, and O11 B-band biosynthetic clusters
have been assigned functional roles in B-band biosynthesis
based on either direct biochemical characterization or se-
quence similarity to genes whose functions are known (7, 8, 11,
39, 52, 53). The data have revealed two features. First, there is
little DNA sequence conservation between B-band biosyn-
thetic genes. Second, all three sets of B-band clusters are in the
same highly conserved region of the P. aeruginosa genome.

These observations concerning the O5, O6, and O11 biosyn-
thetic gene clusters, which revealed the presence of function-
ally and genetically diverse DNA sequences nestled in a con-
served locus in the genome, motivated us to examine the DNA
sequences at this locus for the 20 IATS P. aeruginosa strains.
We used yeast recombinational cloning technology to clone
this region (3, 23, 37, 51). This technology appears to be well
suited to targeted cloning of any region of genomic DNA of
microbes provided that the flanking sequences of the region
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are known and well conserved. The DNA sequences of the 20
isolated segments revealed rich genetic diversity within the
context of the conserved flanking sequences.

MATERIALS AND METHODS

Strains, media, and reagents. The yeast strain used in this study was CRY1-2
(MAT� ura3� cyh2R [37]). The Escherichia coli host strain was DH10B (17). The
20 IATS P. aeruginosa strains were a gift from Stephen Lory. The same set of
strains was also purchased from the American Type Culture Collection (ATCC)
(Rockville, Md.). Yeast transformants harboring recombinant plasmids were
selected on standard uracil-deficient media (42) containing 2.5 �g of cyclohexi-
mide (Spectrum Chemicals, Gardena, Calif.) per ml. Chloramphenicol-resistant
E. coli was selected on Luria-Bertani medium containing 6 �g of chloramphen-
icol per ml.

Recombinational cloning. Recombinational cloning vectors were prepared by
yeast recombination methods (34, 37, 38). Targeting segments were amplified
from P. aeruginosa strain PAO1 genomic DNA by using tailed primers (Table 1)
that create overlaps with standard vector sequences. Targeting plasmids were
assembled in a single step by recombining a yeast-E. coli shuttle vector (37) (Fig.
1), the two PCR-amplified targeting segments, and a central fragment that
carries the yeast wild-type CYH2 gene and an Amp-ori stuffer fragment (Fig. 1)
(37). Genomic DNA was prepared from P. aeruginosa strains by the method of
Liang et al. (25). For recombinational cloning, the genomic DNA was sheared by
40 passages through a 26.5-gauge needle. One microgram of genomic DNA and
100 ng of linearized recombinational cloning plasmid were cotransformed into

FIG. 1. Plasmids used for yeast recombinational cloning of the
O-antigen region. (A) Genomic organization of the conserved P.
aeruginosa genes at the 5� and 3� ends of the O-antigen operons. ORFs,
which are drawn to scale, are shown as arrows oriented in the direc-
tions in which they are transcribed. Five-hundred-base-pair targeting
elements used for cloning are shown as stippled boxes. (B) Yeast-E.
coli shuttle plasmid used for recombinational cloning. Yeast CEN-
ARS and URA3 sequences facilitate plasmid segregation-replication
and selection, respectively, in yeast. Plasmid maintenance in E. coli
relies on the single-copy mini F� origin (43), and chloramphenicol
resistance (CmR) is used for plasmid selection. (C) Recombinational
cloning plasmid used to isolate the himD/ihfB-to-tyrB region from the
ATCC O15 strain.

TABLE 1. PCR primers used in this study

Primer Comment

Primers used to construct targeting plasmids
AATTATAATTATTTTTATAGCACGTGATGAAAAGGACCGCACGAG

AAGGACGCAATGAAAGAACT.......................................................................................Primer 1, amplification of himD/ihfB region targeting sequence
CGCACATTTCCCCGAAAAGTGCCACCTGACGTGCCCGGGCGCGGC

ACGAACTTGCCGTCGAGGCG........................................................................................Primer 2, amplification of himD/ihfB region targeting sequence
ACTTCGTATAGCATACATTATACGAAGTTATATTCGATGCGCCCCA

GCAGGTCAGCGATGTCCAC...........................................................................................Primer 1, amplification of wbpM region targeting sequence
GCTTTTTTAAAAGATTTTCAAAATCCATATATAAACATAGTGGTTG

AGCATGCTGCTGATCGGCG...........................................................................................Primer 2, amplification of wbpM region targeting sequence
ACTTCGTATAGCATACATTATACGAAGTTATATTCGATGCCCTTCT

CGCTCTATGGCGAACGCGT ...........................................................................................Primer 1, amplification of tyrB region targeting sequence
GCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGGCCCGGGCG

ATTAAAAAGGGGAAGTCAAGCCTC ...........................................................................Primer 2, amplification of tyrB region targeting sequence

Primers used to detect recombinant plasmids
TATAGCACGTGATGAAAAGGACCGC ............................................................................Vector primer 1
CGAGCTCATCGCTAATAACTTCGTA...............................................................................Vector primer 2
CGCAACTCCTTGCCCGGCTTGAAGT ..............................................................................Insert primer 1
GCGTTCCCTGGTGTTCAACTACTGG...............................................................................Insert primer 2
ACCGACTGAGCTATCGCGGAACAGC.............................................................................Insert primer to detect ATCC O15 clone

Primers used to cross-check amplified genomic fragments with cloned sequences
TGCTCTTTGGCTTCTTGATTCTTG....................................................................................Primer 1, amplifies O1-specific product
TCTACACCGCCAGAACTACCTAGCT...............................................................................Primer 2, amplifies O1-specific product
GCGGCTTTTATCAACCGTGTCGCA .................................................................................Primer 1, amplifies product from O2, O5, O16, O18, and O20
TCCCTTGGCACACTGGAAGGACAT.................................................................................Primer 2, amplifies product from O2, O5, O16, O18, and O20
GCGTCGTTGTTCAGTTTGGACGTG .................................................................................Primer 1, amplifies product from O3 and O15
TCTGGAAAACCTGAGCAGCCGTCC ................................................................................Primer 2, amplifies product from O3 and O15
GCTAATAACGGAAGGACCTTGAAT................................................................................Primer 1, amplifies O4-specific product
TAAAAGCTCGGCGTAACGCTTATG.................................................................................Primer 2, amplifies O4-specific product
ATTGGCTAGTGCTACACGAGTGCA ................................................................................Primer 1, amplifies O6-specific product
CGAATTAGCTTGCTCTTCAGGAAAG..............................................................................Primer 2, amplifies O6-specific product
GGAATGTCGCTCTCGTTTCAAGTG .................................................................................Primer 1, amplifies product from O7 and O8
CTAGTATTCATCAACTGCTGTAC .....................................................................................Primer 2, amplifies product from O7 and O8
GGAACATTGGAATCAAGAGGTTATG ............................................................................Primer 1, amplifies O9-specific product
CCACTAAATACCAGGCATACAACTA..............................................................................Primer 2, amplifies O9-specific product
CAGCAGGGAATATCGCTTGAACAGT.............................................................................Primer 1, amplifies product from O10 and O19
CTATAATGCATTAGCGACTCACCG .................................................................................Primer 2, amplifies product from O10 and O19
TACTTCACCCATAGCTAGCGCTCTA ...............................................................................Primer 1, amplifies product from O11 and O17
TTCTCTCTCAACTTAACCGTGGCC...................................................................................Primer 2, amplifies product from O11 and O17
ACTATTCAGTCGATGATCCTTGTG ..................................................................................Primer 1, amplifies product from O13 and O14
AGCAGTTAGCAAATTTCACTCTCCAGCC......................................................................Primer 2, amplifies product from O13 and O14
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lithium acetate-treated yeast cells (15). Typically, 5 to 20 yeast colonies were
recovered. These colonies were screened by whole-cell PCR (27) by using the
vector and insert primers described in Table 1. The percentage of recombinant
clones that contained both expected vector-insert junctions varied from 10 to
80% of the colonies screened. Plasmid DNA was transferred to E. coli by the
method of Hoffman and Winston (19).

For DNA sequencing, shotgun libraries were prepared from recombinant
clones in Bluescript KS� (Stratagene, La Jolla, Calif.), and standard shotgun
sequencing methods were used to generate a Q20 base coverage of more than
eightfold per clone. As many as three rounds of AUTOFINISH (16) were used
to create a finished sequence, and final advanced finishing and fingerprint-to-
sequence comparisons were performed by well-established methods. DNA se-
quences were analyzed by using several publicly available software packages.
Open reading frames (ORFs) were identified by using GENEMARK (30), pro-
tein families were classified by using PFAM (1), and multiple alignments were
created with MULTALIN (6). Potential transmembrane domains were charac-
terized by using the DAS program server (9).

P. aeruginosa O-antigen serotyping. Strains were serotyped by using commer-
cially available antibodies to serotypes O1 through O17 (ERFA, Westmount,
Quebec, Canada). Strains were streaked onto Luria-Bertani agar, and colonies
were resuspended in phosphate-buffered saline. Ten microliters of cell suspen-
sion was mixed with 10 �l of antibody and incubated at room temperature for 5
to 10 min. Serotype-positive clones exhibited pronounced aggregation and set-
tling, whereas control cells remained uniformly suspended in solution.

Nucleotide sequence accession numbers. The DNA sequences obtained for
the 20 IATS strains have been deposited in the GenBank database under the
accession numbers shown in Table 2. These sequences are also available at a
supplemental website (http://www.genome.washington.edu/uwgc/O-Antigen/).

RESULTS

Yeast recombinational cloning. The analysis of whole-ge-
nome sequences from four different P. aeruginosa strains re-
vealed sharp, well-defined boundaries between conserved and
divergent sequences on either side of the O-antigen B-band
biosynthetic gene cluster (Olson et al., unpublished). This find-
ing was consistent with the previously published reports show-
ing the conserved himD/ihfB gene upstream and the C-termi-
nal coding region of the wbpM gene downstream of the
divergent B-band gene cluster sequences (2, 5, 12, 39). More-
over, Southern blot analysis has shown that wbpM (presumably
the C-terminal coding sequence) is present in all 20 IATS

strains (5). We therefore elected to target our cloning efforts to
the region between himD/ihfB and the conserved, C-terminal
coding region of wbpM. A yeast-E. coli shuttle vector was
constructed that contained 500-bp blocks of the himD/ihfB
sequence on one side and the wbpM sequence on the other side
of the recombinational cloning site (Fig. 1). The cloning vector
also contains the yeast wild-type CYH2 gene. This gene serves
as a counterselection agent against nonrecombinant plasmids
when transformed yeast cells are plated in the presence of the
drug cycloheximide (37). Recombination between the target-
ing plasmid and genomic DNA leads to loss of CYH2 and
hence to cycloheximide resistance. To clone the himD/ihfB-to-
wbpM region from a particular IATS strain, lithium acetate-
competent yeast cells (15) were cotransformed with linearized
targeting plasmid and total P. aeruginosa genomic DNA. Indi-
vidual yeast transformants were screened by PCR for the pres-
ence of genomic inserts. Recombinant plasmids were shuttled
into E. coli, analyzed by restriction enzyme analysis, and used
to prepare shotgun sequencing libraries. Inserts whose sizes
ranged from �14 to �25 kbp were observed (Fig. 2).

Several quality control measures were used to ensure the
accuracy of the data. The 20 IATS strains were originally
obtained as a gift from Stephen Lory, and all recombinant
clones were obtained from this collection except as noted be-
low. Later, the same collection was purchased from the ATCC.
We used an antibody agglutination serotype assay, available for
serogroups O1 through O17, to confirm the identity of each
strain. The serotypes of most strains were as expected; the only
exception was the Lory O7 strain, which failed to agglutinate.
We therefore isolated and sequenced the ATCC O7 strain and
deposited the sequence of this strain in the GenBank database.
Cloning of O12 failed initially, but a repeat effort with the
ATCC O12 clone was successful; this clone was sequenced, and
the sequence was deposited in the GenBank database. Follow-
ing DNA sequence determination, we designed PCR primers
to amplify a unique segment of each O-antigen DNA sequence
(Table 1). These primers were used to amplify and then se-
quence the corresponding regions from genomic DNA (the
O12 clone was inadvertently omitted from this analysis). In all
cases the amplified genomic sequences matched the sequences
of the isolated clones, except as noted for O15 below. These
results demonstrated that the Lory strain collection and the
ATCC collection were identical in terms of their O-antigen
sequences. Finally, we observed that the sequences which we
determined for O5, O6, O11, and O17 are identical to the
published sequences (2, 5, 10, 12). These cross-checking efforts
made us confident that our data set is an accurate reflection of
the underlying biological and genetic diversity.

The P. aeruginosa O15 strains proved to be somewhat par-
adoxical. Both the Lory strain and the ATCC strain were
serotyped appropriately with the monoclonal anti-O15 anti-
body. Cloning and sequencing of the himD/ihfB-to-wbpM re-
gion from the Lory strain yielded a 20-kbp segment that shared
sequence identity with O3 (Fig. 2). However, the O15 sequence
was interrupted at three locations with insertion sequence el-
ements. PCR primers designed by using an uninterrupted seg-
ment of O3/O15 amplified the expected products with the
anticipated sequence from the Lory O15 strain; however, they
failed to amplify a product from the ATCC O15 strain. More-
over, PCR analysis suggested that the ATCC O15 strain did

TABLE 2. GenBank accession numbers for the himD/ihfB-to-wbpM
DNA sequences of the 20 IATS P. aeruginosa strains

Clone Accession no. Comment

O1 AC104719
O2 AC104731
O3 AC104733
O4 AC104734
O5 AC104735
O6 AC104736
O7 AC104737 Derived from ATCC O7 strain
O8 AC104738
O9 AC104739
O10 AC104720
O11 AC104721
O12 AC104722 Derived from ATCC O12 strain
O13 AC104723
O14 AC104724
O15 ATCC AC104725 Derived from ATCC O15 strain
O15 Lory AC104726
O16 AC104727
O17 AC104728
O18 AC104729
O19 AC104730
O20 AC104732
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not possess the wbpM segment used to target recombinational
cloning. We created a second recombinational cloning plasmid
that carried the same upstream himD/ihfB targeting region but
a downstream 500-bp targeting element from the tyrB gene
that is 3� to the B-band gene clusters (Fig. 1). Using this vector,
we cloned and then sequenced a short segment from the
ATCC O15 genome that proved to be devoid of a B-band
biosynthetic gene cluster (Fig. 2).

Eleven groups of DNA sequences. Our goal in this investi-
gation was to study the diversity, and hence the relationships,
among DNA sequences found in the himD/ihfB-to-wbpM re-
gion in the 20 well-defined IATS strains. To this end, we found
11 groups of gene clusters that are highly divergent from one
another at the DNA sequence level (Fig. 2). Within each group
we observed a high degree of sequence conservation. The
largest group contains strains of serotypes O2, O5, O16, O18,

FIG. 2. Eleven groups of P. aeruginosa O-antigen biosynthetic gene clusters. Genes within the DNA sequences were identified by the
GENEMARK algorithm (30) and are represented by arrows drawn to scale. Protein families, identified in queries to the PFAM database (1) and
represented three or more times in the overall data set, are represented by single-letter designations. W indicates an ORF with several potential
membrane-spanning domains. A detailed description of the families is provided in Table 3. Specific genes described previously in gene clusters O5,
O6, and O11 are shown above the clusters. The stippled boxes represent the targeting elements used in recombinational cloning. The C-terminal
coding region of wbpM, shown as an open arrow, is presumed to extend rightward of the cloned region, as shown. A denotes orfA, as described
in the text. The G�C content of each cluster is shown.
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and O20. This cluster was not unanticipated as these strains are
serologically related and have similar chemical structures in
their O-antigen polysaccharides (33). All other groups have
only two members. These groups are the groups that include
O3 and O15 (Lory), O7 and O8, O10 and O19, O11 and O17,
and O13 and O14. The cloned regions exhibited a pronounced
shift in base composition and had G�C contents ranging from
46 to 55% (Fig. 2). This is in contrast to the overall G�C
content of the P. aeruginosa genome, which is 67% (46). This
unusual disparity in the base composition of B-band gene clus-
ters has been noted previously, prompting speculation that
these clusters were acquired by horizontal transfer from di-
verse bacterial species (12, 39).

Predicted proteins cluster in protein families. We anticipate
that the himD/ihfB-to-wbpM DNA regions which we cloned in
most cases encode genes involved in the synthesis of the bac-
terial O-antigen outer polysaccharide coat. This has been ex-
perimentally demonstrated for O5, O6, and O11 gene clusters
(2, 5, 12). To this end, we analyzed the major ORFs for the 11
sequence groups, as shown in Fig. 2. These potential proteins
were identified with the gene prediction program GENE-
MARK (30). Each DNA sequence analyzed except the ATCC
O15 sequence encoded multiple, closely spaced, nonoverlap-
ping ORFs that were oriented in the same direction.

Protein sequences were analyzed by using the PFAM protein
analysis package (1). Many of the predicted proteins exhibited
significant relationships with previously characterized protein
families. We considered relationships to be valid in cases
where the expected values were less than 0.02. In Fig. 2, the
ORFs are annotated according to these family relationships.
The protein families to which the annotated ORFs belong are
shown in Table 3. Table 3 shows only those families that were
represented by potential proteins three or more times in the 11
groups of DNA sequences analyzed. In all, 14 protein families
with at least three representatives were identified. Consistent
with a role in B-band biosynthesis, most of the protein families
listed in Table 3 have been described previously in analyses of
the O5, O6, and O11 operons (2, 5, 10, 12, 39), and almost all
of them appear to play some role in polysaccharide metabo-
lism. A complete list of the annotated protein families revealed
by this analysis, including those with less than three repre-

sentatives, is available at our website (http://www.genome
.washington.edu/uwgc/O-Antigen/).

There is some conservation of gene order within the putative
operons. Despite the lack of DNA sequence conservation
among gene clusters, wzz homologs are invariably found at the
5� end of each operon. In addition, the GENEMARK program
predicts the presence of a small protein consisting of approx-
imately 100 amino acids just upstream of wzz. Unlike the
himD/ihfB gene that is encoded by sequences common to the
20 IATS strains, this putative gene is found in the region of
highly diverged DNA sequences unique to each DNA cluster.
Despite this nucleotide sequence divergence, a multiple align-
ment of the translation products (6) revealed a high degree of
amino acid sequence conservation (Fig. 3), suggesting that the
encoded protein may be expressed and possess functional sig-
nificance. We have designated this potential gene, which has
no sequence homologs in the PFAM database, orfA (Fig. 2).
On the downstream end of each operon, proteins belonging to
the L-M-N (wbpL)–O (wbpM) families were found in this or-
der in 8 of 11 sequence groups. Apart from these relationships,
there were only scattered instances of conservation of gene
order among the DNA sequence groups.

One characteristic of O-antigen biosynthesis gene clusters is
the presence of two genes that encode hydrophobic proteins
with multiple membrane-spanning domains. One of these
genes, wzx, encodes an oligosaccharide transporter protein, or
flippase, that translocates oligosaccharide subunits from the
cytoplasm to the site of B-band synthesis in the periplasm of
the cell (4). A second hydrophobic gene, wzy, encodes an
O-antigen polymerase that assembles the oligosaccharide sub-
units into the repetitive B-band polysaccharide (12, 13). Nei-
ther protein exhibits significant sequence identity with other
family members, and the functional roles of these proteins
have been assigned based on knockout phenotypes (4, 12, 13).
We performed a hydropathy scan of all identified ORFs using
the DAS algorithm (9) and annotated the ORFs that appear to
encode proteins with multiple potential transmembrane do-
mains with the letter W (Fig. 2). All members of family N,
which are wbpL homologs encoding the glycosyltransferase
group 4 proteins (24), appear to contain genes that encode
several membrane-spanning domains. In all but the O6 cluster,
we found at least two other ORFs which encode proteins that
have the features of a hydrophobic, multiple-membrane-span-
ning protein; as previously noted (2), the O6 gene cluster has
no obvious wzy, which is the ORF that encodes O polymerase.
The well-characterized O5 cluster has four highly hydrophobic
ORFs encoding the N family protein (wbpL), O polymerase
(wzy), flippase (wzx), and an acetylase of unknown function
(wbpC) (33, 39). The latter is not found in other O-antigen
clusters. Furthermore, we found that the putative flippases in
O6 and O11 were grouped in family E, the polysaccharide
biosynthesis protein family, suggesting that other members of
this group may also be flippases. Finally, in 8 of 11 operons, the
two hydrophobic ORFs that may encode flippase and O poly-
merase are contiguous.

Boundaries of sequence diversity. The diversity of sequences
present at the O-antigen–B-band biosynthetic locus under-
scores the plasticity of genome sequences in different isolates
of P. aeruginosa. Previous studies have described an island of
strain-specific sequence that punctuates the genome (25), yet a

TABLE 3. PFAM-annotated protein families with at least three
members in the P. aeruginosa O-antigen biosythesis operons

Protein
family PFAM description Refer-

ence(s)

B wzz, chain length determinant protein 14
C Oxidoreductase family, NAD-binding Rossmann fold 21
D Cytidylyltransferase 31
E Polysaccharide biosynthesis protein 50
F DegT/DnrJ/EryC1/StrS family 47
G Bacterial transferase hexapeptide (four repeats) 35
H UDP-glucose/GDP-mannose dehydrogenase family 40, 52, 53
I NeuB family 32
J Glycosyltransferase group 2 11
K UDP-N-acetylglucosamine 2-epimerase 48
L Glycosyltransferase group 1 2
M NAD-dependent epimerase/dehydratase family 8, 49
N Glycosyltransferase group 4 24
O Polysaccharide biosynthesis protein 7, 26
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striking feature of the present work is that many different
sequence groups occupy the same locus in the genome. Nucle-
otide alignments were used to characterize the boundaries of
the B-band biosynthetic islands at their 5� and 3� ends (Fig. 4).
The 5� boundary occurs within a sharp, �20-bp sequence win-
dow. The 3� boundary, which occurs within the wbpM coding
region and therefore is presumably constrained by selection on
the protein sequence, is less well-defined. A gradual decay
from a clear consensus sequence to marked sequence diversity
is observed to occur over a span of 450 nucleotides. Nonethe-
less, the overall picture is one in which many sequence-diverse
gene clusters with similar functions (O-antigen synthesis) oc-
cupy a relatively precise location in the P. aeruginosa genome.

DISCUSSION

Our laboratory is applying several experimental strategies to
pursue the study of genetic diversity in P. aeruginosa. Whole-
genome shotgun resequencing of different P. aeruginosa iso-
lates (Olson et al., unpublished) revealed that the O-antigen–
B-band biosynthetic locus is a region where there is significant
genetic heterogeneity. Previous investigators appreciated that
the phenotypic diversity of surface antigens in this bacterium
has an underlying genetic basis at this locus, and DNA se-
quencing efforts have demonstrated that divergent gene clus-
ters occupy a common site in the genome (2, 5, 10, 12). We
endeavored to provide a more comprehensive overview of this
region by cloning and sequencing this region from the 20 se-
rotypically distinct IATS strains. To achieve this goal, yeast
recombinational cloning was used for targeted isolation of this
segment from whole genomic DNA. Several successful varia-
tions of this technique have been described (3, 23, 37, 51). We

view yeast-based cloning as a powerful method for manipulat-
ing large pieces of DNA (37) and as a general tool for targeted
cloning of specific regions from bacterial genomes.

Cloning and sequencing of the O-antigen biosynthetic locus
from the 20 IATS strains revealed 11 distinct gene clusters.
Annotation of the gene products of these clusters according to
protein families revealed significant overlaps with gene fami-

FIG. 3. Multiple alignment of orfA amino acid sequences (6). Red residues are �90% conserved, blue residues are 50 to 90% conserved, and
the exclamation point indicates an I or V residue. orfA has no detectable homolog in the PFAM database.

FIG. 4. Degeneration of DNA sequence conservation in the O-
antigen region. (A) Sequence boundary at the 5� end of the O-antigen
region. Targeting sequences used for cloning are enclosed in a box.
Uppercase letters indicate nucleotides that are fully conserved, lower-
case letters indicate nucleotides that are 90% conserved, and positions
with two or more nucleotide differences are indicated by dots. Se-
quence conservation degenerates immediately at the end of the himD/
ihfB coding region. (B) DNA sequence conservation in the 5� coding
region of wbpM degenerates in the antisense direction. The recombi-
national targeting sequence is enclosed in a box.
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lies known to be involved in the biosynthesis of cell surface
polysaccharides, suggesting that all 11 groups are involved in
the O-antigen biosynthetic pathway. The tentative assignments
must be confirmed by using bacterial genetics. One interesting
superficial feature of these clusters is related to the content
and ordering of genes. The number of predicted genes varies
from as many as 24 predicted ORFs for O12 to as few as 12
ORFs for the O11-O17 and O13-O14 groups. The ordering of
genes is well-conserved at the 5� end (orfA-wzz) and at the 3�
end (L-M-N-O in 8 of 12 groups), but otherwise gene order
appears to be relatively random in the central portions of these
clusters.

The sequences which we have determined provide an op-
portunity to develop DNA sequence-based PCR methods to
serotype P. aeruginosa strains. Such methods may be particu-
larly useful in the health industry for tracking infectious out-
breaks and for characterization of untypeable strains, which
are frequently encountered in advanced cystic fibrosis patients
(18, 22).

Of the 11 DNA sequence groups which we characterized, 6
groups have more than one member. Within these groups
there is a very high degree of DNA sequence conservation
(�98%). This raises the question of how chemically distinct
O-antigen structures are synthesized by closely related gene
products. One possibility is that amino acid differences among
related gene products alter the chemical specificities of the
biosynthetic enzymes, leading to production of similar, yet
distinct O-antigen structures. To facilitate experimental tests
of this hypothesis, a comprehensive table of amino acid
variation within the encoded gene products of each group is
provided at our supplemental website (http://www.genome
.washington.edu/uwgc/O-Antigen/). A more likely explanation
for the chemical variability of O-antigen structures is that ad-
ditional genes that are not linked to the O-antigen–B-band
biosynthesis cluster contribute to assembly of the coat polysac-
charide. Consistent with this idea, Newton and coworkers (33)
demonstrated that three genes encoded in bacteriophage D3
were capable of converting the O5 serotype structure into an
O16-like chemical structure. Interestingly, two of the genes
responsible for seroconversion were found by Southern blot
analysis to reside in O2 and O16 strains. Additionally, Rahim
and coworkers recently described four contiguous genes
(rmlBDAC) responsible for the synthesis of dTDP–L-rhamnose
in P. aeruginosa (36). L-Rhamnose is a constituent of the con-
served A-band core structure, and it is also found in the B-
band oligosaccharides of O3 and O6 strains. It is reasonable to
speculate that similar unlinked elements are responsible for
serotype differences between strains in a given sequence group.
This must be true for the O10 and O19 groups, for which no
DNA sequence differences were found in 16 kbp of sequence.
Similarly, for the O7-O8 group only two conservative amino
acid changes were found, one in each of two different ORFs.

The overall percentages of DNA sequence differences, sin-
gle-nucleotide polymorphisms, and insertions and deletions in
the O10-O19 and O7-O8 sequence groups are 0 and 0.1% (22
changes in 18,703 bp), respectively. A whole-genome survey of
the single-nucleotide polymorphisms and insertions and dele-
tions in different P. aeruginosa strains revealed an average
overall frequency of differences of 0.5% (Olson et al., unpub-
lished). These data suggest that the O10-O19 and O7-O8 se-

quence groups are much younger in an evolutionary sense than
the overall genome.

Dean and Goldberg (10) were the first investigators to de-
scribe a nonfunctional (with the exception of wbpM) B-band
gene cluster in serotype O17 strains. The implication of this
finding is that the genes responsible for core B-band synthesis
reside elsewhere in the genome. We appear to have found a
second example of this phenomenon with serotype O15. The
Lory O15 strain bears a copy of the O3 gene cluster that is
punctuated with insertion elements. The ATCC O15 strain
carries a nearly complete deletion of the B-band cluster. How-
ever, this strain has orfA, which is located at the extreme 5� end
of the B-band gene clusters. Surprisingly, the orfA from the
ATCC O15 sequence is most closely related to the O11 gene.
This result indicates that the two O15 strains arose via different
cell lineages and that P. aeruginosa strains of the same serotype
do not necessarily have the same overall genotype. It is note-
worthy that the O17 genotype also resides in a strain with
vestigial O11 sequences (10).

In conclusion, we used yeast recombinational cloning to
access the genetically diverse O-antigen–B-band biosynthetic
gene cluster regions from the 20 serotypically distinct IATS P.
aeruginosa strains. The DNA sequences from these regions lay
the groundwork for DNA-based serotyping methods and fur-
ther investigation into the mechanisms by which chemically
diverse surface polysaccharides are assembled. One challenge
for the future is to relate the chemical structures of the O-
antigen lipopolysaccharides to the gene products involved in
their synthesis. We found a sharp delineation in the boundaries
between the ubiquitously conserved genomic sequence and the
regions of genetic diversity. Finally, we provide evidence that
the entire O15 gene cluster resides elsewhere in the genome
and that strains with the same serotype do not necessarily have
the same genomic organization.

Our description of the genomic sequences at this locus fo-
cuses on a phenomenon that is likely to be widespread among
bacteria: the maintenance in bacterial populations, by balanc-
ing selection, of a large number of highly divergent, yet func-
tionally related gene clusters at specific genomic loci. The
methods which we describe provide an efficient, general ap-
proach for analysis of such genetic systems. A major challenge
for the future is to develop an improved understanding of how
these divergent gene clusters evolve. The anomalous base com-
position of the O-antigen–B-band biosynthetic gene cluster
relative to the base composition of the remainder of the P.
aeruginosa chromosome suggests that the clusters evolve in
huge, taxonomically diverse bacterial populations, subpopula-
tions of which exchange genetic information infrequently. It
remains to be determined how these gene clusters recombine
in the same site of the P. aeruginosa chromosome and what
combination of processes accounts for the abrupt boundaries
between the highly conserved framework of the P. aeruginosa
genome and the divergent sequences present in the O-antigen–
B-band biosynthetic gene cluster in different strains.
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