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1 Introduction

The genus Pseudomonas is one of the most diverse bacterial genera, containing over 60
validly described species, isolated from sources ranging from plants to contaminated soils and
water to human clinical samples. They are obligate aerobic chemoorganotrophs capable of
living on a wide range of aliphatic and aromatic carbon compounds. Not surprisingly, the genus
Pseudomonas is also phylogenetically rather heterogenous, containing several subgroups (3).

The genome sequence of bacteria from four different Pseudomonas species has recently
been determined. Each of these species represent a major subcluster of the authentic Pseu-
domonas species. P. aeruginosa is a ubiquitous environmental bacterium that is one of the top
three causes of opportunistic human infections, and was the first species sequenced (30). Pseu-
domonas putida is a versatile saprophytic organism that has attracted considerable attention
due to its potential for biotechnological applications (23). The genomes of P. aeruginosa and
P. putida contain many similar genes, but exhibit different codon usage (36). Pseudomonas
syringae pathovar tomato DC3000 is an organism that is phytopathogenic for tomato and Ara-
bidopsis thaliana (6). Finally, Pseudomonas fluorescens is a plant growth-promoting rhizobac-
terium, and the sequence of P. fluorescens SBW?25 has been finished and is available from the
Sanger Center web page !, although at the time of writing this genome sequence has not been
published.

The goal of this study is to compare some of the properties of the genome of these organ-
isms. First, the genomes will be compared at the DNA sequence level. Then gene conservation
will be examined, followed by an analysis of sigma 70 factors. Finally, the proteomes will be
compared in terms of differences in protein function, based on a keyword analysis. At all lev-
els examined - that is, the DNA sequence, genes encoded, and protein function, Pseudomonas
syringae appears to stand out amongst the four Pseudomonas species.

2 A global view of the Pseudomonas genomes

Pseudonomad genomes typically have sizes between 6 and 7 Mbp (see Table 1); when
compared to the more than one hundred sequenced bacterial genomes, only a handful of them
are larger than the Pseudomonas genomes (e.g. , the Bradyrhizobium japonicum genome of 9.1
Mbp)?. P. aeruginosa was the largest bacterial genome at that time it was sequenced, although
now the genome appears closer to be typical size for an environmental bacteria. Among the
Pseudomonas genomes sequenced to date, the P. aeruginosa genome has the lowest AT-content
(33%), whilst the other three strains have 38-42% AT (see Table 1). All four of the Pseu-
domonas genomes contain around 5450 (+/- 100) genes, and between 4 and 7 rRNA operons
(see Table 1).

The fraction of repeated sequences, as shown in Figure 1 A, is simple yet important mea-
sure of a genome’s properties. Global direct and global inverted repeats were calculated as
described elsewhere (14), and the fraction of the genome with 80% or more identity to se-
quences elsewhere in the genome is shown in Figure 1 A. Global repeats include duplicated
regions of the chromosome, such as multiple rRNA clusters; the average level of global repeats
in bacterial genomes is around 4%. Of the four genomes, only P. syringae differs significantly
in global repeats from the average of 150 sequenced genomes (solid black bars in Figure 1).
The larger amount of global repeats in P. syringae are in part reflective of the larger amount of
transposable elements in this genome (6).

"http://www.sanger.ac.uk/Projects/P_fluorescens/
%A current listing of sequenced genomes can be found at the GenomeAtlas web resource http: //www. cbs .
dtu.dk/services/GenomeAtlas/



Organism Size (bp) % AT Number Number
Genes rRNA operons

P. aeruginosa PAO1 6,264,403 334 5566 4
P. fluorescens SBW25 ~6,703,654 40.0 5480 5
P. putida KT2440 6,181,863 38.5 5350 7
P. syringae pv. tomato DC3000 6,397,126 41.6 5471 5

Table 1: Characteristics of four sequenced Pseudomonas genomes. The size of P. fluorescens SBW25 genome is
an estimate based on the current assembly from the Sanger Center.

P. aeruginosa has a higher level of local repeats than the other Pseudomonas genomes.
This is in part due to the lower %AT content (33%) than the other genomes. As the base
composition deviates more from 50% AT content, the chances of finding local repeats increases.
Consistant with this is the relatively low local repeat levels of P. syringae, which has the % AT
content closest to 50% (e.g., 42% AT) of the four species. Local repeats can play a role in
DNA mutations, although for GC rich organisms like Pseudomonas, the role of local repeats
is less clear. Finally, all the Pseudomonas genomes have a higher fraction of direct repeats
than inverted repeats (both globally and locally); this is a trend seen in most bacterial genomes
(145 1).

Pseudomonas genomes also differ from many other bacterial genomes in that they have
a bias towards under-representation of purine stretches, whilst on average most bacterial
genomes tend towards on over-representation of purine stretches, as shown in Figure 1 B.
In contrast, alternating pyrimidine/purine stretches tend to be over-represented in the Pseu-
domonas genomes. This bias is likely due to enviornmental factors (34; 36), and it is interest-

ing to note that many of the bacteria with fewer purine stretches than expected are soil bacteria
3

Figure 1: Global DNA properties of Pseudomonas genomes. A. Direct and Inverted DNA Repeats. B. Bias in
Purine and pyr/pur stretches.

2.1 Genome alignment.

The complete DNA sequences of three Pseudomonas genomes were aligned, using the Ar-
times Comparison Tool (ACT), downloaded from the Sanger Center web site. In Figure 2 the
P. putida is in the middle, aligned against the P. aeruginosa genome (top) and the P. syringae
genome (bottom). As can be seen from this figure, there are many rearrangements - in particular
near the replication origin (e.g., near either edge of the figure), with less sequence conservation
near the replication terminus (towards the middle of the figure). Inversions around the origin
of replication (often between two rRNA operons) are common in Pseudomonas genomes; for
example the Pseudomonas aeruginosa PAO1 genome sequenced strain is known to have un-
dergone an inversion around the replication origin, relative to other PAO1 isolates (30). Thus,
although many of the genes are conserved within the different species, the relative location
within the chromosome is likely to be quite different.

*Data not shown, but a list of bacterial genomes, sorted by this bias can be found on our web site http:
//www.cbs.dtu.dk/services/GenomeAtlas/A_DNA/index_Bacteria_PercentADNA.html



Figure 2: Alignment at the DNA level of the P. aeruginosa (top), P. putida (middle) and P. syringae (bottom)
genomes. Blast hits with a score of 750 or greater are shown.

2.2 Gene comparison

In addition to the published genomes available from GenBank, there are also available
several Pseudomonas genomes from various strains which are not in one contiguous piece, but
likely contain all the proteins. Using BLAST (2), an all-against-all comparison of 7 public
available Pseudomonas genomes has been constructed. For a systematic comparison, potential
genes for each genome was determined using EasyGene(15), with an R-value of 2 as a cut-
off. All open reading frames were translated into their amino acid sequence for the BLAST
comparison.

A BLAST database was been generated for each proteome and all proteomes were
BLASTed against each of the databases. This resulted in a matrix of BLAST reports from
which alignments were counted. Only alignments with a minimum of 80% overlapping amino
acids and having an espected value (E-value) below 1210° were included. The parameters were
set such that only the best hit per gene was reported.

Based on these results, the table shown in Figure 3 was constructed, which visualises the
homology. Each count of homology was calculated relative to the number of genes in each
of the genomes. That is, having 400 BLAST hits from a total of 4000 proteins gives 10%
homology. For homologies between genomes, the highest possible number of homolgy (100%)
was illustrated with a dark gray color, whilst the white color represents 60% homology. For
homologies within genomes, the scale ranges from 0 to 2%. Within-genome homology is
observed down the diagonal of the BLAST table, whilst between-homology is observed on
each side of the diagonal. Note that the percentage of homology is not identical in A compared
with B as when B is compared with A. This is due to the fact that not all genomes have the
same number of proteins. That is, on each side of the diagonal, similar hit counts are observed
though the percentage will vary slightly due to small differences in gene number.

Inspection of Figure 3 shows that the two P. aeruginosa strains are quite similar to each
other, both having in common more than 90% of the proteins, as described using the above
criteria. However, the two P. syringae strains have only about 70% of the proteins in common,
and the two Pseudomonas fluorescens strains contain less than 60% of the same proteins. Thus
based on this limited set of genomes, it appears that the genomic diversity within the P. aerug-
inosa strains are less than that of the other Pseudomonas species. An experimental approach
has shown that only about 10% of the genes vary in many P. aeruginosa strains. Based on
the results described here, this number is likely to be much higher for the other Pseudomonas
genomes. It is also worth noting that the two P. syringae strains seem to differ the most from the
other genomes, with an average of around 45% homologs; this can be visualised by the lighter
colour in the bottom two rows in Figure 3. Thus as with the repeats, the P. aeruginosa and
P. syringae genomes stand out as distinct from the other three, under different circumstances.

Figure 3: Comparison of genes encoded by seven different Pseudomonas genomes. See text for details.

2.3 Sequence profile search for ECF type sigma factors

There is great difference in ability of various microorganism to adapt to changes in their
environment. At one end of the scale we find parasites and obligate symbiotic lifeforms, which
have evolved to live in one very constant environment—e.g. inside another cell. Pseudomonas



is at the other end of the spectrum, consisting of freeliving species with the ability to adapt
to a large number of very different environments. This adaptation to different environment is
to a large extent attained through expression of different sets of genes under different circum-
stances. In bacteria part of this regulation is often controlled by different o-factors, which can
initiate transcription through the recognition of different upstream elements. The number of
o-factors in an organism can be considered one measure of its adaptability. This number varies
between 1 for pathogens with small genomes, such as Mycoplasma genetalium (12) and 65
for Streptomyces coelicolor (4). In the P. aeruginosa and P. syringae genomes there are 24
o-factors. A detailed comparison of o-factors in these two genomes (18) found 13 extracyto-
plasmic (ECF) o-factors with homology to E. coli Fecl, which is involved in iron acquisition.

The 070 related o-factors are both the most abundant and the most diverse family. The evo-
lutionary unrelated o°*-factors are usually present in a single copy per genome, and have not
been included in this analysis, although they are discussed in another chapter in this book, ded-
icated to sigma factors. The ¢° family encompasses the primary and the ECF o-factors. Little
is known about most of the ECF o-factors, except that many of them are co-transcribed with
their negative regulators, known as anti-o-factors. These are often transmembrane proteins
serving and thus thought to act as sensors of the extracellular environment (20).

Starting with a single ECF o-factor sequence (SigY from B. subtilis), PSI-BLAST (2) was
used for identifying an initial sequence set of putative ECF o-factor by searching against a
database of all ORFs longer than 300bp from 100 bacterial genomes. A better quality multiple
alignment of these sequences was constructed using ClustalW (33) and a profile HMM was
constructed using hmmbui1d from the HMMER package (9). The resulting HMM was used
for searching the database again using hmmsearch to identify a more accurate ECF set. This
procedure, starting from the ClustalW alignment, was iterated until convergence was achieved.

Using this method, we identified 0 7° related o-factors in the genomes of 7 Pseudomonas
species in Figure 3. The simplest possible analysis one can perform is to simply count in each
genome the number of genes encoding o “°/ECF transcription factors, and the results are shown
in Figure 4. Although for genomes from the first three of the Pseudomonas species shown we
find at least 23 7" related o-factors, for both P. syringae genomes, only 13 o-factors are found.
This much lower number of o-factors in P. syringae compared to the other Pseudomonas is very
surprising as the loss of even a single o-factor should result in a number of genes no longer
being available to the cell as they cannot be transcribed. Thus, once again, P. syringae stands
out as unique amongst the four species compared.

Figure 4: Comparison of genes encoded by seven different Pseudomonas genomes. See text for details.

2.4 Phylogenetic analysis of ECF o-factors

To analyze which specific groups of o-factors have been lost in P. syringae, we made a
tree of all Pseudomonas o "°-factors. Using the self consistent profile HMM constructed above,
hmmalign was used to align all 83 o "%/ECF sequences from the four Pseudomonas species to
the model. From the resulting alignment, the most conserved columns were extracted, namely
those corresponding to match states in the profile HMM. From this core alignment, pairwise
evolutionary distances were estimated using the protdist program from the Phylip package
(10). Finally, an evolutionary tree was constructed using the UPGMA algorithm (Figure 5).
Where infinite evolutionary distances were reported by the protdist program, a distance of
99 (a very large distance) was used.

All but one of the o-factors missing in P. syringae are of the ECF type; only a small number
of these have previously been associated with pathogens and symbionts (21). This fits very well



Figure 5: Phylogenetic tree of 83 Pseudomonas o'° -factors, from the genomes in Table 1. Single letter abbrevia-
tions are used for each genome: A = P. aeruginosa,F = P. fluorescens, S = P. syringae, and P = P. putida.

with P. syringae being a plant pathogen, but may at first seem to contradict the high number
of ECF o-factors found in the pathogenic P. aeruginosa. However, P. aeruginosa is only an
opportunistic pathogen and lives freely in soil too.

The loss of FliA, one of the four major members of the ¢7° family, is more surprising. FliA
regulates the expression of the flagellar as well as chemotaxis genes. Since P. syringae are
known to have flagella (26), they might now be under control of another o-factor or other reg-
ulatory protein. The loss of a o-factor can either lead to complementation from other systems
or loss of function of the genes regulated by the o-factor (17). While such complementation
must have taken place for the flagella, it is likely that some chemotaxis genes have simply been
lost. Similarly, the loss of 10 ECF factors is likely to result in loss of function and possibly
pseudogenes in the P. syringae genome.

The other three major o-factors (RpoD, RpoH and RpoS) are present in all four Pseu-
domonas species, and form very clear clusters. In all three clusters P. syringae, P. fluorescens
and P. putida form a clade with P. aeruginosa separating from them earlier in evolution. This
is consistent with the 16S rRNA phylogeny. Phylogenies derived from these three o-factors,
however, disagree on the evolutionary relationship between P. syringae, P. fluorescens and
P. putida.

3 Systematic functional comparison of complete genomes

Since it is generally not known which sets of genes in a genome are under the regulation
of which o-factors, it is hard to put the above results in a functional context. We approach this
problem through a systematic search for differences in the functional content of the genomes.

To accomplish this we extracted all open reading frames longer than 300 bp from each
of the four genomes and translated them to their corresponding amino acid sequences. From
these BLAST databases were constructed and all pairwise comparisons were performed using
gapped BLASTP with low complexity filter enabled (2). Each of these sets was also searched
against the SWISS-PROT database (5). The SWISS-PROT database contains only proteins
which have been experimentally verified and have a known function. Hence, a good BLAST
hit to SWISS-PROT means the chances for knowing the true function of the protein are much
greater, since a similar protein has already been characterised in the literature.

Based on these similarity searches, all Pseudomonas protein sequences with significant
matches (E-value better than 107°) to SWISS-PROT were identified. For each of these se-
quences functional information in the form of SWISS-PROT keywords was transfered from
the best match. As only sequences with significant matches to SWISS-PROT are used in the
subsequent analysis, the large number of random ORFs do not present a problem.

Subsequently, the protein sequences unique to each of the four Pseudomonas (but possibly
present in other organisms) were identified. An E-value of 10~ was used as cutoff for the
BLAST matches for identification of homologs in both the other Pseudomonas and in SWISS-
PROT. Similarly, the proteins encoded by each genome having homologous genes in all of the
three other species were identified, as were the proteins showing homology to each combination
of two species.

For each such set of protein sequences, a systematic search for keywords overrepresented,
compared to the reference genome, was performed using hypergeometric statistics. The prob-



ability of observing a given keyword exactly = times in a sample is
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(GO

\ T
where 7 is the size of the sample, IV is the size of the pool (i.e. the total number of sequences
with significant matches to SWISS-PROT), and m is the number of sequences labeled with the
keyword. Using the R statistics package, we have calculated the cumulative probability that
each keyword would, at random, occur as many or more times than the actual observed number,
i.e. the level of significance that a given keyword is overrepresented in a particular partition.

The significance of each keyword also varies depending on which genome is chosen as
reference. While this is not a problem when studying proteins present in only one of the
Pseudomonas, it presents a problem when studying proteins present in several of the genomes.

P(z) =

3.1 Biological interpretation of the keywords

SWISS-PROT keyword Significance SWISS-PROT keyword Significance
P. aeruginosa All but P. syringae
Virulence 3.8.1074 Electron transport 3.8.107°
Plasmid 8.5-107* Arabinose catabolism 1.5-107%
Arsenical resistance 4.6-107*
P. putida Flavoprotein 7.0-1074
Methyltransferase 7.4-107°
P. syringae All but P. aeruginosa
DNA recombination <107 Serine protease 5.1-107°
Transposition <10~ Toxin 1.8.10~%
Transposable element <10~
Plasmid 4.4.1074
Tellurium resistance 4.6-10~* All but P. fluorescens
DNA-binding 5.6-107*
P. syringae and P. putida
Plasmid < 107°
Transposable element <107? Present in all
Hypothetical protein <10~ Ligase 1.8.1078
Intron homing <107° Protein biosynthesis 5.5.1077
RNA-directed DNA polymerase <107 DNA-binding 2.9-10~¢
Endonuclease 9.6-1076 Transcription regulation 4.0-107¢
Multifunctional enzyme 3.9-107° Aminoacyl-tRNA synthetase 1.2.107%
Nuclease 4.8.107% Tricarboxylic acid cycle 1.5.1075
Ribosomal protein 5.1-107%
P. syringae and P. fluorescens Helicase 1.0.-107*
Hypothetical protein 5.5.107% Lyase 1.6-107*
Zinc-finger 1.7-107*
P. aeruginosa and P. putida Metal-binding 3.1-10%
Outer membrane 2.1.107* Rotamase 3.4.107*
Chemotaxis 5.4.107* Sigma factor 4.0.107*
Fimbria 8.4.107* ATP-binding 8.1.107*

Table 2: Significantly overrepresented SWISS-PROT keywords associated with differences among the Pseu-
domonas genomes.

Interestingly, the number of significantly overrepresented keywords in each genome sug-
gests P. syringae to be functionally most dissimilar to the other Pseudomonas species. This
agrees well with the much lower number of o-factors present in its genome, and the fewer
genes in common with other Pseudomonas genomes in Figure 3.

The three most overrepresented keywords in P. syringae are all related to transposons:
“DNA recombination”, “Transposition”, and “Transposable element”. Indeed, inspection of the



P. syringae genome reveals the presence of 13 different families of transposons. The keyword
“Plasmid”, which may appear non-intuitive for chromosomal genes, could indicate that a large
number of the genes only found in P. syringae may have been incorporated from plasmids.

The final keyword significantly overrepresented among P. syringae specific genes, “Tellu-
rite resistance”, makes biological sense too, as tellurium resistance has indeed been reported
for P. syringae (8). The toxicity of tellurite is largely due to it being oxidative. The resis-
tance mechanism involves reduction of the oxidative tellurite to a less harmful compound and
subsequent extrusion (32).

In P. aeruginosa, the keyword “Virulence” and “Plasmid” are found to be overrepresented
among genes only found in this genome. The presence of virulence related proteins should
not come as a surprise, as P. aeruginosa is known to be an opportunistic pathogen. As was
briefly mentioned for P. syringae, the presence of proteins typically found on plasmids is also
not surprising. In fact, plasmid transfer may very be the mechanism by which P. aeruginosa
obtained its virulence genes as such genes are often found on plasmids.

Only one SWISS-PROT keyword, “Methyltransferase”, displayed significant overrepre-
sentation in the set of proteins only found in P. putida. This keyword is closely related to one
found to be overrepresented among proteins shared by P. putida and P. aeruginosa—namely
“Chemotaxis”. The chemotaxis mechanism allows bacteria to move in an advantageous way by
measuring the gradients of repellants or attractants. At the molecular level chemotaxis involves
a number of sensory proteins, methyl accepting chemotaxis proteins (MCP), that measure the
concentrations of attractants and repellants over time. MCP bind attractants or repellants, ei-
ther directly or indirectly, through interactions with periplasmic binding proteins. MCP can be
methylated and de-methylated by methyltransferases, to alter their activity.

A large number of keywords are associated with proteins common to all four Pseudomonas.
The vast majority of these would also be expected to be conserved to other species too as
they stem from essential processes like transcription, translation, and central pathways of the
metabolism (e.g. “Tricarboxylic acid cycle”). “Ligase” being the most significant of the key-
words can be explained by the involvement of ligases in transcription as well as translation.

The keyword “sigma factor” is one of the more interesting. According to this test the o-
factors are very well conserved in the Pseudomonas. Despite P. syringae lacking many of the
o-factors found in other Pseudomonas, o-factors are still overrepresented among the proteins
conserved in all four Pseudomonas.

Among the proteins unique to/absent from each of the four Pseudomonas, it is clear that
P. syringae has both the most significant and largest number of significantly overrepresented
keywords. The functionality encoded by the P. syringae genome differs from the other Pseu-
domonas—a finding consistent with the study of o-factors possibly indicating loss of function
in the P. syringae genome, as well as the BLAST results in Figure 3.

4 Genome comparison atlases

Knowing that functional differences exist among the Pseudomonas, it is interesting to ex-
amine if these functions are localized within particular regions unique to the strain. Regions
that are found in only in or more of the genomes can be detected in a genome comparison atlas.

4.1 Atlas visualization

Methods such as the “atlas visualization” have previously proven very useful for gaining
an overview of local variations in many different genomic features (14; 25; 29). We have
previously used Genome Atlases to compare the P. aeruginosa and P. syringae genomes (36).
Atlases will be used here for comparing genomic features of the four Pseudomonas species, as



well as for correlating their differences to DNA properties and the functional characterizations
obtained from the keyword analysis.

The matches between the 3 published Pseudomonas genomes were found by aligning all
annotated protein coding genes against each other; all open reading frames longer than 300 bp
were translated and used for P. fluorescens. The BLAST matches are visualized as the outer
three circles in Figures 6, 7, and 8, representing each of the organisms against which BLAST
searches were performed and a fourth circle representing matches against the SWISS-PROT
database (5). For every protein the negative logarithm of the E-value of the most significant
match was calculated (imposing a maximum score of 15 for highly significant matches). These
values were mapped to the chromosomal location of the corresponding genes. The color scale
was reversed so that only lack of hits appear in the circle. This allows us to detect clusters of
proteins that are found in only a subset of the analyzed organisms. On each atlas we also show
the localization of the most significant keyword (or set of keywords) for the specie in question.
These keywords were inferred from BLAST matches to SWISS-PROT and regions were color
coded according to their density of genes having the keyword(s).

In addition to these sequence similarity based circles, a circle showing the local AT-content
is included since it contains local contextual DNA information along the genome. It is visual-
ized using a double sided color scheme where regions of with unusually high or low AT-content
are highlighted in red and cyan, respectively. The AT-content is closely correlated to many
DNA structural properties (25), but is also of interest because foreign DNA acquired through
lateral gene transfer often has a different AT-content (13). A second circle shows the position
preference (one of the structural parameters least correlated to AT-content) which is a measure
of anisotropic flexibility and regions of low position preference are generally correlated with
more highly expressed genes (27; 24).

The AT-content only contains part of the information that can be encoded by the local base
composition. The rest can be represented by a class of parameters called skews, which have
proven very useful for locating the origin and terminus of replication in bacteria (16).

The skews are independent of the AT-content and instead represent preferences for having
G’s over C’s (the GC-skew) or A’s over T’s (the AT-skew) on one of the two DNA strands. Both
the absolute and relative strength of these skews vary greatly between organisms, as does the
orientation of the AT-skew compared to the GC-skew. In the case of Pseudomonas, the skews
are strong and anti-correlated; they can therefore favorably be combined into a single skew, the
keto skew, defined as (G + T — A — C)/N (19; 14).

4.2 P aeruginosa

Figure 6: Genome comparison atlas of P. aeruginosa PAO1. Each of the concentric circles represent genomic
features as described in the figure legend on the right, with the outermost circle corresponding to the top-most
feature in the legend, and the innermost circle corresponding to the bottom-most feature in the legend. Dark bands
in the outer four circles represent the location of genes which are not conserved in other Pseudomonas genomes or
in SWISS-PROT (blue circle, fourth lane in the atlas). The inner three circles contain DNA structural properties, as
described in the “Atlas Visualisation” section of the text.

Figure 6 shows a Genome Comparison atlas for P. aeruginosa. The outermost four cir-
cles map BLAST hits (or actually the absence thereof) to genes encoded by the P. aeruginosa
genome. Since so many of the genes are in common for the different genomes, the places where
genes are NOT conserved are shaded dark. For example, there are two prophages present in
P. aeruginosa (between 0.5 M and 1.0 M bp, labelled in Figure 6), which are not found in the
other genomes (dark bands in the four outermost circles - note that the first prophage does have



a match (hence no dark band) in the P. syringae genome). The inner three circles contain DNA
structural properties, as described above.

P. aeruginosa separated from the other Pseudomonas species earlier in the course of evolu-
tion and has since then aquired functions which allow it to be a oppotunistic pathogen. In spite
of this, the majority of the genes in P. aeruginosa have homologs in the other Pseudomonas
genomes, as can be seen from the relatively few dark lines (representing poor or not matches)
in the outer circles. For genes in P. aeruginosa but not in the other Pseudomonas genomes,
two SWISS-PROT keywords were found to be significantly overrepresented; “plasmid” and
“virulence”. Matches to SWISS-PROT and the other Pseudomonas, as well as the position as
genes related to the keyword “virulence” can be seen in Figure 6. The keyword “plasmid” is
not plotted as it is associated with a large number of different functionalities and is thus found
throughout the genome.

Unlike the other Pseudomonas species in this study, P. aeruginosa is known to be a
pathogen infecting humans, it should therefore be possible to see regions of genes that are
unique to P. aeruginosa and have the keyword “virulence”. The area marked Type Il secre-
tion is a good example of that. The type III secretion system is known to be a determinant
of the virulence of P. aeruginosa (37; 11). The Hrp type III secretion system that is found in
P. syringae and P. fluorescens is capable of eliciting a hypersensitive response in plant cells
(7). The similarity between the Hrp secretion system and the type III secretion system seen in
P. aeruginosa is, however, only weak as they serve different functions.

Two prophages are also labeled on the atlas. One, prophage Pf1, is only found in P. aerug-
inosa, and a putative bacteriophage marked 100kb upstream appears to have a homolog in
P. syringae but not in the two other Pseudomonas. The two labeled prophage regions have very
high AT-content compared to the rest of the genome as is the case for a region at 4.7Mb. This
region was—because of the difference in AT-content—suggested to be a candidate of horizontal
gene transfer (30). The very low value of position preference also seen in this region indicates
that the region is likely to contain highly expressed genes. The corresponding proteins match
sequences in SWISS-PROT and the region as such is conserved among Pseudomonas. The
region is an ancient cluster of genes encoding several ribosomal proteins, subunits of the RNA
polymerase, and SecY (31). In P. syringae and P. putida the cluster is located at approximately
0.5 Mb, indicating that the cluster was relocated as part of the proposed chromosomal inversion
around the origin (30).

4.3 P putida

Figure 7: Genome comparison atlas P. putida KT2440. The circles are as described in Figure 6.

In P. putida one keyword was found to be significantly overrepresented: “Methyltrans-
ferase”. Unlike the virulence genes in P. aeruginosa, these genes are not found to form clusters
within the genome of P. putida. A number of other regions found only in P. putida are seen
in Figure 7. However, as most of these acquired regions contain genes that are not found in
SWISS-PROT either, one can only speculate what their functions are. In a few cases where the
functionality of some of the genes is known, they have been found to increase the metabolic
proficiency of P. putida (35; 23).

Some of the regions that have matches to SWISS-PROT correspond to prophages; these
were also found to be connected to viral proteins by the phylome analysis. The 77 prophage
stands out in particular by also having low position preference and inverted keto skew compared
to its surroundings. Incidentally, the only other region with strong skew inversion present in the
P. putida genome also has very low position preference. It corresponds to a gene encoding a
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putative 8682 aa surface adhesion protein, making it the largest of the annotated protein coding
genes in P. putida.

Many of the inserted regions in P. putida (but not the prophages) have a very high AT-
content compared to the genome average. This, together with the number of insertions, indi-
cates that P. putida is highly suspectible to gene transfer (35). The region labeled Thymidylate
insertion is an example of one such region; it is a 60kb element inserted in the thymidylate ki-
nase gene. While most of the genes in this region are of unknown function, four adjacent genes
have by homology been associated with arsenic/arsenite resistance. In contrast to P. aerugi-
nosa, P. putida is known to be resistant to both arsenite and arsenate (22).

4.4 P syringae

Figure 8: Genome comparison atlas of P. syringae pv. tomato DC3000.

While P. putida is known to be resistant to arsenic containing compounds, the keyword
“tellurium resistance” was found to be overrepresented among P. syringae specific genes. The
genes with this keyword are localized as one gene cluster, which is labeled in Figure 8.

From the large number of significantly overrepresented keywords found for P. syringae, it
is clear that it is very different from the other Pseudomonas. The most significant keywords
were “DNA recombination”, “transposable element” and “transposition”, which are closely
related and thus shown together as one circle (black circle in Figure 8).

In addition to the genes corresponding to these keywords, a number of genes exist that
are found neither in other Pseudomonas genomes nor in SWISS-PROT. Similar to what was
observed in P. putida, these genes are clustered within the genome, although the number of
clusters is larger in P. syringae. Once again, one can only speculate about function of these
genes.

Two such unknown regions of approximately 100kb each are found near the origin and
terminus of replication. This pattern is neither seen in P. putida nor in P. aeruginosa. The
positioning of unknown genes near the origin is surprising as this region often contains highly
expressed household genes. It is thus intriguing that the region has low position preference
(indicating the possibility of highly expressed genes), although it should be noted that this is
the case for many other inserted regions as well.

Next to the terminus is located a cluster of genes that are present in P. putida too but not in
the two other Pseudomonas genomes. A number of genes in this region further have similarity
to SWISS-PROT sequences from the nitrogen fixating soil bacterium Rhizobium sp. strain
NGR234. However, the function of these is not known, explaining why this group of genes
was not discovered in the keyword analysis. Given that Rhizobium lives in symbiosis with
plants while P. syringae is a plant pathogen, we suggest that this region is a likely candidate of
lateral gene transfer. This is supported by the high AT-content of the region compared to the
genome average as well as by the region being flanked by transposons

Figure 9: Zoom of a region with many transposable elements and genes unique to P. syringae.

Although transposable elements are dispersed throughout the genome, they appear to be
especially frequent within the otherwise uncharacterized regions. This is in particular true for
the region shown in Figure 9 (this region is labeled Zoom in Figure 8). From the zoom it is ob-
vious that the subregions of unknown genes are flanked by genes associated with transposition.
The region does not only contain genes of unknown function—genes involved in the synthesis
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of the polyketide coronafacic acid are also located in the region. Futhermore phylome analysis
suggests a possible source for these genes as they are most closely related to actinobacterial
genes. Another observation made from phylome analysis was the relatively high number of
P. syringae proteins predicted to be of eukaryotic origin, which is possibly due to lateral gene
transfer from the host organism.

5 Conclusions

We have compared the genomes of four different Pseudomonas species, using several dif-
ferent approaches, and find that, depending on the features examined, in some ways P. aerug-
inosa stands out as unique amongst the four, but in many other ways, in particular in genome
variation, P. syringae is significantly different from the other three. It is the fundamental idea of
comparative genomics to use the entire genomes as the basis for comparison—however supris-
ingly few methods have been developed for actually doing it. We present a new approach:
a systematic statistical search for differences between the gene functions present in a set of
genomes. This allows us to, without prior knowledge, obtain hints about biological properties
unique to each organism.

When it comes to gaining an overview of complete genomes, it is difficult to overestimate
the importance of good visualization techniques. They enable scientists to discover relations in
the data that would otherwise go unnoticed. In the present chapter we have used such a method,
the atlas visulization, to both compare the four Pseudomonas genomes to each other and relate
their differences to DNA structural properties as well as gene functions.

Despite strong phylogenetic support for P. aeruginosa being evolutionary separated from
the other three Pseudomonas, it is clearly P. syringae that stands out when one performs the
comparison at the genomic level. This suggests that the genome of P. syringae must have
undergone large changes within a relatively short timespan as part of adapting to a symbi-
otic/parasitic lifestyle. Many such changes in the P. syringae genome are revealed by our anal-
ysis, include the loss of many genes and uptake of others, which is likely to be mediated by the
large number of transposons dispersed throughout its genome. The same methods, when ap-
plied to the P. aeruginosa genome, highlighted a number of features related to its pathogenicity,
in particular the type III secretory system.
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Figure 1A. Repeats in Pseudomonad genomes
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Figure 1B. Bias in purine stretches in Pseudomonad genomes
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