











Table 4-20. 16S rRNA Genes Sequences Pairwise Identities.

UW4 16S-1 UW4 16S-5 UW4 16S-3  UW4 16S-7 UW4 16S-2
UW4 16S-1 ID 0.998 0.998 0.992 0.99
UW4 16S-5 0.998 ID 0.996 0.994 0.991
UW4 16S-3 0.998 0.996 1D 0.994 0.99
UW4 16S-7 0.992 0.994 0.994 ID 0.993
UW4 16S-2 0.99 0.991 0.99 0.993 ID
KT2440 16S-1 0.982 0.98 0.983 0.977 0.973
IAM 1236T 0.981 0.98 0.982 0.978 0.973
KT2440 16S-3 0.981 0.979 0.982 0.977 0.973
KT2440 16S-6 0.98 0.98 0.982 0.977 0.972
KT2440 16S-4 0.98 0.979 0.981 0.977 0.971
SBW25 16S-1 0.978 0.977 0.979 0.974 0.969
IAM 12022 0.973 0.973 0.975 0.97 0.965

ID: Identical
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only one copy of 16S rRNA gene from each of the type strain, IAM12022 and IAM1236", was

available for the analysis.

4.6 Heat Shock Protein Genes Phylogenetic and Promoter Analyses

Heat shock protein (HSP) genes can be used in bacterial classification along with 16S
rRNA genes because of their conservation and ubiquity (Ahmad et al. 2000). Phylogenetic
analysis of seven HSPs in UW4 based on nucleotide sequences is shown in Figure 4-33A-G. ML
trees of larger HSPs including DnaK, Dnal, GroEL and ClpB are in close agreement with the
Pseudomonas whole genome phylogenetic tree based on 1679 conserved genes, which illustrates
the aeruginosa clade branching first, followed by putida clade, and finally the syringae and
fluorescens clades. In addition, the phylogenetic relationships of stutzeri and mendocina vary
among the four trees. For example, the DnaK tree shows stutzeri and mendocina as part of
aeruginosa, whereas the GroEL and ClpB trees show stutzeri and mendocina after the aeruginosa
clade. In the Dnal tree, mendocina clade is before aeruginosa while stutzeri is after.

For smaller HSPs such as GrpE, GroES and IbpA, the trees are more dissimilar. In the
GrpE tree, the fluorescens group is shown first, followed by syringae, and then putida and
aeruginosa clades. Similar to the GrpE tree, the GroES tree also depicts the fluorescens and
syringae groups earlier than the putida and aeruginosa groups. However, the IbpA tree is entirely
different from the other trees, where the fluorescens group is shown first, followed by aeruginosa,
and then by syringae and putida groups.

In every HSP tree constructed, P. putida UW4 was grouped with the fluorescens clade

rather than the putida clade, which agrees with the whole genome phylogenetic tree.
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Fig. 4-32. HSPs ML trees. The phylogenetic analysis of the Pseudomonas species was based on a
comparison of the nucleotide coding sequences of the A) DnaK, B) Dnal, C) GrpE, D) GroEL, E)
GroES, F) ClpB and G) IbpA. Escherichai coli K12 MGI1655 orthologous were used as

outgroups. Nodal support was evaluated by aLRT.
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C. GrpE
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E. GroES
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G. IbpA
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The protein, 0°> is bacterial heat shock sigma factor that can turn on the transcription of
many genes in response to heat shock stress. The alignment of the o>> promoter sequences of
HSP genes including dnaK operon (dnak, dnaJ and grpE), the groE operon (groEL and groES),
clpB and ibpA are shown in Fig. 4-33. The promoter regions were determined based on the

sequence similarity with the consensus sequence from E. coli (Nonaka et al. 2006). In all cases,

the -35 region is more conserved than the -10 region.
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Fig. 4-33. 0°* promoter sequence alignment of HSPs. A. dnaK operon, B. groE operon, C. cpB,
D. ibpA. Dots indicate the nucleotides that are identical to the promoter sequences of P. putida
UW4. Gaps are indicated by dashes. The consensus sequences of -35 and -10 regions are shown
above the alignment. PpUW4: Pseudomonas putida UW4; PaLESBS58: Pseudomonas aeruginosa
LESBS5S; PaPAOL1: Pseudomonas aeruginosa PAO1; PaUCBPPPA14: Pseudomonas aeruginosa
UCBPP-PA14; PaPA7: Pseudomonas aeruginosa PA7; PsA1501: Pseudomonas stutzeri A1501;
Pmymp: Pseudomonas mendocina ymp; PpKT2440: Pseudomonas putida KT2440; PpFl:
Pseudomonas putida F1; PpGB1: Pseudomonas putida GB-1; PpW619: Pseudomonas putida
W619; PpPCL1445: Pseudomonas putida PCL1445; PelL48: Pseudomonas entomophila 148;
PfPf01: Pseudomonas fluorescens Pf0-1; P{Pf5: Pseudomonas fluorescens Pf-5; PfSBW25:
Pseudomonas fluorescens SBW25; Ps1448A: Pseudomonas syringae pv. phaseolicola 1448A;
PsB728a: Pseudomonas syringae pv. syringae B728a; PsDC3000: Pseudomonas syringae pv.

tomato DC3000; EcMG1655: Escherichia coli str. K-12 substr. MG1655
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5 Discussion

5.1 Taxonomy of P. putida UW4: putida or fluorescens

Whole genome phylogenetic analysis, HSPs phylogeny and the HSPs o> promoter
analysis suggested that UW4 is closer to fluorescens than to putida. However, 16S rRNA gene
phylogeny of completely sequenced Pseudomonas genomes showed that UW4 is grouped with
the putida clade, albeit with low confidence. Additional analysis of the 16S rRNA gene
phylogeny including the type strains of P. fluorescens and P. putida as well as the unique 16S
sequences of KT2440 and SBW25 showed that UW4 has a closer relationship with putida than
fluorescens. Nevertheless, the diversities of UW4 and putida 16S rRNA gene sequences are
above the common threshold, 1.3%. These results raise the question whether UW4 belongs to
putida or fluorescens.

Pseudomonas sp. is one of the most diverse and prevalent genera that are present in all
natural environments. Since its first discovery by Migula in 1894, the taxonomy of Pseudomonas
has always been controversial (Peix et al. 2009). The initial classification of Pseudomonas in the
1920s contained only very limited phenotypic characteristics including Gram-negative, aerobic
non-sporulated rods that are motile through polar flagella, and did not show a clear differentiation
from other Gram-negative bacteria (Peix et al. 2009). In 1974, genetic information such as G+C
content was first added in Bergey’s Manual to assist bacterial classification. Meanwhile, another
genotypic criterion based on RNA-DNA relatedness was used to classify Pseudomonas into five
rRNA subgroups, and only the strains in group I were kept in genus Pseudomonas (Palleroni et
al. 1973; Peix et al. 2009). In 1984, a new bacterial identification scheme based on 16S ribosomal
RNA was proposed by Woese and collaborators (Woese et al. 1984). Since then, sequencing of

16S rRNA gene has become a routine method to identify bacteria, mainly because its
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evolutionary rate is high enough to differentiate different species, and also there is sufficient
sequence conservation within the same species. Furthermore, with the advancement of
mathematical models for construction of trees, phylogenetic classification of prokaryotes can be
readily achieved. As bacterial taxonomy has progressed, many Pseudomonas sp. have been
reclassified as other species and/or genera through the years (Johnson and Palleroni, 1989;
Willems et al., 1990, 1992; Yabuuchi et al. 1992, 1995; Palleroni and Bradbury, 1993; Segers et
al., 1994; Grimes et al. 1997; Denner et al. 1999; Anzai et al. 2000; Brown et al. 2001; Coenye et
al. 2001; Satomi et al. 2002; Pegonek et al. 2006; Peix et al., 2007; Kampfer et al. 2008).
Although 16S rRNA genes are the basis of the current bacterial classification, it is known
that very closely related species of bacteria cannot be differentiated based on this gene (Fox et al.
1992; Lechner et al. 1998; Wink et al., 2003; Valverde et al., 2006b; Dutta and Gachhui, 2007;
Rivas et al., 2007; Zurdo-Pineiro et al., 2007). Therefore, many studies have shown that other
genes, such as “housekeeping” genes recA, atpD, card, gyrB, rpoB, trpB, should be used to assist
bacterial species classification (Hilario et al., 2004; Maiden 2006; Peix et al. 2007; Guo et al.
2008). Furthermore, the fact that most bacteria have multiple copies of 16S rRNA genes and their
intragenomic diversities within individual genomes indicate that it is necessary to include all
unique 16S rRNA genes of one bacterium for its identification. However, without knowing the
complete genome sequence of the bacterium, one can hardly obtain all the sequences of its 16S
rRNA genes. Thanks to the continually improved sequencing technologies, more and more
complete bacterial genome sequences will become available, which will greatly facilitate 16S
rRNA gene based bacterial taxonomy. Another asset of genome sequencing is that it allows
whole genome phylogenetic analysis among the species of the same genus, which will help
determine the core and pan-genome and provide valuable information to aid bacterial

classification.
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Since the resolution of 16S rRNA tree was not sufficient to differentiate UW4 from other
closely related Pseudomonas species, the classification of this bacterium should follow the whole
genome phylogeny based on the conserved genes among all sequenced Pseudomonas genomes,
which indicated that it belongs to P. fluorescens. Furthermore, according to the Bergey’s Manual
of Determinative Bacteriology (Holt, 1994), P. fluorescens is positive for nitrate reduction,
whreas P. putida is negative. In the genome of UW4, the presence of a putative nitrate reductase
(PputUW4 3649) supports the reclassification of UW4 into fluorescens. However, experimental

evidence is necessary to confirm the validity of this classification.

5.2 Comparative Genomics of UW4 with Other Pseudomonas

At the time of this writing, 20 complete sequenced Pseudomonas genomes were available
in the NCBI genome database and their general features are shown in Table 5-1.

Among the 20 genomes, four belong to aeruginosa, which is one of the major
opportunistic human pathogens. P. aeruginosa PAO1 was the first sequenced Pseudomonas
genome, and was originally isolated from a wound (Stover et al. 2000). PA14 is a human clinical
isolate from a burn patient and has been the cause of disease in various hosts (Lee et al. 2006).
LESBS58 represents Liverpool Epidemic Strain B58 and was obtained from a cystic fibrosis
patient in the United Kingdom (Winstanley et al. 2009). The last one, PA7 was isolated from a
non-respiratory patient in Argentina (Roy et al. 2010). P. brassicacearum NFM421 is a PGPB
that is associated with the roots of 4. thaliana and Brassica napus (Ortet et al. 2011). It can be
used as a biocontrol strain because of the production of antifungal compounds. P. entomophila
L48 is an entomopathogenic bacterium that was isolated from a fruit fly of Guadeloupe and it
kills insects upon ingestion (Vodovar et al. 2006). P. fluorescens strains are well known for their

physiological diversities that they can colonize various environments such as soil, water and plant
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Table 5-1. General Features of the Pseudomonas Genomes.

Genome  CDS G+C Codi.ng tRNA rglgljg Plasmid
Pseudomonas sp. Size, bp Ho. Pseudogenes cor(l)tent, density, no. (operon Ho. Ref.
% %
no.)
Uw4 6,183,388 5,430 18 60.92 87.4 72 22 (7) — This study
aeruginosa LESB58 6,601,757 5,925 34 66.3 884 67 13(4) — %glgtanley ctal.
aeruginosa PA7 6,588,339 6,286 8 66.5 89.5 63 12 (4) — Roy et al. 2010
aeruginosa PAO1 6,264,404 5,566 5 66.6 89.3 63 13 (4) — Stover et al. 2000
aeruginosa UCBPP-PA14 6,537,648 5,892 none 66.3 89.4 59 13 (4) — Lee et al. 2006
Z:Zjiiigiig:zz 15\1111?;11)421 6,843,248 6,097 N/A 60.8 882 65 16(5) —  Ortetetal. 2011
entomophila 148 5,888,780 5,169 N/A 64.2 89.1 78 22 (7) — Vodovar et al. 2006
fluorescens Pf-5 7,074,893 6,144 N/A 63.3 88.8 71 16 (5) — Paulsen et al. 2005
fluorescens P10-1 6,438,405 5,741 9 60.6 89.8 73 19 (6) — Silby et al. 2009
fluorescens SBW25 6,722,539 6,009 88 60.5 88.3 66 16 (5) — Silby et al. 2009
mendocina NK-01 5,434,353 4,958 N/A 62.5 88.7 65 12 (4) — Guo et al. 2011
putida BIRD-1 5,731,541 5,124 N/A 61.7 86.9 64 22 (7) — Matilla et al. 2011
putida F1 5,959,964 5,300 49 61.9 88.7 76 19 (6) — Wu et al. 2010
putida GB-1 6,078,430 5,417 8 61.9 89.4 74 22 (7) — Wu et al. 2010
putida KT2440 6,181,863 5,420 N/A 61.6 86.7 73 22 (7) — Nelson et al. 2002
putida S16 5,984,790 5,218 N/A 62.3 84.9 70 19 (6) — Yuetal. 2011
putida W619 5,774,330 5,471 26 61.4 88.9 75 22 (7) — Wu et al. 2010
stutzeri A1501 4,567,418 4,146 N/A 63.8 89.8 61 12 (4) — Yan et al. 2008
ﬂ’zgi‘le 9% e e 5,928,787 5,144 N/A 58 87 64 16(5) 2 Joardar etal. 2005
syringae pv. syringae B728a 6,093,698 5,137 47 59.2 88.5 64 16 (5) — Feil et al. 2005
syringae pv. lomato str. 6,397,126 5,615 N/A 58.4 868 63 15(5 2 Buell etal. 2003

DC3000
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surface. Strain Pf-5 is a soil bacteriaum that possesses biocontrol capabilities such as the
production of broad spectrum of antibiotics and secondary metabolite (Paulsen et al. 2005).
SBW2S5 is a plant beneficial bacterium that was obtained from the leaf surface of a sugar beet
plant in the United Kingdom, and Pf0-1 was isolated from loam soil in Sherborn, Massachusetts,
USA in 1987 (Silby et al. 2009). P. mendocina NK-01 was isolated from farmland soil in Tianjin,
China. It produces PHA and alignate oligosaccharides under nitrogen starvation, which made it a
candidate for genome sequencing (Guo et al. 2011). Complete genome sequences of six P. putida
strains are publically available in the genome database. Strain KT2440 is a rhizospheric
bacterium isolated from garden soil in Japan. It is certified as a safety strain for cloning and
expression of foreign genes for Gram-negative soil bacteria, and is recognized as the best
characterized putida strain that serves as the workhorse for Pseudomonas research (Nelson et al.
2002; Wu et al. 2011). P. putida F1 was obtained from a polluted creek in Urbana, IL, USA and
can be used in bioremediation owing to its ability to degrade aromatic hydrocarbon compounds
such as benzene, toluene, ethylbenzene and p-cymene (Wu et al. 2011). Strain GB-1 is a
manganese oxidizer that was isolated from fresh water of Green Bay, WI, USA. It serves as a
model organism for molecular genetic studies of Mn>" oxidation (Wu et al. 2011). W619 is an
endophyte that was isolated from Populus trichocarpa x deltoides cv. “Hoogvorst” (Wu et al.
2011). It is a PGPB that can improve plant growth by decreasing the activities of antioxidative
defence related enzymes such as glutathione reductase and superoxide dismutase, resulting in
lowered oxidative stress level. It can also reduce stomatal resistance, leading to increased plant
fitness (Weyens et al. 2011). BIRD-1 is a rhizopheric PGPB that is highly tolerant to desiccation,
is able to solubilize inorganic phosphate, synthesize siderophores and phytohormones such as

IAA (Matilla et al. 2011). S16 is the first completely sequenced nicotine-degrading
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microorganism, which can serve as a reference strain in research on biodegradation of N-
heterocyclic compound (Yu et al. 2011). P. stutzeri A1501 was isolated from rice paddy soils and
has been applied in the field as a crop inoculant in China. It has the ability to fix nitrogen, which
is not considered to be a common characteristic of Pseudomonas (Yan et al. 2008). P. syringae
are well known plant pathogens that can grow epiphytically on various plants. P. syiangae pv.
tomato Strain DC3000 was isolated from tomato grown in the Channel Islands, Guernsey, UK. It
is pathogenic on tomato and the model plant A. thaliana (Buell et al. 2003). P. syiangae pv.
syringae Strain B728a was isolated from a snap bean leaflet in Wisconsin, USA. It differs from
DC3000 in terms of host range and it has higher abiotic stress tolerance (Feil et al. 2005). P.
syringae pv. phaseolicola Strain 1448a was isolated from common bean, Phaseolus vulgaris, in
Ethiopia in 1985, which causes halo blight of bean (Joardar et al. 2005).

Currently, the largest Pseudomonas genome is P. fluorescen Pf-5 (7 MB), whereas the
smallest one is P. stutzeri A1501 (4.5 MB), indicating a high degree of physiological and genetic
versatility of Pseudomonas sp. (Table 5-1). UW4 has a similar genome size (6.18 MB) and
number of predicted protein coding genes (5,430) compared with P. putida KT2440 (6.18 MB
and 5,420, respectively). The number of CDSs usually reflects the size of the genome, with one
exception represented by PA7, whose genome size is smaller than Pf-5 but has 142 more
predicted CDSs. The number of pseudogenes among the 21 genomes ranges from zero (P.
aeruginosa UCBPP-PA14) to 88 (P. fluorescens SBW25). However, pseudogenes were not
analyzed in most sequenced Pseudomonas genomes, and only 11 out of 21 has the data available
for comparsion. The three P. syringae strains have the lowest G+C content (58-59.2%), whereas
P. aeruginosa strains have the highest (66.3-66.6%). In the case of UW4, its G+C content is in
between that of the putida strains and two fluorescens strains, SBW25 and Pf0-1. The coding

densities of Pseudomonas genomes range from 84.9% (putida S16) to 89.8% (stutzeri A1501),
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and UW4 has slightly lower value (87.4%) than that of brassicacearum NFM421 (88.2%) and
higher value than that of syringae 1448A (87%). The number of rn operons in Pseudomonas
genomes range from 4 to 7, with most of them comprising an additional 5S rRNA. Similar to
most putida strains, UW4 has 7 mn operons and an additional 5S rRNA. The presence of
plasmids has been documented in only two sequenced Pseudomonas genomes, P.syringae strain
DC3000 and 1448A. The plasmids of the two pathovars are significantly different in size and
gene content. For example, genes involved in virulence located on p1448A-A and —B are present
on the chromosome of DC3000, whereas three plasmid borne virulence factors of DC3000 are
found on the 1448 A chromosome (Feil et al. 2005).

Whole genome alignment among the 21 Pseudomonas sp. identified 1679 conserved
genes, which makes the core genome of Pseudomonas. The putative orthologous shared between
UW4 and other Pseudomonas are shown in Table 4-16, with the two P. fluorescens strains, Pf0-1
and Pf-5 being the top two. The rest of the CDSs including those shared with (1) one or several
but not all completely sequenced Pseudomonas genomes; (2) other Pseudomonas sp. whose
genomes are not available; (3) CDSs present only in other genera, and (4) the unique genes in
UW4, will contribute to the pan genome of Pseudomonas.

Since UW4 is a well-studied PGPB, the following discussion will focus on genomic
comparisons between UW4 and other Pseudomonas sp. with respect to plant growth-promotion.
The discussion of the two features, antibiotic resistance and heavy metal resistance, have been

combined with the results, thus they won’t be included here.

5.2.1 ACC deaminase
ACC deaminase gene is present in five Pseudomonas genomes including UW4, P.

brassicacearum NFMA421, P. syringae DC3000, P. syringae B728a, and P. syringae 1448A.
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Pairwise amino acid sequence identities between UW4 acdS and the other four genomes range
from 89% to 99%, and they all contain the important active sites (Glick et al. 2007b), suggesting
that the putative acdS gene in those genomes is likely functional. Furthermore, the common acdS
regulatory gene, acdR, was found immediately upstream of acdS in all five genomes, and the
amino acid sequence identities between UW4 acdR and the other four genomes range from 80%
to 93%. This type of acdS regulation scheme has been observed in many bacteria and was

proposed as a main feature of the functioning of bacterial ACC deaminase (Glick et al. 2007a).

5.2.2 Siderophores

Siderophore production is a typical characteristic possessed by fluorescent pseudomonads.
Among the 21 Pseudomonas genomes, only P. stutzeri A1501 does not have the genes for
siderophore biosynthesis, and it also has the smallest genome compared to the other 20 species,
suggesting loss of functions in A1501 (Yan et al. 2008). Compared with UW4, 11 genomes
contain a gene encoding PvdYIl including P. putida KT2440 (locus tag: PP 4245), P. putida
BIRD-1 (PPUBIRDI1 1611), P. putida F1 (Pput 1682), P. putida GB-1 (PputGB1 3811), P.
putida W619 (PputWe619 3564), P. putida S16 (PPS 3636), P. brassicacearum NFM421
(PSEBR_al665), P. entomophila 148 (PSEEN 1813), P. fluorescens Pf0-1 (Pfl01 3942), P.
mendocina NK-01 (MDS 1799), P. aeruginosa PA7 (PSPA7 2826), indicating these species
likely produce type II pyoverdine since this gene was only observed in the strains of P.
aeruginosa that make type II pyoverdine (Smith et al. 2005; Lamont et al. 2006). However, the
precise structure of the siderophore needs to be confirmed experimentally.

In P. fluorescens Pf-5, genes responsible for pyoverdine as well as pyochelin were
identified. The genes required for pyoverdine synthesis are located in three clusters; whereas

genes necessary for pyochelin synthesis are present in a single cluster (Paulsen et al. 2005). In P.
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entomophila 148, two gene clusters of pyoverdine synthesis are present, which exhibits similar
organization compared with that found in other fluorescent pseudomonads. In addition, one gene
cluster related to acinetobactin was observed on the chromosome, and it contains a salicylamide
moiety (Vodovar et al. 2006). P. syringae DC3000 produces two types of siderophores,
pyoverdine and yersiniabactin, and in both cases the required genes are present in a single cluster
(Buell et al. 2003). P. syringae B728a also secretes two types of siderophores. The first type is
pyoverdine, and as in DC3000, the determinants are located in one gene cluster. The second type
is achromobactin, which is a citrate siderophore produced by Pectobacterium chrysanthemi and
Escherichia carotovora pv. atroceptica (Feil et al. 2005). The ability of bacteria to produce
multiple siderophores surely benefits these organisms, as they may function in different

environments, making them more competitive against other organisms in the same niche.

5.2.3 TAA production

Although many bacteria are able to synthesize IAA, the amounts produced vary
significantly between strains. Depending on the concentration, bacterially produced IAA can
either stimulate or inhibit plant growth. In UW4, two potential tryptophan-dependent IAA
biosynthesis pathways, indole-3-acetamide (IAM) and indole-3-acetonitrile (IAN), were
identified, and 7 genes might be involved. When searching those genes against the other 20
Pseudomonas genomes, 7 orthologous genes were found in one PGPB, P. fluorescens SBW25,
suggesting similar IAA synthesis pathways compared to UW4. P. putida BIRD-1 has 6 homologs
that complete the IAM and IAN pathways, but it lacks the gene encoding the nitrilase
(PputUW4 2466). P. putida F1 lacks the homolog for one of the tryptophan 2-monooxygenases

(PputUW4 _4535), but it contains all of the other 6 genes. It is possible that one of the tryptophan
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2-monooxygenases is dominant over the other, but currently it is not known which one plays a
more important role in IAA biosynthesis in these strains.

Many studies have shown that numerous bacterial strains possess multiple IAA synthesis
pathways. Besides the above mentioned strains, it has been observed that putative TAM and IAM
pathways are present in P. putida W619, GB-1, and F1 (Wu et al. 2011). Therefore, to study the
role of each gene in IAA biosynthesis of a particular bacterium it is necessary to construct a large
number of mutants, single or multiple, and test the functioning of each one. Currently, mutational

analyses are ongoing for UW4 IAA biosynthesis genes.

5.2.4 Trehalose

It has been reported that trehalose can protect bacterial cells from environmental stresses
such as desiccation, high salinity, freezing, and heat (Freeman et al. 2010). In bacteria, five
trehalose biosynthetic pathways are known including OtsA/OtsB, TreS, TreY/TreZ, TreP, and
TreT (Paul et al. 2008). In UW4, two trehalose synthesis pathways, TreS and TreY/TreZ, were
identified. When searching the orthologous in the other Pseudomonas genomes, all 20 species
contain the genes involved in those two trehalose synthesis pathways, and they are organized in a
similar way, indicating the ubiquity and importance of this sugar. In addition, P. stutzeri A1501
has a third trehalose synthesis pathway, OtsA/OtsB, which is the most widespread pathway
present in both eukaryotes and prokaryotes, and this may further contribute to its survival under

different environmental stresses.

5.2.5 Acetoin
Bacterial volatile compounds such as acetoin can stimulate the growth of plants such as

A. thaliana by increasing the total leaf surface area and reducing the disease symptoms triggered
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by pathogenic bacterium, Erwinia carotovora subsp. carotovora (Ryu et al. 2003, 2004). In the
UW4 genome, a potential acetoin biosynthesis pathway was identified, and three enzymes are
involved. First, pyruvate is converted to 2-acetolactate by acetolactate synthase (PputUW4 4617,
4618). Because the intermediate, 2-acetolactate, is unstable, it undergoes a spontaneous
decarboxylation in the presence of O,, resulting in the production of diacetyl. Next, diacetyl is
converted to acetoin by diacetyl reductase/acetoin dehydrogenase (PputUW4 3051).

When the genomes of the other Pseudomonas were examined for acetoin synthesis, the
same pathway was observed in all 20 species, although the enzyme that catalyzes the last step
couldn’t be determined definitely due to ambiguous annotations. Since the genes identified in
acetoin biosynthesis pathway were predicted based on sequence similarity only, experiments

need to be conducted to verify the production of acetoin by UW4.

5.2.6 Antimicrobial compounds

It has been demonstrated that fungal elicitors such as Pythium aphanidermatum and
Fusarium oxysporum can induce the production of 4-hydroxybenzoate in carrot cell cultures and
alfalfa plants, respectively (Schnitzler et al. 1992; Cvrikova et al. 1993). In bacteria, 4-
hydroxybenzoate is formed from chorismate directly by chorismate lyase encoded by ubiC. When
searching the gene ubiC in Pseudomonas genomes, it was found in all 21 species including UW4,
suggesting 4-hydroxybenzoate synthesis is a common pathway in the genus of Pseudomonas.

HCN is another antimicrobial agent that confers biocontrol ability onto some PGPB
(Blumer and Haas 2000; Haas and Défago 2005). In the genome of UW4, the gene cluster
hcnA BC, which is responsible for HCN synthesis, is absent. When the three genes were searched
against the genomes of the other Pseudomonas, it was found that they are present in 8 of the 21

strains including P. fluorescens Pf-5, P. fluorescens Pf0-1, P. brassicacearum NFM421, P.
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entomophila 148, and the four P. aeruginosa strains LESB58, PAO1, PA7 and UCBPP-PA14.
Since HCN can be produced by both PGPB and pathogens, other plant growth-promoting traits

should also be considered when trying to isolate PGPB from the environments.

5.2.7 PHAs biosynthesis

The genes involved in PHA synthesis are found in many Pseudomonas sp. such as P.
putida KT2440, P. putida GPol, P. aeruginosa PAO1, P. fluorescens Pf0-1, P. fluorescens Pf-5,
P. syringae pv phaseolicola, and P. syringae DC3000 (Prieto et al. 2007). The gene cluster
typically contains six genes including phaCl, phaZ, phaC2, phaD, phaF, and phal. The order of
the six genes is highly conserved (phaCIZC2DFI) in the above mentioned strains, and was also
observed in UW4 (PputUW4 0335-0330). The gene phaC encodes the key enzyme, PHA
synthase or PHA polymerase, for the biosynthesis of PHA. The PhaCl and PhaC2 belong to the
class II PHA synthases that preferentially use 3-hydroxyalkanoates consisting of 6-14 carbons as
substrates, and the class II PHA synthases are primarily found in Pseudomonas sp. The phaZ
gene encodes a depolymerase that is responsible for PHA degradation. The gene product of phaD
is a transcriptional regulator that positively regulates the expression of the downstream genes,
phal and phaF, which code for phasins (Prieto et al. 2007). When this pha gene cluster was
searched against the other Pseudomonas genomes, orthologs were found to be absent in P.
syringae pv. syringae B728a. In addition, the genome of P. stutzeri A1501 contains a gene cluster
different from phaC1ZC2DFI, designated phaCA BR that is responsible for poly-hydroxybutyrate
(PHB) synthesis (Yan et al. 2008). In the genome of UW4, a second phaCl gene was identified
(PputUW4 2305). Compared with the phaCl in the pha gene cluster, the second phaCl showed
69% identities and 83% similarities. It is likely that the redundant phaC1I gene also contributes to

the production of PHA in UW4, however this has to be confirmed experimentally.

216



5.2.8 Degradation of aromatic compounds

In polluted environments, P. putida strains are often isolated as predominant
microorganisms and are therefore commonly used in bioremediation. Aromatic compounds are
among the most abundant and recalcitrant pollutants in the soil and their degradation by bacteria
usually involves ring-cleavage in the presence of O, by oxygenase (Fuchs et al. 2011). For
example, the toluene degradation pathway in P. putida F1 is composed of the toluene
dioxygenase operon todABCIC2DE (Zylstra and Gibson, 1989). However, this toluene
degradation pathway is absent in all the other 20 Pseudomonas sp., including UW4. In the
genome of P. putida W619, the genes involved in 3-HPP were identified previously (Wu et al.
2011). Nevertheless, this pathway seems unique in this strain because in the other 20
Pseudomonas genomes, it is either absent or incomplete, such as in P. putida F1 (Wu et al. 2011)
and UW4. In the genome of UW4, catechol and protocatechuate branches of the -ketoadipate
pathway are present. Since this pathway is considered to be one of the central pathways for the
catabolism of aromatic compounds in Pseudomonas sp., its presence is ubiquitous in the

completely sequenced Pseudomonas genomes.

5.3 Type III secretion system in non-pathogenic Pseudomonas
T3SS have been known for some time to be expressed by Gram-negative pathogens to
deliver virulence effectors into host cells. Members of these bacteria include Salmonella sp.,

enteropathogenic E. coli, Y ersinia sp., Shigella sp., Erwinia carotovora, P. aeruginosa, and P.

syringae (Blocker et al. 2003; Galan and Wolf-Watz 2006; Cornelis 2006).
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Surprisingly, a putative T3SS was found in UW, which has been recognized as a PGPB
since it was first isolated in 1995. The T3SS of UW4 consists of 26 genes, with 25 genes located
in one cluster (PputUW4 3618-3642), and one gene encoding a HopJ type III effector located
elsewhere (PputUW4 0810). Sequence analyses showed that this system is likely acquired from
Salmonella spp. since the genes are highly similar to those of the typical T3SS of Salmonella.
However, one gene, invH, required for the functioning of the T3SS in Salmonella is absent in
UW4, therefore it is not clear whether or not this T3SS is functional.

Actually, UW4 is not the only PGPB that has been found to have T3SS. It has been
observed that P. fluorescens SBW25 has a 20-kb cluster containing 22 CDSs of T3SS-related
genes (Preston et al. 2001). This system resembles the T3SS of P. syringae at the level of amino
acid sequence and with respect to genomic organization. Although the wild-type SBW25 is a
PGPB and does not induce a hypersensitive response (HR) in host plants, a modified strain that
over-expressed the sigma factor RspL specific to T3SS did elicit HR in 4. thaliana and Nicotiana
clevelandii (Preston et al. 2001). T3SS have been found in three other P. fluorescens strains
including WH6, KD, and Q8r1-96 (Kimbrel et al. 2010; Rezzonico et al. 2004, 2005; Mavrodi et
al. 2011). WH6 seems to have a complete and functional T3SS (PFWH6 0718-0737) consisting
of 20 genes, and it is highly homologous to the T3SS region of P. syringae (Kimbrel et al. 2010).
The T3SS of the biocontrol strain KD is also thought to originate from P. syringae. It has been
demonstrated that this T3SS is functional in KD, and the T3SS mutant of KD had low biocontrol
activity against Pythium ultimum on cucumber while maintaining its root-colonization ability
(Rezzonico et al. 2005). Similar to SBW25 and KD, the strain Q8r1-96 has a functional T3SS
with a P. syringae origin. However, the genomic organization of the gene cluster is divergent

from SBW25 and KD (Mavrodi et al. 2011).
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Although T3SS has been found in many non-pathogenic Pseudomonas sp., the ecological
significance of this observation is still unclear. Several studies have shown that the T3SS
enhanced the biocontrol ability of the wild-type strains instead of eliciting HR in the host plants.
However, the T3SS in strain UW4 apparently has a different origin compared to all of the above
mentioned P. fluorescens strains, and it doesn’t seem to have a complete pathway compared to
the T3SS of its putative origin, Sa/monella sp. Therefore, experimental approaches are necessary
to verify the functionality (or lack thereof) of the T3SS in UWA4. If it is functional, further studies
need to be performed to investigate the effect of these genes on the plant growth-promotion

activity of UW4.

5.4 Heat shock proteins and o promoter analysis

In bacterial cells, HSPs are a group of highly conserved proteins that are rapidly induced
when the cells are exposed to environmental stresses such as higher temperature, addition of
ethanol, hydrogen peroxide or heavy metals, and extreme pH values in order to deal with the
increased denaturation of cellular proteins. The increased transcription of HSPs is the result of an
increased level of heat shock sigma factor, 032, which has a short half-life under normal
physiological conditions. Upon a shift to abnormal conditions that trigger cellular protein
denaturation, enhanced translation of ropH (encoding o) and increased stability of the o™
occur, leads to preferential expression of HSP genes (Craig 1985; Bukau 1993; Yura et al. 1993).

Bacteria are frequently exposed to various environmental stresses in their natural habitats.
Therefore, the heat shock response likely plays an important role in the behavior of bacteria when
they are exposed to abnormal conditions. In this study, seven HSPs including DnaK, Dnal,

GroEL, ClpB, GrpE, GroES, and IbpA of UW4 were analyzed by comparing the nucleotide
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sequences of this bacterium with the corresponding sequences found in other Pseudomonas
species and E. coli. Phylogenetic trees were subsequently constructed in order to illustrate the
evolutionary relationships among those strains. Furthermore, the promoter sequences of the
transcriptional units grpE-dnaKJ, groES-groEL, clpB, and ibpA of UW4 were compared visually
with corresponding sequences of other Pseudomonas spp. and E. coli.

The results obtained from the phylogeny of seven HSP genes are consistent with the
whole genome phylogenetic analysis, which suggest that UW4 is a fluorescens and not a putida
(Fig. 4-32). Also, the -35 and -10 regions of the o> promoter of the fluorescens strains are the
closest to UW4 (Fig. 4-33), especially in the cases of the GroE operon and ClpB, supporting the
reclassification of UW4. In the phylogenetic trees of the three small HSPs including GrpE,
GroES, and IbpA, members of the fluorescens form a paraphyletic group, and in the phylogenetic
trees of the large HSPs such as DnaK, Dnal, GroEL, and ClpB, the fluorescens clade varies
considerably in topology. These results indicate that the fluorescens species are more genetically

diverse than the other Pseudomonas species.
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6 Conclusions

In this work, the genome of P. putida UW4, a well-studied PGPB, was sequenced by one
of the next-generation sequencing methods, pyrosequencing. Genome assembly was done by
PCR and subsequent Sanger sequencing, and genome annotation was performed first by
automated pipelines available online, followed by manual corrections. Strain UW4 genome
analyses included general genome features, genes involved in plant growth promotion and UW4
lifestyle, central metabolic pathways, protein secretion systems, Pseudomonas genome
comparisons, 16S rRNA gene phylogeny, and heat shock protein and promoter analyses.

As expected, many plant growth-promoting determinants were observed in the UW4
genome, including genes encoding ACC deaminase, which were previously characterized, and
potential genes encoding siderophore, IAA, trehalose, and acetoin biosynthesis. Furthermore,
pathways that are thought to contribute to the fitness of UW4 were also identified including
production of antimicrobial compounds, aromatic compound degradation, and heavy metal
resistance. The central metabolic pathways and protein secretion systems provide an overview of
the physiology of strain UW4 and the strategies that it uses to interact with the environment.
Comparisons among the completely sequenced Pseudomonas genomes provided valuable
information on determining the pan and core-Pseudomonas genome, and offered insights into
evolutionary changes between Pseudomonas sp.

From the results of genome analyses, two important questions with regard to the
taxonomy of UW4 and the significance of the presence of a type III secretion system were
discussed. It was concluded that UW4 has a better fit within the fluorescens group rather than the
putida group, and this should be verified by more detailed phenotypic characteristics. Although it

was a surprise to observe a T3SS in UW4, it appears that T3SS is not uncommon in P.
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fluorescens strains, and more importantly the presence of this system didn’t induce a
hypersensitive response under the experimental conditions shown by Preston et al. (2001).
Therefore, it will be very interesting to investigate the function of the T3SS in UW4.

Genome sequencing of UW4 has opened up a number of opportunities to study this PGPB
from different aspects in the future, and it will absolutely benefit the development of a more
complete understanding of the mechanisms used by this bacterium to promote plant growth.
Knowing the complete genome sequence of UW4 allows us to see this bacterium from a whole
new point of view. Because biological functions rely on interactions between different
biomolecules, rather than a single gene product, the availability of the whole genetic contents of
this organism will surely help to provide more additional insight in unraveling the complex
biological mechanisms that UW4 and other similar organisms use to promote plant growth. This
work aims to initiate a more comprehensive study of the strain UW4. The analyses that have been
done will provide a fundamental basis for future studies towards fully understanding the

functioning of this organism.
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Appendix A. Examples of primers used for gaps closure.

Oligo name  Sequence Estimated Gap Size (bp)

1-5 GACTATGCCGAGCGTTACTGG 2619

1-3  GCCTGCTGGATGACAAACAC

2-5 CAAATGGCTCCACAACTCGC 341

2-3 CATCCACTACACCGCCACC

3-5 GCAGGTCTGGAACGAAGGTC

3-3  GTGGGCAAGTTCAGGGTTT 1357

4-5 GGGTCATCGGCACTTCTTCG

4-3 CGCCAGCGTTCAGCAAGT 08

5-5 CGCCTGGGTTTCGGTGTT 1197

5-3 AGCGGCACTGAACCCTGA

6-5 GGATGGCGTGCGTTTCTA 4578

6-3 CGTTTGAGGTGTATGGAGGC

7-5 GGCTCGGCACAAATACTCCA 1197

7-3 CAACGCCGATGCCGAAAA

8-5 GGTCGTGCTGGTGTTGTTG 17

8-3 GACCGCACCCACGCTAAA

9-5 GCCCAAAGCGGTCAGTCA 5220

9-3 CGCTGCTGAGAATGTGGG

10-5 GGCGTGCCGTTGTTCATT

10-3 TGGTTGGCTTGGGCGATA 226

11-5 GAGTTCGTCGGCGGTTTG

20
11-3 CGCCGACTCCAGCAAGAT

12-5 GCCCTGTCAGCCATTCGT 1361

12-3 AGCACGCCACCTTCACGAC

13-5 GGCGTTGTCCATCCACCA 547

13-3 CGTGACGACCAAGGGCAAT

14-5 CAAATGCCTGCCGTGCTG 1245

14-3  GGGCGTTTGATTCCTGCTGT

15-5 ATGAGCAGCAGCCCAACC 5349

15-3 CAGGTAATGGCGGCAACA

16-5 GGAGTTTGCGACCGCTTGA 1628

16-3 CGAATCTGAAGGAAGCCCGA

17-5 AGACTCTGCTGCTGGTTCGC 351

17-3  GCAGCGTGACCAGACCGATT

18-5 GCGGGCAGGGAAGTAATCG 590

18-3 CGCTTTCGCCGCAACTTCT

19-5 CGGCGAGTTGCGGTATCTG 20

19-3 CGCCTTCTGCTCGTTTGG

20-5 CGGGGTTTACAGTTCGTTCC 826
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20-3

CCCTTGAATGCTTGCGTGT

21-5

GCTGCCCAACGACTGAATAG

21-3

GCTGGTGACCCGAATGAGTA

460

22-5

CCAAAGGAGGTGTCGGGAGA

22-3

TGGTGATGGGCGATGTGA

1245

23-5

AACTGGGCGGCGTGGACAT

23-3

GCCTGCCCTATCTGTCGCTGA

300

24-5

CACTGCCGCACGACCGAC

24-3

CCTGACCCGAGCCAAATCC

499

25-5

CGGACAGCACCCAATACCAG

25-3

GCCCTGGACCATCAAGACC

425

26-5

CGAGAAGCCGCAGGTGTAGG

26-3

AGCGAGCACCGAAAACCC

396

27-5

GCTGGTGGTGCCGAGTGAGT

27-3

TAACCGCCGCTGCCTTTGG

1245

28-5

GGATGATGAAGTCGCCAAGCC

28-3

GACGGACGGGCTTGTGGC

2372

29-5

TCTTTCTCGCCCTGACGC

29-3

TGATTCCGTTTGGTGAGCC

475

30-5

GCACGCAAGACTCCTCAAACA

30-3

CGTTGAGCGAGCGGGAAAT

516

31-5

GCGGTCAGCAGCAATCCA

31-3

GCCATTGCCTGCTACACCA

20

32-5

CTGGGTTTGTTGTTGATGGG

32-3

AGGTTACTGGGAAGGGTTGG

1613

33-5

CTGTGGAAGCAAACGGAGAT

33-3

GCTCCGCCTTGAACATCG

4381

34-5

TGATGGCTGCCCTTGGTG

34-3

CCAAAGGGTTCGGCGTCA

4526

35-5

TGGTGGCGGTGATGGTGC

35-3

GCCTGGAAATACTCGCTGGTCG

360

36-5

CGAAGAGGGCAGGACGAT

36-3

CAGCAGTTTGAGCCGTGGT

1613

37-5

CTACAGTTTCAGCGTGGGCA

37-3

GTTGCGTGCCAGTGGTGTA

469

38-5

AAACCTGTGCCTGCGTATCA

38-3

GCTGGCGGACCGTTTGTT

352

39-5

CAAGGAGGCGTTGCTGGTG

39-3

GCGTGCCGACCATTACCCT

102

40-5

GCATTATTTCCGAGCCGCAAC

40-3

CGCTTTGACTCATACGCCCTACC

20
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41-5

ACCTCTGAAGCCTGGACG

41-3

TCGCATCTGTAGGAGCATC

169

42-5

TGGCGGTTTCGGCTATCAA

42-3

ACTGCTCTGCGTCGGGTTCG

3306

43-5

GTGAGCGGACAACATTCG

43-3

GCGAATGTTTGCCCTGTT

1414

44-5

GGCACAGGATGGAGGCAAGG

44-3

CGGGCAAGGCATTGGTTACTC

595

45-5

CGTCGGAAATCAGCCACAGG

45-3

CCCAATGCGTGCTAAATCCC

351

46-5

GCCACTTCTTCACGCAATACCG

46-3

TTCCTCGCCAGCCAGACC

2490

47-5

AGAAGCCCTCAACCTGTGCC

47-3

GCCTTCTCCGCAACCTCATCC

3643

48-5

CCCTGCTGCTGTTTGTCTCCG

48-3

TGCTGCCCAGGAACAACCC

378

49-5

TCACCGTCAACGCCAACA

49-3

GGTGACGCCAGGGACATCG

994

50-5

TCGGTGAGTCGTTGCTGCC

50-3

GGGCGATGAACGAAGGCAAT

4753

51-5

TTGCGGTCCAGGGAGTTGC

51-3

GCGGCGAGTTGTTGTTGA

443

52-5

TGGAGGAAACCCGCAAGA

52-3

GCAAAGCCTATCGGTTCAGC

3241

53-5

GCCGTTCTGGTTGGTCTTG

53-3

CTGGAAATGGGCGACACG

2795

54-5

TTGCCTTGCTGCGGTTCA

54-3

GGTTGAGGGTGGCGGTGTAG

456

55-5

GGCGATGTAGGGTTTGTCCG

55-3

GGCACTTTCGCTTCAACCTC

428

56-5

GGATTTAGTCGTGGAAGCC

56-3

CGGTATGGCGTGAGGAGA

1245

57-5

GCATAACCATACGCCCGACAA

57-3

CTGCCGCTGCTGCCCAAG

58-5

GCCACCTCGGACAGTCGCTT

58-3

ACGCCAGCCAGGAACAGA

370

153

59-5

CCGCTACCTCTGCTCAACCTG

59-3

GCCCACTGGAATGCCTGTAAT

1502

60-5

ACACGCAACCTGAGGAATAC

60-3

GCTACGGCGGTGACGAGT

47

61-5

CCGAGCAACAAACCACCC

439
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61-3

CCAGTGAGGCATTGAAGACG

62-5

CGGCGATTTGTGGTTTGGC

62-3

GGATTGGCAGTTCGTGGC

2272

63-5

AGCCCGCCGAGGTGTTTA

63-3

GTCTGACACTCCGCCTTCG

344

64-5

CACCACGCAACGGAACCA

64-3

CGGTGACGAGCGAATGGAC

6032

65-5

GTGGTGCTCGGCTCGTTT

65-3

CCGACGCCGAGGAGTTGT

169

66-5

CCTTGTGGTGCCTGTGATGG

66-3

ATGGGCTCGCAGTTCGTC

1357

67-5

GGACGAACACGGCGAAACA

67-3

GAGCAATGACGGGCGAGTG

676

68-5

GCCTGTTTGCTGGGTTCG

68-3

CTTCCCGCAGTTTGTTCGTT

249

69-5

GCTGGACTAACTGCTGACCG

69-3

CACGGAACTCCTCAACCC

385

70-5

TCGGCTTGGGCTTGAGGT

70-3

GCACCGACACCGAAGCCTAT

430

71-5

TGTAGAACTCGGGCAAGGACG

71-3

GCCGCTCCTGTTGCTCCAC

3435

72-5

CGCACCACGCTGACGAAG

72-3

TGACGAGGACGGCGATAGA

388

73-5

CGGTCGTCAGTAGCGTCTCG

73-3

GCTGACAGTGGACGAGACGC

2537

74-5

TCGCAATCATCATCGCAGCA

74-3

GATGACCCTGGCGAAGATGG

582

75-5

CAGGGAAGCCGCACTCATC

75-3

TGTCGGCGTGGCAGATTTT

81

76-5

TCCCGCAACTGGTCAAGG

76-3

GCAACTCAGCCAGGGTCGTCT

707

77-5

CCAAATCCAACACCTGACCCA

77-3

CCTGGACGGCGATGGAAA

1225

78-5

CAGGTTGCCGATGTTATGCG

78-3

GGCGTGGAACTGGCGAAC

683

79-5

GCGGTGAAGGATTGCGAACTG

79-3

CGCATCACCGACTTCAGCA

1245

80-5

CACCTGCTGAGCCACGACTG

80-3

AGCGGCAGGGAGTTGGAGT

1245

81-5

CGAGGTCCTGAGCGGTGAT

81-3

GGGCGAACGGCATCTCAA

393
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82-5

TGTCCCAAGGGCAGAAGC

82-3

GGGAAGGAACACTAAATGGCTC

1361

83-5

AGGCGGAACTGGCGGCTT

83-3

TCAGAAGGGCGACGAGCAG

20

84-5

TTCCACCTGCTGACCACCA

84-3

GGTTTCGGCGGGATTGGT

1124

85-5

GGGCGAGTTCTGGCTTACG

85-3

TGTGCGTGCCGACCTCAA

5670

86-5

CGCAACAAACCGAACCTG

86-3

GACTCGCAAGCGGTGTTC

359

87-5

CAGGTCGGTATGGATGGTG

87-3

GTTACGGTGGCAAGGGTG

308

88-5

CGCTCGGGCACTTATCTCG

88-3

CTTCTCGGCTCGGGTGGC

5370

89-5

CGGAACTGATGGACGGCTAC

89-3

CGATGGCTTTGAAGTAGAGGG

459

90-5

GCTCAGGAACGGCACCAT

90-3

GGGCAAGCAAAGCGAGTG

494

91-5

AATCGCTCGCCTCGTTCA

91-3

CTTCTGGCTCACGACCTGCT

290

92-5

ACCTCAGCCGACAGCAATC

92-3

GCTGGCTGGCGGAAGAAA

1361

93-5

GGAAGGGATGCGGGTGTT

93-3

GCAACCAGTTCAAAGGCTCCA

1357

94-5

CGCCACGCTGTTCAAGGA

94-3

TTGCGGGCACTGAACTGG

320

95-5

ACGAACAGGCGGAGATGC

95-3

TGCCTCGGCTATCTGCTTC

1361

96-5

GGCGGTCGCTGTAGGAAA

96-3

ACGAACCGAAGCCCGACA

1197

97-5

AATACGGGCACGGCTCC

97-3

CTGGAGTTGGCGGAAAGC

470

98-5

CTGGCGTGCTTTGATTGC

98-3

GGTGGTTCCAACGCTCTATG

4982

99-5

GGCAGCCTTGATTGATTCGG

99-3

CCCGAGCGTGGACGAAAA

4097

100-5

CGACAGACCGGTCCAGAC

100-3

GAACAGCGTGGCCGAGAT

10000
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Appendix B. Examples of agarose gel pictures for filling gaps between the contigs.

The number showing above each lane indicates the gap number. M: DNA ladder.
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