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Abstract

The plasmid pQBR103 was found within Pseudomonas populations colonizing the leaf and root
surfaces of sugar beet plants growing at Wytham, Oxfordshire, UK. At 425 kb it is the largest self-
transmissible plasmid yet sequenced from the phytosphere. It is known to enhance the competitive
fitness of its host, and parts of the plasmid are known to be actively transcribed in the plant
environment. Analysis of the complete sequence of this plasmid predicts a coding sequence
(CDS)-rich genome containing 478 CDSs and an exceptional degree of genetic novelty; 80% of
predicted coding sequences cannot be ascribed a function and 60% are orphans. Of those to which
function could be assigned, 40% bore greatest similarity to sequences from Pseudomonas spp, and
the majority of the remainder showed similarity to other c-proteobacterial genera and plasmids.
pQBR103 has identifiable regions presumed responsible for replication and partitioning, but
despite being #ra* lacks the full complement of any previously described conjugal transfer
functions. The DNA sequence provided few insights into the functional significance of plant-
induced transcriptional regions, but suggests that 14% of CDSs may be expressed (11 CDSs with
functional annotation and 54 without), further highlighting the ecological importance of these
novel CDSs. Comparative analysis indicates that pQBR103 shares significant regions of sequence
with other plasmids isolated from sugar beet plants grown at the same geographic location. These
plasmid sequences indicate there is more novelty in the mobile DNA pool accessible to
phytosphere pseudomonas than is currently appreciated or understood.
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Introduction

The pace of genome sequencing continues to accelerate with over 300 bacterial genomes
completed and more than 1000 expected within the next year (Overbeek et al., 2005). Even
with this vast complement of genomes, new genes are continually being revealed and the
typical genome now has, on average, 20% orphans and up to 70% conserved but
uncharacterized genes (Galperin and Koonin, 2004). The pace of discovery is set to
accelerate rapidly with the rate at which natural environments are being explored using
genomic techniques (Field et al., 2006).

Plasmids, ubiquitous within most bacterial communities, are known to carry a wide range of
important traits such as antibiotic resistance, virulence factors and degradative pathways,
and play an extensive role in bacterial evolution as agents of horizontal gene transfer (HGT)
(Ochman et al., 2000; Osborn and Boltner, 2002; van Elsas et al., 2003; Frost et al., 2005).
Despite this, plasmids have received far less attention than their bacterial and archaeal hosts
(Frost et al., 2005). Over 900 plasmids have been sequenced, but most of these are relatively
small (500 are under 10 kb) and many have been sequenced for their medical importance or
coincidentally during bacterial and archaeal genome sequencing projects; of the first 353
bacterial genome projects, 117 have produced 231 of the 852 eubacterial plasmids available
in the public domain (Molbak et al., 2003; www.genomics@ceh.ac.uk/plasmiddb/). As we
have yet to sample a significant proportion of natural bacterial diversity (Martiny and Field,
2005), we have barely glimpsed the likely diversity of plasmids, especially those that are of
a more significant size (only 12% of sequenced plasmids are >100 kb) (Molbak et al., 2003).
The plasmid gene pool, along with other mobile genetic elements represents a vast
component of DNA on earth that we know comparatively little about and that is rarely
sampled (Frost et al., 2005).

Conjugative plasmids are the most important agents of gene transfer in phytosphere bacteria
(Miller and Levy, 1989; Lilley et al., 1994; Bailey et al,, 1994, 1996) and here we
characterize the genome of a plasmid obtained from one of the best characterized long-term
studies of plant-associated bacteria. In a 5-year study (Wytham Farm, Oxfordshire, UK)
plasmids were isolated from bacteria isolated from the roots and leaves of crops (sugar beet,
wheat and corn), grasses, nettles, thistles and daisies (Bailey et a/, 2001). Restriction
fragment comparisons of these plasmids and repetitive (REP)-PCR comparisons of their
bacterial hosts have identified five local plasmid (group 1-V) types (Lilley et al., 1996)
among at least 15 pseudomonad types (Bailey et al., 2001) colonizing the phytosphere
(leaves and roots).

We have chosen to sequence the pQBR103 plasmid, because it is a typical member of one of
the most common plasmid types found at Wytham, the genetically distinct group-1 plasmids.
Group-1 plasmids confer mercuric resistance (HgR) and their transfer is known to be
promoted seasonally in the phytosphere of crop plants and field weeds (Lilley et al., 1994,
2003; Lilley and Bailey, 1997a, b). pQBR103 is a self-transferable (conjugative) plasmid
isolated in a landmark experiment replicated over 2 years assessing plasmid transfer in the
phyllosphere. In these experiments, the naturally indigenous strain Pseudomonas fluorescens
SBW25 was marked and reintroduced to sugar beet crops as a seed dressing. These SBW25
populations colonized the leaves and roots of the crop and 2 months later, in high summer,
acquired a variety of plasmids including pQBR103 by transfer from indigenous hosts (Lilley
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and Bailey, 1997b). Although the original host of pQBR103 was not recovered from the
sugar beet site, the plasmid can transfer and be maintained in a wide range of phytosphere
Pseudomonas spp, but appears not to transfer to Enterobacter, a- or S-proteobacteria
recipients (MJ Bailey, personal communication). Pseudomonads carrying group-1 plasmids
show substantial reductions in fitness up to the mid-season stage of plant development
(sugar beet and chickweed). However, in green-house, field and mesocosm studies, as plants
mature they recover the full fitness of the plasmid-free control (Lilley and Bailey, 1997b;
Lilley et al., 2003).

pQBR103 persists in SBW25 in the laboratory and in field studies, and can be
experimentally manipulated. Using /n Vivo Expression Technology (IVET) (Rainey, 1999;
Zhang et al., 2004a), 37 transcriptional fusions from pQBR103 were recovered that were
induced in the plant environment. Interestingly, such fusions were recovered, relative to
genome size, six times more frequently in the plasmid than similarly active fusions from the
SBW25 chromosome (Zhang et al.,, 2004a). Some of these regions have been investigated
further, but as yet no individual gene has been shown to be essential for phytosphere
survival or fitness (Zhang et al., 2004a, b). To date, these enigmatic, large environmental
plasmids have mostly defied attempts at phenotypic characterization in laboratory
experiments and other than the evidence for replication, maintenance and transfer, the only
characterized traits of these plasmids are Hg and UV resistance (Lilley et al,, 1996). Genome
sequencing plus post-genomic techniques such as comparative genomic hybridization
(CGH) and expression-based microarrays offer complementary methods for exploring the
genetic potential of these plasmids. Here, we report the complete sequence of pQBR103 and
its comparison to diverse HgR plasmids from the sugar beet phytosphere using a CGH
microarray.

Materials and methods

Plasmids, culturing and isolation

The pQBR plasmids used in this work (pQBR4, pQBR29, pQBR41, pQBR42, pQBR44,
pQBRA47, pQBR55, pQBR57 and pQBR103) were maintained in P. fluorescens SBW25 or
P. putida UWC1 (Lilley et al, 1996; Lilley and Bailey, 1997a). Cultures were grown using
Pseudomonas-selective agar (PSA, Oxoid, UK) at 281C. When appropriate, plasmids were
maintained with 27 zg/ml HgCl,. Broad-range HgR was determined using 0.2-10 ug/ml
phenylmercuric acetate (PMA). Plasmid DNA was isolated using methods as described
previously (Lilley et al, 1994).

Sequencing strategy and annotation

pQBR103 DNA was obtained from SBW25 (Lilley et al, 1994) and further purification was
achieved by gel electrophoresis and recovery. The enrichment of pQBR103 DNA relative to
SBW25 chromosomal DNA is described in the Supplementary Information. Plasmid DNA
was sonicated by two 10 s bursts at 15% maximum power using a Model CL4 sonicator
(Misonix Inc., Farmingdale, NY, USA) and selected size fractions used to construct libraries
in pUC19 (New England Biolabs, UK). The finished assembly was based on 4508 paired
end-reads from one pUC19 library with insert sizes of 2.0-4.0 kb, 357 paired end-reads from
a second library with inserts of 1.4-2.0 kb, and completed by gap filling to give an 8.64-fold
sequence coverage. Amersham Big-Dye terminator sequencing chemistry (Amersham, Little
Chalfont, UK) was used on ABI13700 sequencing machines. Phrap (http://www.phrap.org/)
and GAP4 (Bonfield et al., 1995) were used for sequence assembly, and Artemis
(Rutherford et al., 2000) used to annotate the finished sequence. The pQBR103 predicted
proteome was submitted to the GNARE system (Sulakhe et a/., 2005) to assign EC numbers
and map potential Kegg pathways. EMBOSS (http://emboss.sourceforge.net/) and
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REPUTER (Kurtz et al.,, 2001) were used to detect repeats. Homologous coding sequence
(CDS) in the genome were clustered with the mcl algorithm (Enright et a/, 2002).
tRNAscan-SE (Lowe and Eddy, 1997) was used to identify transfer RNA genes. Mapping
and analysis of the IVET sequences (Zhang et al., 2004a, b) are described in the
Supplementary Information. The data have been submitted to the EMBL database under
accession number AM235768. A genome report compliant with the “Minimum Information
about a Genome Sequence specification” (MIGS) (http://gensc.sf.net) has been submitted to
the Genome Catalogue (GCat identifier: 000021_GCAT) (Field et af., 2007).

Microarray construction, hybridization and analysis

Results

The design of the CGH microarray and probe production are described in the Supplementary
Information. Briefly, 122 PCR-amplified probes were spotted six times onto glass slides
with negative controls provided by pUC19, and Escherichia coli DH10 (Gibco-BRL, UK)
and UWC1 chromosomal DNA. Plasmid and chromosomal DNA was extracted (McAllister
and Stephens, 1993), labelled with either Cy3 or Cy5-dCTP (Amersham Pharmacia Biotech,
UK) and hybridized individually as described (Snyder ef a/., 2005). Slides were scanned
using a ScanArray Express HT microarray scanner (Perkin Elmer, UK). Fluorescence data
were extracted form the slide images using GenePix Pro 6 software (Molecular Devices,
UK) and the mean median value from six replicate spots was determined (hybridization
signal) for each probe hybridized.

General features of the pQBR103 sequence

pQBR103 is a circular plasmid of 425 094 bp, significantly larger than the original 330 kb
estimate (Lilley and Bailey, 1997a), making it the largest selftransmissible plasmid to be
sequenced to date (www.genomics.ceh.ac.uk/plasmiddb/). A circular plot of the general
features of pQBR103 is presented in Figure 1. The plasmid has an average G + C content of
53.15%, which is lower than that seen+for other Pseudomonas spp chromosomes and most
large plasmids (Table 1). A total of 478 predicted coding sequences (CSDs) have been
annotated with an average size of 246 amino acids accounting for 83.4% of the coding
capacity of the plasmid (coding density is 1.124 CDSs per kb). The distribution of predicted
CDSs was found to be heavily biased, with 357 (76%) on the forward strand compared with
121 (24%) on the reverse strand. Only 95 (20%) of the predicted proteins could be ascribed
a putative function through homology with known proteins or functional domains in public
databases (Supplementary Table 1). Enzyme commission (EC) numbers could be assigned
to 12 CDSs, one of which belongs to a described Kegg pathway (CDS 104: ubiquinone
biosynthesis; EC 2.1.1). According to Kegg pathway annotations in the GNARE system
(Sulakhe et al., 2005), P. aeruginosa PAO1 (5,566 CDSs), P. fluorescens Pf-5 (6,137 CDS),
and P. fluorescens PFfO-1 (5,736 CDSs) have representatives of 78, 95 and 61 Kegg
pathways respectively (using a GNARE cutoff of 10). Compared to these, a proteome of the
same size as pQBR103 would be expected to have 5-7.3 pathways. The phylogenetic
distribution of these homologues indicate that many, but not all, of the best matches come
from members of the genus Pseudomonas (Supplementary Figure 1). A further 100 (21%)
predicted proteins are conserved hypotheticals with homology to uncharacterized proteins
and 283 (59%) are orphans with no significant level of detectable homology to sequences in
public databases. Only a single conserved hypothetical pseudogene was found. pQBR103
was not found to carry any tRNA genes, or REP-like repeat elements found in Pseudomonas
spp (Tobes and Pareja, 2006).
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The maintenance genes of pQBR103: replication, partitioning and transfer

pQBR103 contains the 300 bp minimal origin of replication (ori) identified experimentally
in another group-1 plasmid pQBR11 (Viegas et al., 1997) (located at 259 339-259 639 bp
with a 1 bp insertion) but not the minimal replicon of the group-111 plasmid pQBR55 (Turner
et al., 2002), which is known to share an overlapping host range /n situ. pQBR103 also
contains two plasmid replication initiator genes, both sharing significant homology with
RepA from the IncA/C-IncP3 RA1 plasmid of £. coli/Pseudomonas spp. (Llanes ef al.,
1994). However, only one, CDS 383, was found to have associated 32 copies of a 22 bp
repeat (5'-GTTGTAGGTTTG(A/G)TG(G/C)GCCCTA-3") and two DnaA boxes, and was
therefore likely to represent a functional minimal replicon similar to that found in RA1
(Llanes et al.,, 1994) (Figure 2).

CDS 001 (parA) and 002 (parB) are parAB active-partitioning system homologues and
predicted to fulfil this role in pQBR103 (Hayes and Barilla, 2006), since there is a
degenerate 48 bp inverted repeat upstream of parA potentially involved in autoregulation of
parAB expression, and a 500 bp AT-rich region containing ~30 iterations of a degenerate 6
bp repeat downstream of parB that may represent a parS-like site (Figure 2). There are a
further 3 parB homologues, none of which has proximal ParA homologues or repeats
(Supplementary Table 2) and may or may not be involved in partitioning; at least one
member of the ParB family is known simply as a regulatory protein (McKenna et al., 2003).
No recognizable coupled-cell death anti-segregation or site-specific multimer resolution
systems were identified, although two Int-type recombinases without adjacent resolution
sites (inverted repeats) are present.

pQBR103 is known to be self-transmissible; however, the transfer functions are not readily
identifiable through strong similarity to classic conjugal transfer systems (Peabody et af.,
2003; Frost et al., 2005; Schroder and Lanka, 2005). A number of potential transfer-
associated CDSs are identifiable within a 27 kb portion of pQBR103 containing CDSs
160-191 (170 292-197 117 bp). These share limited similarity to 6 of the 11 VirB/D4
proteins required for the archetypal type 1V secretion system (T4SS) of Agrobacterium
tumefaciens pTiC58 (Figure 3 and Supplementary Table 3). A putative DNA primase (CDS
209) and transfer inhibition protein (CDS 289) were also identified, either of which might be
expected to be close to the origin of transfer. The limited extent of these homologies and the
dispersed nature of the CDS could suggest that pQBR103 conjugation is mediated by a
highly divergent T4SS-like transfer mechanism (but see below for comparison to other
group-I plasmids).

Accessory traits

PQBR103 carries a near-perfect copy of the Tn5042 HgR type Il transposon (375 222-382
212 bp), which has been found to be highly conserved across contemporary plasmids and
those isolated from permafrost grounds from the Upper Pleistocene (Mindlin et a/., 2005).
Beyond the presence of the HgR operon (CDSs 430-435), a common characteristic of
environmental plasmids (Barkay ef a/., 2003), pQBR103 contains conspicuously few
identifiable accessory genes of known function. RulAB homologues can be identified, which
explains the enhanced UV-resistance the plasmid confers upon P. fluorescens SBW25
(Zhang et al., 20044a), a factor known to impact the survival of P. syringae in the
phyllosphere (Sundin and Murillo, 1999). Similar homologues enhance the fitness of ~.
putida under conditions of environmental stress (Tark ef a/., 2005). Fifteen CDSs showed
homology to proteins involved in the regulation of gene expression including a catabolite
regulatory protein (Vfr/Crp), a RsmA/CrsA carbon storage regulator, a cold-shock DNA-
binding domain protein, two RNA polymerase sigma factors, a cyclic diguanylate (c-di-
GMP)-associated nucleotide cyclase and phosphodiesterase domain-containing response
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regulator-type proteins, and a number of other response regulator-type receiver domains, of
which one (CDS 475) is part of a putative chemosensory/chemotaxis cluster (CDSs
440-475). Although Pseudomonas spp appear not to have £. coli H-NS-like homologues
(Tendeng et al., 2003), the presence of the putative DNA-binding NdpA and Hu homologues
(CDSs 151 and 178) raises the possibility that pPQBR103 may be able to influence DNA
packaging and gene expression in a similar manner to that seen with H-NS (Dorman, 2007).
Three CDSs (CDS 037, 038 and 051) also have weak homology to the AsIB/AtsB
arylsulfatase post-translational, though pQBR103 carries no cognate arylsulfatases.

Plant-inducible genes

The availability of the complete sequence enabled the mapping of IVET sequences reporting
plant-induced transcriptional activity (Zhang et al,, 2004a) to 17 regions of the plasmid
(Supplementary Table 4). Analysis of these suggest that 65 (14%) CDSs may be expressed
in the sugar beet phytosphere from 11 regions. Included are the functional CDSs helA, helB,
helC (putative DNA helicases) and Orn (oligoribonuclease) previously reported (Zhang et
al., 2004a, b), plus a ribonuclease, an AlgZ-like transcriptional regulator, a response
regulator receiver domain protein, a restriction enzyme-related protein and the three Tn5042
transposase subunits. It is notable that a further 54 CDSs without functional annotation are
potentially transcribed as part of the same set of transcriptionally active regions of the
plasmid genome. It is unlikely that any CDSs are transcribed in the remaining six regions as
the orientation of IVET-reported transcriptional activity is the opposite to that suggested by
the annotation of CDSs. Finally, the IVET insertions appear to indicate areas of complicated
convergent/divergent/overlapping transcription in 4 of the 17 regions.

The evolution of large genome size

The large size of pQBR103 might have arisen through the accumulation of phage, insertion
sequences and non-coding DNA, extensive internal duplications or the capture of novel
sequences by a smaller ancestral plasmid. Compared to many other Pseudomonas plasmids
pQBR103 contains evidence of only a single transposon and little evidence of bacteriophage
remnants (Table 1). There are no extensive regions of apparent non-coding DNA in the
annotation; the largest gap between adjacent CDSs on the same strand was 754 bp, and the
largest gap between adjacent CDSs on opposing strands was 986 bp. Nor does pQBR103
contain extensive DNA repeat regions or unusual numbers of duplicated CDSs
(Supplementary Table 2). Clustering of the predicted plasmid proteome revealed 20 protein
families, the majority of which had homology to proteins outside pQBR103. The locations
of these homologues suggest they are a mix of paralogues (that is, duplications within
pQBR103 or an ancestral donor genome) and xenologues (acquisitions from different
genomes).

Significant regions of pQBR103 are conserved in other group-I plasmids

To understand the relationship between the group-1 plasmid pQBR103 and other plasmids
that were also isolated from fluorescent pseudomonad phytosphere communities colonizing
plants grown at the same geographic site, a comparative analysis of representatives of the
three most common groups (I, 111 and 1V) was performed. A PCR survey developed before
the completion of the genome showed that three of the selected plasmids similar in size to
pQBR103 shared all probes examined (Supplementary Table 5). In contrast, two much
smaller and divergent group-I plasmids (pQBR44 and pQBR47) did not react with several of
the probes. CGH microarray analysis shows that these plasmids are, overlapping subsets of
contiguous regions of pQBR103 (Figures 1 and 4). Although this method can only provide
information on the distribution of sequences present in pPQBR103, previous estimates of size
and similarities in REN profiles of pQBR44 and pQBR47 suggest they share their entire
genetic content with pQBR103 (Lilley and Bailey, 1997a, b). Such analysis may define the
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conserved core region of group-1 plasmids, although the putative origin, the potential
transfer region and UV resistance determinant in pQBR103 appear to be absent from the
smaller plasmids. The unshared region of pQBR103 contains a high proportion of orphan
genes (70%) when compared to 50% for the shared region and 60% for the plasmid as a
whole. This unshared region in pQBR103 also contains a smaller than expected number of
functional genes and fewer with best matches to sequences of Pseudomonas spp origin.

Furthermore, the array study indicated that the group-1 plasmids are completely distinct from
group-111 and group-1V plasmids. pQBR55 and pQBR57 showed no hybridization to the
pQBR103 probes, with the exception of the HgR operon. This contains an organomercuric
lyase, which is characteristic of broad-range inorganic-organic HgR (Barkay et a/., 2003).
We empirically confirmed that all of the plasmids in this study confer up to 10 pg/ml PMA-
resistance to P. putida UWC1 (which is resistant to 0.2 zg/ml PMA). Analysis of the HgR
region has shown that it is highly conserved (Turner et a/., 2002; Mindlin et al., 2005) and
the partial sequencing of merA and merR revealed complete sequence conservation between
the each of the different group-I, 111 and IV plasmids in this study (data not shown). On the
basis of hybridization to microarray probes adjacent to the Tn, we infer that there are at least
two insertion sites, one shared by the group-1 plasmids and at least one in the group-I1l and
group-1V plasmids.

Discussion

pQBR103 homology with known sequences is low

Other than megaplasmids sequenced as part of bacterial genome sequencing projects,
pQBR103 is the largest plasmid sequenced to date for which independent transfer,
replication and maintenance in different hosts has been demonstrated. Compared to other
published plasmid sequence information which originate from the phytosphere environment
pQBR103 contains the largest proportion of novel CDSs, indicating the potential untapped
pool of genetic diversity within the horizontal gene pool for this specialized habitat. Eighty
percent of the CDSs in pQBR103 cannot be ascribed putative function through homology
and 60% share no significant similarity to known sequences. The lack of public database
sequence information from large plasmids isolated from the phytosphere may, in part,
explain the large number of orphan genes found in pQBR103. There are over 900
completely sequenced Eubacterial plasmids available in the public databases (Molbak et a/,
2003). However, only 2.6% (22) of these are above 100 kb and isolated from the
phytosphere. About half of these large phytosphere plasmids are isolated from plant
pathogens, and the other half are from rhizobia (from only five unique hosts). pQBR103 is
the first example of a sequenced plasmid larger than 100 kb to be isolated from a
phytosphere Pseudomonas species.

In addition to HgR, this CDS-rich genome has an identifiable putative RepA minimal
replicon, origin of replication (or/V), and partition system (parAB), but apparently lacks the
expected full complement of Tra functions and a significant set of accessory genes with
obvious ecological value. In addition to HgR, the genome reveals one other obvious
candidate fitness determinant, rv/AB, which confers UV resistance that is of known value to
bacteria found on plant leaves (Sundin and Murillo, 1999) and enhanced fitness under
conditions of environmental stress (Tark et al, 2005). Strikingly, pQBR103 lacks genes of
the types commonly found in other large environmental plasmids (Galibert ef a/., 2001;
Gonzalez et al., 2006) such as nutrient uptake and utilization genes associated with
Pseudomonas phytosphere fitness (Gal et al., 2003; Silby and Levy, 2004) or the complex
organic compound metapathways carried by the smaller Psevdomonas plasmids (Greated et
al., 2002; Maeda et al., 2003).
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pQBR103 may provide fitness advantage by adapting the host to the chemically-complex
phytosphere environment, perhaps through additional response and regulatory capacity.
Preliminary proteomic expression studies (2D gel analysis) suggest that up to 48 ~.
fluorescens SBW?25 polypeptides are upregulated or downregulated by pQBR103 in low-
nutrient and pea exudates media (unpublished data, work in progress), in comparison, the
expression of up to 9% of the P. aeruginosa PAO1 transcriptome is affected by sugar beet
exudates (Mark et al.,, 2005). Only 10 possible pQBR103 polypeptides have been detected
using 2D gel analysis, suggesting that the plasmid proteome is tightly regulated and
probably highly sensitive to host and environmental conditions. Ultimately, site-specific
mutagenesis, phenotypic, sugar beet and fitness assays will be required to determine the
function and relative fitness value of each of the CDSs carried by pQBR103. The complete
annotated sequence will greatly simplify the design and construction of such experiments.

The significance of intra-group mixing and inter-group compartmentalization of genetic

material

Comparison to other characterized plasmids isolated from sugar beet grown at Wytham
farm, UK, using PCR surveys and a CGH microarray, confirms that some pQBR103
sequences are shared with other group-1 plasmids from this environment (Figure 4).

Whereas the putative pQBR103 sequences responsible for replication and partitioning are
shared with the two smaller group-1 plasmids pQBR44 and pQBR47, the candidate transfer
region is not. As all three group-I plasmids are self-transmissible, this observation indicates
that there may be more than one highly divergent and/or non-classical transfer mechanism.
An alternative option is that there is a single novel conjugative transfer system within the
conserved region and that the T4SS homologues might be involved in plant surface
interactions; both theories need further investigation.

The relationship between the three group-I plasmids examined suggests a recent, common
heritage where only a single recombination (deletion) event was required to explain the
structure of each genome. Within our collection pQBR103 is not uniquely large, as previous
fragment length polymorphism (FRLP) studies (Lilley ef a/, 1996; Lilley and Bailey, 1997a)
and the PCR survey in this study suggest high similarity between this plasmid and pQBR4,
pQBR41 and pQBRA42. Still, the distribution of CDSs with core plasmid functions
throughout pQBR103 and the intermixing of these CDSs with those of presumed
phytosphere function suggest that none are exclusively linked, and that the plasmid genome
may be relatively free to recombine with other plasmids (and genomes) to generate
derivatives in which different combinations of genes are produced. An implication of this is
that pQBR103 and related plasmids may not be readily described in terms of an essential,
minimal replicative backbone (in which replicative, maintenance and transfer functions are
conserved, but may be linked or dispersed) and accessory genes distinct from those normally
encoded by bacterial chromosomes (Frost ef al., 2005), not the least because so many of the
pQBR103 CDSs remain to be functionally identified.

The enigma of pQBR103

Knowledge of the abundance, distributions and diversity of plasmids in bacterial
communities from nonclinical environments is limited (Smalla ef a/., 2000). pQBR103 is
only one of a collection of hundreds of plasmids isolated from this environment on the basis
of inorganic mercury resistance (HgR) and ex situand /n situ exogenous capture using a
Pseudomonas spp (Lilley et al., 1996; Lilley and Bailey, 1997a). The sequence of pQBR103
confirms that 40% of functionally characterized CDSs have greatest similarity to the
chromosomal sequences of Pseudomonas spp, and a further 26% to closely related -
proteobacteria many of which also have homology to Pseudomonas spp. This finding, plus
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the high proportion of orphan CDSs, suggest two models for the origin and current host-
range of pQBR103 within the phytosphere community. In the first, pPQBR103 is largely
confined to the Pseudomonas but may have resided within other genera, and in the second,
pQBR103 originally had a wide host range but has recently begun to specialize as a
Pseudomonas plasmid. Although speculative, the relatively low G + C content of pQBR103
might also reflect a past + history of residence in lower G + C bacteria such as Erwinia and
Klebsiella spp, which are important members of this sugar beet phytosphere community
known to support large numbers of plasmids (Powell ef a/., 1993; Kobayashi and Bailey,
1994). The vast number of orphan genes suggests an unidentified genetic reservoir in the
community, which could be shared with other plasmids or other bacteria which have yet to
be characterized at the genomic level. Determining how large this genetic component of the
pan-genome is and where else it resides is essential to understand the ecology of the
microbial phytosphere community.

The sequence information provided by the analysis of this large, environmental plasmid
indicates that the extent of novel genetic diversity in the phytosphere is extensive. While the
relevance of HGT (Frost et al,, 2005) and the importance of the pan-genome (Rodriguez-
Valera, 2002; Medini et al., 2005) have been recognized, a broader genomic view,
recognizing the interconnection of taxonomically more diverse bacterial genomes is only
just emerging. We propose that ‘pan-community’ genomics should include the specific
study of HGT networks that link the genomes of bacterial ‘species’. The pQBR and related
plasmids provide a suitable model system to study this phenomenon. Sequencing of
pQBR103 has provided the first insight into the molecular landscape of a potentially new
class of large, environmental, non-pathogenic, low copy number plasmids that appear to lack
hallmark accessory genes. The sequencing of additional pQBR plasmids will help to
elucidate the role these plasmids play in the ecology of phytosphere microbial communities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

The 425 094 bp genome sequence of pQBR103 is presented in a circular plot, along with
markers indicating regions of plant-specific transcription, and regions of conservation
between pQBR103 and other group | plasmids, pQBR44 and pQBR47. Nine concentric
circles are shown (from outer to innermost): 1, base pair coordinates. Base pair 1 of the
genome has been arbitrarily defined as the replication mode of this plasmid is
uncharacterized. 2-3, Annotated CDSs regions in the forward and reverse strands,
respectively (functional CDSs, red: DNA associated, yellow: metabolism, pink: phage and
transposon, white: environmental/survival and transmission, blue: regulators, dark green:
transmembrane, grey: domain match only; pseudogene, brown: conserved hypothetical
CDSs, orange: orphan CDS, light green). 4, Regions of interest (black, clockwise from 0
bp): ParAB, RulAB, potential Tra region, or/V, RepA replicon and Tn5042-like transposon;
and (red) IVET regions of potential plant-induced transcriptional activity. 5-7: Microarray
analyses of pQBR103 CDS distribution: probe regions in pQBR103 (blue), positive
hybridization from pQBR44 (cyan) and pQBR47 (magneta). 8, GC skew. 9, GC deviation
from the mean% G + C. CDS, coding sequence.
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Figure2.

pQBR103 contains a putative RepA minimal replicon with tandem repeat elements separate
from the putative ParAB partitioning cassette. The putative minimal replicon contains
CDS383, a homologue of the plasmid replication initiator gene repA from the IncA/C-IncP3
plasmid RAL, 32 copies of a 22 bp repeat element (triangles) and two DnaA boxes (vertical
lines) (338 642-341 577 bp) (top). The origin of replication would be expected to be located
in the region defined by the DnaA boxes. The putative partitioning cassette contains
CDS001 and 002, parA and parB homologues, respectively. Located upstream of parAis a
degenerate 48 bp inverted repeat (424 970-425 069 bp) (triangles), and downstream of parB
is a relatively AT-rich region (2100-2600 bp) (box) containing up to 30 copies of a 6 bp
repeat (5'-TGC TTT-3") element.
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Figure 3.

Components of a conjugal transfer apparatus sharing homology with classical Type IV
secretion systems (T4SS) are located in the 170 292-197 117 bp region of pQBR103. Shown
are the F plasmid Tra (top) (TraA, L, E, K, B, V, C, G and D), putative pQBR103 Tra region
(middle) (CDSs 160-191, ~27 kb) and pTi (pTiC58) VirB/D4 (bottom) (VirB1, 2, 3, 4, 5, 6,
7,8,9, 10, 11 and VirD4) regions to scale. pQBR103 CDS in white have no recognizable
role in transfer. Transfer components sharing the same functional role and sequence
homology are indicated by colors. Transcription is from left to right, except for those CDSs
in pQBR103 marked by a circle. Adapted from Schroder and Lanka (2005). CDS, coding
sequence.
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CGH microarray results show large regions of conservation and apparent deletions between

group | plasmids. The microarray was used to test the group-I plasmids pQBR44 and
pQBR47, the group-I11 plasmid pQBR55 and the group-1V plasmid pQBR57. The
microarray used 122 pQBR103 probes, which are arranged in order along the xaxis.

Plasmid DNA used for hybridization was labelled with either Cy3 or Cy5-dCTP and the
hybridization signal reported is the mean median fluorescence value from six replicate spots
for each probe. The arrows indicate the position of strong HgR-probe signals for pQBR57
and pQBR55. No signals were obtained using labelled P. putida UWC1 chromosomal DNA,
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and the negative control probes did not hybridized to any of the labelled plasmid
preparations (data not shown). CGH, comparative genomic hybridization.
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