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1. INTRODUCTION

Microbiology is experiencing exciting times thanks to the current
explosion of knowledge. About 25 years after Watson and Crick resolved
the structure of DNA,'™ Sanger’s and Maxam’s laboratories’** developed
easy ways to determine the nucleotide sequence of a segment of DNA. This
in turn led to the development of new technologies that now make it possi-
ble not only to decipher the complete genome sequence of an organism, but
also to analyze the global patterns of expression of genes based on genomic
microarrays or the results of proteomic assays. Nonetheless, although
transcriptional arrays and proteomic techniques can identify large numbers
of genes expressed under particular conditions, the biological meaning of
these correlations is generally unclear without further analysis.
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The availability of the Pseudomonas putida KT2440 genome
sequence has made transcriptomic!!21:223:81.82.93,107 of this microorganism
possible. These approaches focus on the monitoring of RNA, protein, and
metabolite levels. The creation of large libraries of mutants defined by
site-directed or random mutagenesis meant another step forward in our
functional understanding of the P putida genome. Such mutant libraries
can be used to study each mutant’s phenotype under defined conditions.*?

With the use of transposons for mutagenesis, a link can be established
between the insertion site and the phenotype, which can help to elucidate the
biochemistry and the physiology of processes under study,!%-27-33:40:47:48.81.84.90
However, the generation of mutations that inactivate candidate genes is
often time-consuming and commonly limits the number of genes that can be
examined. Moreover, all of us who have worked in the laboratory have
expressed countless times how much we would like to have a particular
mutant to proceed with the analysis of our favorite organism. Indeed, this
has been the case for us and for others working in our laboratory, and was
one of the reasons that lead us to construct a large mini-Tn5 transposon
mutant library of P. putida KT2440, a saprophytic bacterium used as a
model system to study biodegradation and interactions of a nonsymbiotic
microorganism with plants. We determined the site of insertion of the mini-
transposon by sequencing the DNA adjacent to the transposon border. The
P, putida KT2440 mutant collection includes multiple insertions in a signif-
icant fraction of nonessential genes of the bacterium, and can be used sys-
tematically to examine, with other approaches, the phenotypes of
inactivated candidate genes that have been associated with a biological
process of interest. Alternatively, the mutant collection in itself can be used
to screen for specific properties, that is, mutants unable to use a carbon or
nitrogen source, identification of auxotrophs, identification of mutants tol-
erant or sensitive to a particular stress, and basically whatever phenotypic
marker one might be interested in.

P, putida KT2440 is a plasmid-free derivative of a 3-methylbenzoate-
degrading bacterium isolated from garden soils in Japan, which was orig-
inally designated Pseudomonas arvilla strain mt-2° and subsequently
reclassified as P putida mt-2.98%19 This strain grows rapidly in minimal
salt medium as well as in complex media such as Luria—Bertani (LB). Prof.
Kenneth N. Timmis defined this strain as a nutritional opportunist par
excellence and a paradigm of metabolically versatile microorganisms that
recycle organic wastes in aerobic and microaerophilic compartments of
the environment.”® P putida KT2440 is probably the best-characterized
saprophytic laboratory pseudomonad. This strain was the first Gram-neg-
ative soil bacterium to be certified by the Recombinant DNA Advisory
Committee of the United States Institute of Health as the host strain of a
host-vector biosafety system for gene cloning in Gram-negative soil bacteria.>
This, in turn, has facilitated work with recombinant derivatives in the
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laboratory and in field assays — work which revealed that the strain retains
its ability to survive and function in the environment when reintroduced in
soils and waters, 5-25-57.58.60.61.62.69.73,74,76,77.80,83.85.103

An extensive spectrum of versatile genetic tools developed in the last
three decades has been particularly important for these analy-
ses.19.20.40.59.85,106 Tndeed, the early genetic characterization of P putida
KT2440 and analyses of the pattern of gene expression of a good number
of genes were based on the development of wide-host-range vectors for
gene cloning, and promoter probe vectors for gene expression analy-
sis.%7 Later, mini-transposons were developed for (i) mutagenic analysis,
(i1) introduction of useful markers for environmental monitoring, and (iii)
analysis of the heterologous expression of cloned genes from other soil
organisms. 19204085

Sequencing the KT2440 genome, analysis of mutants and BLAST
comparisons of the genomes of KT2440 with those of other Pseudomonas,
for example, Pseudomonas aeruginosa strain PAO1,** Pseudomonas fluo-
rescens Pf5,7 several Pseudomonas syringae strains,> and Pseudomonas ento-
mophila,'%? revealed that the Pseudomonas sp. core genome consists of about
2,100 genes. These analyses also provided significant new insights into the
biology of KT2440 and the underlying genomic basis of its biosafety fea-
tures, which have further increased the usefulness of this model laboratory
organism and its potential biotechnological applications.

2. BASIC CHARACTERISTICS OF THE GENOME
OF P. PUTIDA KT2440

The global features of the genome of KT2440 were described in the
original report by Nelson e al.% and its subsequent reanalysis in this series
of books by Martin dos Santos ef al.>*> In this chapter, we review some of
the most relevant characteristics that are useful to consider for the construc-
tion of a collection of mutants.

The genome of strain KT2440 consists of a single circular chromo-
somes of 6,181,863 basepairs (bp), and has a mean G + C value of 61.6%.
The initial annotation suggested 5,420 open reading frames (ORFs) rang-
ing in size from 90 bp (the arbitrary size cut-off the authors applied to the
algorithm to find genes) to almost 30,000 bp (see below). This set of genes
specifies the proteome of KT2440. In addition, there are seven ribosomal
RNA operons,®®’® one of which occurs as a tandem (171,000-182,000)
with a spacer of just a few hundred bp. Also present are 74 tRNA genes
and two structural RNAs. The intergenic sequences were estimated to
comprise 12.5% of the genome.%

Nelson et al.®® proposed that P. putida strain KT2440 has independ-
ently evolved its own repertoire of transcription factors, indicating that an
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important factor in the adaptation of an organism to a new environment
is the emergence of a distinct set of these proteins. This is similar to what
Madan Babu et al.> proposed for Escherichia coli. These authors observed
that organisms with similar lifestyles have similar regulatory networks and
have incorporated orthologous genes with similar patterns of network
interconnection. At the global level, analysis of the dataset revealed that
conservation of transcription factors is independent of the number of
their target genes, and depends on the lifestyle of the organism rather than
phylogenetic relatedness.

One characteristic we reported in the intergenic space of KT2440 is
that the genome contains more than 800 copies of a species-specific 35-bp
Repetitive Extragenic Palindromic (REP) element.> The REP sequence
consists of a central palindromic motif and conserved nucleotides that
define the head and the tail of the REP sequence. The consensus sequence
is  5’-ccggectcTTCGCGGGtaaaCCCGCCtectacaggg-3” (small  letters:
50-89% conserved residue; capital letter: 90-100% conserved residue).
In contrast to P. aeruginosa and E. coli, in which the REP clements are
typically organized in complex “bacterial interspersed mosaic elements,”
most REP elements in P putida occur as single units or pairs: 225 REP
sequences occur singly, 372 are located in tandem arrangements on oppo-
site strands, and clusters of three, four, and five REP sequences are found
in 36, 12 and 1 case, respectively. The role of these repeats in P. putida is
still unknown, but they do not seem to be involved in gene regulation.
Recently, Ramos-Gonzalez et al.” reported that the REP sequence is the
target of the so-called ISPpu/0 insertion sequence.

As noted above, based on BLAST comparisons of the genomes from
five representative species of Pseudomonas, Vodovar et al.'® identified a
set of almost 2,100 genes that constitute the core genome of Pseudomonas.
This indicates that the number of noncore genes of KT2440 is larger than
the number of core genes. In this context it should be noted that the
genome of KT2440 contains more than 100 regions of atypical oligonu-
cleotide composition, including a number of gene islands.®® Nine of these
islands are larger than 20 kb, and apart from mobilization functions, they
also encode functions such as amino acid and opine uptake and metabo-
lism, arsenate resistance, resistance to heavy metals (e.g., copper and cad-
mium), oxidative stress response (peroxidase), biosynthesis of secondary
metabolites, and a set of proteins that exhibit typical motifs of enzymes of
a restriction-modification system.’ These noncore functions are consid-
ered to contribute to the fitness and versatility of P. putida in its natural
habitat. Therefore, the analysis of mutant libraries of a given
pseudomonad can provide clues on their lifestyle in certain ecological
niches and reveal specific properties of each microbe. In addition, analysis
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of core mutants can reveal information of general interest for the genus
Pseudomonas.

Table 1 lists the assignment of the identified coding sequences in the
TIGR annotation of metabolic categories and the number of ORFs in
each group that have been knocked out (July, 2006).

Among the 5,420 genes predicted according to Table 1 to code for
proteins, around 2,143 have no functional annotation and were annotated
as genes encoding “hypothetical proteins” (600 ORFs), which indicated
that in most cases, no significant similarity to any other gene could be
found. Other genes have been annotated as conserved hypothetical pro-
teins (1,039 ORFs) and proteins of unknown function (504 ORFs); as of
this writing no clues are available on the function of the proteins in these
two groups.

Of the remaining proteins, some were annotated erroneously since
the annotation was based mainly on BLAST analysis without functional
tests. Some of these annotations have been corrected on the basis of the
isolation of mutants and/or enzyme characterization (Table 2). For
instance, PP3591 was originally annotated as a potential malate synthase;
subsequent genetic and biochemical analyses revealed that it was in fact the
second enzyme in the catabolism of D-lysine in the so-called AMA path-
way.%8 The current version of TIGR (July, 2006) incorporates the

Table 1. Metabolic categories of annotated genes in P. putida KT2440.

Number of ~ Number of knockout

Metabolic function genes genes
Amino acid biosynthesis 126 36
Biosynthesis of cofactors, prosthetic groups, 149 27
and carriers
Fatty acid and phospholipid metabolism 112 30
Central intermediary metabolism 79 15
Energy metabolism 459 124
Purines, pyrimidines, nucleosides, and nucleotides 65 6
DNA metabolism 118 29
Transcription 66 19
Protein synthesis 132 14
Protein fate 180 47
Cellular processes 361 97
Regulatory functions 535 143
Signal transduction 140 50
Transport and binding proteins 656 190
Cell envelope 327 74
Related to mobile elements 183 31
Conserved hypothetical proteins, hypothetical 2,143 321

proteins, and proteins of unknown function
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Table 2. Re-annotation of some open reading frames in P. putida based on
functional analyses.

PP Gene
number symbol Current annotation Previous annotation Reference
0166 lapC ~ Membrane fusion protein,  HlyD family secretion [29]
ABC transporter. protein
Secretion of LapA
0167 lapB  ATPase, ABC transporter.  Secretion ATP-binding  [29]
Secretion of LapA protein
0168 lapA  Large adhesion, surface Surface adhesion [29]
associated. Biofilm protein
formation
0213 davD  Glutaric semialdehyde Succinate-semialdehyde  [82]
dehydrogenase dehydrogenase
0214 davT  §-Aminovalerate 4-Aminobutyrate [82]
aminotransferase aminotransferase
0382 davA  &-Aminovaleramide Carbon-nitrogen [82]
aminohydrolase hydrolase family
protein
0383 davB  Lysine monooxygenase Tryptophan [82]
2-monooxygenase,
putative
0691 proB  Glutamate-B-semialdehyde ~ Glutamate 5-kinase [78]
dehydrogenase
0806 lapF Adhesion protein. Surface adhesion [29]
Involved in seed protein, putative
colonization
1002 lysP Lysine permease Arginine/ornithine Revelles et al.,
antiporter unpublished
1206 acrD  Arginine/ornithine, lysine/  Porin D Revelles et al.,
ornithine antiporter unpublished
1449 hipA  Hemolysin-like protein. Surface colonization Molina-
Seed colonization and protein, putative Henares
iron acquisition et al.,
unpublished
1450 hipB  HplB transporter/activator ~ Activation/secretion Molina-
protein protein, TPS family, Henares
putative et al.,
unpublished
1530 dapD  Tetrahydrodipicolinate 2,3,4,5-tetrahydropyridine- Molina-
succinylase 2-carboxylate Henares
N-succinyltransferase, etal.,
putative unpublished
1588 dapC  N-succinyl diaminopimelate Aminotransferase, class I Molina-
aminotransferase Henares
etal.,
unpublished
3590 amaC D-Lysine Amino transferase Revelles et al.,

6-aminotransferase

unpublished
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Table 2. Re-annotation of some open reading frames in P. putida based on
functional analyses—cont’d.

PP Gene
number symbol Current annotation Previous annotation Reference
3591 dkpA  Piperidine-2-carboxylate Malate dehydrogenase, 64, 82
dehydrogenase putative
3596 amaD D-Lysine dehydrogenase D-Amino acid Revelles et al.,
dehydrogenase unpublished
4140 cadA  Lysine decarboxylase Decarboxylase, Orn [82]
/Lys/Arg family
4473 lysC  Aspartate kinase Aspartate kinase, Molina-
monofunctional class Henares
etal.,
unpublished
4486 ltpA  Basic amino acid ABC Basic amino acid ABC ~ Duque et al.,
transporter, periplasmic transporter, periplasmic  unpublished
protein basic amino acid-
binding protein
4519 lapE  Outer membrane protein, Agglutination protein 29
ABC transporter.
Secretion of LapA
4615 ddcA  Membrane protein Conserved hypothetical 29
involved in seed protein
colonization
4695 cbrA  Two-component system, Sensory box histidine Vilchez, S.,
sensory box histidine kinase and Ramos,
kinase; amino acid JL.,
utilization regulator unpublished
4696 cbrB Two-component system, Nitrogen regulation Vilchez, S.,
response regulator protein NR(1) and Ramos,
J L.,
unpublished
5257 amaB 1-Pipecolate oxidase Oxidoreductase, Revelles et al.,
FAD-binding unpublished
5258 amaA A'-Piperidine- Aldehyde dehydrogenase Revelles ef al.,
6-carboxylate family protein unpublished

dehydrogenase

corrected information. However, we feel that in contrast with the P. aerug-
inosa community, no real community efforts have been devoted to updat-
ing the annotation of P putida KT2440. We wish to call our colleagues’
attention to this issue since continuous updating of the annotations will
make the mutant collection more useful to researchers and will help
disseminate better information about K'T2440.
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3. CONSTRUCTION OF THE TRANSPOSON
MUTANT COLLECTION

A mini-Tn5 derivative carrying a KmR gene was used to generate the
mutant library (Figure 1).>!> The mini-Tn5 for mutagenesis was chosen
because it was previously shown to integrate at relatively random positions
in the chromosome of KT2440.%2

Transposon insertions were generated in P, putida by triparental mat-
ing of the strain with E. coli donor CC118Apir bearing pUT-Km and E. coli
HBI101 bearing the helper plasmid pRK600, which carries conjugation-
proficient functions.’®* The mutagenized cultures were plated on large
bioassay-scale M9 minimal medium agar plates containing kanamycin (to
select for transposon insertions), rifampicin (the P. putida strain used is a
Rif® strain), and benzoate or citrate as the carbon source (to select against
donor cells). We found that the best way to obtain randomness in the
insertion was by using different cultures of KT2440 and by carrying out
separate mutagenesis assays for short periods of time, that is, 6 h. In the
early steps of construction of the library, when we began sequencing we
found a higher rate of siblings than expected because the conditions
included a single mutagenesis mating and a long (24 h) incubation period.

In addition to these steps to ensure random selection of mutants, at
certain stages clones were used to screen directly for a number of pheno-
types. Since mini-Tn5 transconjugants were selected on M9 minimal
medium with citrate, a search was set up to identify clones deficient in the
use of different carbon sources, for example, glucose, L-lysine, vanillate,
quinate, etc. In this series of assays we kept specific clones deficient in the
use of a given carbon source. In another series of assays we set up a spe-
cific program to identify the genes necessary for the biosynthesis of several
amino acids, or genes necessary to use inorganic nitrogen sources (M. A.
Molina-Henares, unpublished data).

We performed several statistical tests to ensure that the distribution
of transposon insertions was random and that the mini-TnJj transposons
had no hot spots in the P putida genome. An important parameter that
attests to the randomness of transposon insertions is the number of genes
that carry a transposon insertion. A low number of genes hit by the trans-
poson indicates bias in the pattern of transposition. To determine the the-
oretical number of genes that should be hit by at least one transposon, we
used the neutral-base-pair model.# This model makes it possible to esti-
mate the number of gene hits based on genome length, the number of
transposon insertions, and the gene sizes. After applying this model to the
library of 2,200 P. putida transposon mutants sequenced so far, we pre-
dicted that 2,000 genes would be mutated. The actual number of genes
that were hit by at least one transposon was 1,680 (84% of the predicted
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KT2440 Genome

Mutagenesis: Conjugation of P. putida
KT2440 with donor strain carrying a
mini-Tn3 transposon on suicide plasmid

Selection: Plating on M9 minimal medium
agar containing antibiotics (kanamycin and
rifampicin) and benzoate or citrate as carbon
source to select cells with transposon
insertions (for isolation of auxotrophs,
specific supplements were added).

v

Arraying: Colony-picking robot programmed to select colonies.
Colonies were arrayed into 96-well plates

Phenotyping: Assessment of phenotypes after
sppoting mutant on appropriate media
]

Mapping: Automated analysis: quality and
crossmatch to position insertions in genome

Database construction: Transposon insertion
location and position representation

Figure 1. Generation analysis and maintenance of the P putida KT2440 mutant library.

(Details are given in the text.)
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number in P. putida), which was consistent with expectations based on the
neutral-base-pair model.

We also performed a genome-wide analysis of all transposon inser-
tion sites in relation to G + C (A + T) content. Using a 100-bp window cen-
tered on the transposon insertion position, we calculated the mean G + C
content. The differences between the mean G + C and A + T contents in all
windows and the mean G + C and A + T contents of the whole genome
were 0.4% (G + C) and 0.3% (A + T).

Once randomness had been ensured, we determined the best way to
screen the mutant collection. We found that to avoid cross-contamination,
96-well plates were best, and in addition offered a format that allowed for
efficient storage of all strains. The mutant collection consists of plates (96
strains per plate) that are stored frozen at —80°C. In our experience P, putida
mutant strains stored in glycerol at —80°C are stable for several years,
although certain clones lose viability rapidly. This is the case for mutants
in a set of outer membrane proteins such as oprL, tolB, and tolC.4* To
avoid loss of viability, we set up a program for the long-term storage of
specific mutant strains through lyophilization.®* To prevent accidental
losses, several copies of the collection are kept in different locations.

The methods used for sequence mapping and storage of mutants were
originally developed for sequencing genomes in which no long reads are
necessary. To identify the insertion site we have found it useful to be able
to read the mini-Tn5 border sequence because it unequivocally guarantees
that the rest of the sequence is adjacent to it. DNA fragments which
included transposon insertion junctions were amplified and sequenced
using a semi-degenerate PCR scheme (Figure 1). The procedure consists of
two PCRs. In the first, a series of mixed random primers are used together
with a primer based on the sequence of the mini-transposon. After the
first amplification, a second amplification is carried out with an internal
primer based on the mini-TnJ5 sequence. This guarantees that DNA ampli-
fications are based on previously amplified DNA.

An automatic search program written in HPP and available upon
request was used to crossmatch the junction sequences against the P
putida genome, and then to determine the position of the mini-TnJ inser-
tion relative to annotated ORFs. Data from the collection can be accessed
at www.eez.csic.es/mutants.

3.1. Composition of the Mutant Collection

The collection is made up of more than 25,000 independent
clones, and as of this writing we have identified the transposon insertion
site in nearly 2,200 strains (see Table 1). Since the kanamycin resistant
marker functions very well in counter selection, 100% of the KmR
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clones had an insertion at a location in the P putida genome.
Approximately 90% of the insertions were within ORFs, corresponding
well to the fraction of the genome predicted to have coding functions.'
Some of these insertions are in the same genes, but we kept only those
that were located at different sites within the ORF. The ORFs that we
hit most often were PP0168 and PP0806, which are the two longest
ORFs in the genome and are the target of 9 and 11 independent inser-
tions, respectively. The ORF encoding PP5076 (large subunit of gluta-
mate synthase) was selected five times in our searches for specific types
of mutants deficient in the use of inorganic nitrogen sources (nitrate or
ammonia), or unable to use proline as a nitrogen source. Curiously,
genes encoding peptidases, that is, PP0098, PP0435, and PP5320, were
hit three times. Mutants in catB, vanA were found four times due to
selective pressure. Only about 60 ORFs were the target of the mini-Tn5
in two cases. In all, based on the limited number of clones analyzed to
date, we can report that in almost 95% of the cases the mini-TnJ is
located in a different gene. This is in accordance with the randomness of
insertions by mini-TnJ.

3.2. Mutant Distribution

The assembly of the P. putida mutant collection, limited as it is for
the time being, provides a source of mutants for researchers worldwide.
Researchers can identify genes of interest in P. putida using bioinformatic
searches, microarray or proteomic data. Once a list of interesting genes is
generated, it can be compared with the mutant collection and the corre-
sponding mutant strains can be ordered, saving time and resources that
would otherwise be required to construct the mutants. To facilitate the dis-
tribution of mutant strains, we created a publicly accessible website at
http://www.artemisa.eez.csic.es.

Researchers may search for strains by ORF number, gene name or
gene abbreviation. If the requested mutant strain has been lyophilized we
send an ampoule; if not we prepare mutants for distribution by streak-
ing the appropriate strain onto an LB agar plate with kanamycin, and
preparing a stab once the strain has grown. We recommend that imme-
diately after receipt, each strain should be streaked out and a represen-
tative sample frozen and stored. We also strongly recommend that the
identity of all strains be confirmed prior to use. Several tests can be run
to confirm the nature of the mutation. One is to use individual colonies,
PCR and appropriate primers based on the intact gene corresponding to
the insertion, to verify that the target gene has been inactivated.
Depending on the PCR conditions, either no fragment or a fragment



238 Estrella Duque et al.

corresponding to a very large product will result from a correctly
assigned mutant strain. To corroborate the exact position of a transpo-
son insertion, the easiest approach is to carry out a PCR with a transpo-
son-specific primer (5-CGACCTGCAGGCATGCAAGCTTCGGC-3)
and a primer based on the sequence of the target gene. Sequencing of the
PCR product identifies the precise insertion site.

4. METABOLIC FUNCTIONS

4.1. Brief Analysis of Transposon Mutants in Basic Carbon
and Nitrogen Ultilization Sources

The availability of the whole genomic sequence of P. putida KT2440
makes it possible to combine bioinformatics and experimental data on the
metabolism of different nutrients?-31:66.808289.90.105 3 nd allows us to recon-
struct catabolic and anabolic pathways. Velazquez et al.”” reconstructed the
metabolic pathways available for the use of glucose, fructose, and glu-
conate in P. putida KT2440. Every protein involved in each of the steps
was assigned a PP number as specified in the TIGR database
(www.tigr.org). Figure 2 summarizes the steps in these pathways. It should
be mentioned that the network of transformations that results from pro-
jecting genomic data is consistent with all observations made in various
laboratories since the early 1970s on glucose, fructose, and gluconate
metabolism in this bacterium 689989 Since P putida K'T2440 lacks fruc-
tose-6-phosphate kinase, glucose, and gluconate appear to be metabolized
exclusively by the Entner-Doudoroff pathway,”® while fructose is chan-
neled through the Embden—Meyerhof (EM) route. An analysis of glucose
metabolism in KT2440 provided a novel set of data (del Castillo et al.,
unpublished results) indicating that glucokinase and glucose dehydroge-
nase function simultaneously in the assimilation of glucose in strain
KT2440, which contrasts with findings in other pseudomonads. The pre-
diction that mutants in edd (PP1010 or phosphogluconate dehydratase) and
in eda (PP1024 or keto-deoxy-phosphogluconate aldolase) would fail to
grow on glucose was confirmed by del Castillo ez a/. (unpublished results),
since these mutants appeared in screening assays intended to find mutants
unable to use glucose (our unpublished results). Mutants in each of the
steps confirm the proposed pathway based on bioinformatics analyses.

Regarding the use of inorganic nitrogen sources, mutants unable to
use nitrate, nitrite, and ammonium were isolated as well as mutants that can-
not derive nitrogen from certain sources of organic nitrogen (amino acids
such as glycine, leucine, glutamate, phenylalanine, lysine, and proline).
Mutants in assimilatory nitrate reductase (PP1703) and nitrite reductase
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Embden-Meyerhof (EM) Entner-Doudoroff (ED) W shared
PP1444
Gluconate < Glucose Fructose
PP3416 ¢ l PP1101
6P- ﬂ Glucono < PR G6P fn"B
gluconate lactone-P  ppapaz (PTS)
PP5351 PP1808 PPO795
PP4701
Pentose .
Phosphate edd DHAP
Cycle
F’P504Dﬁ@ !
2-dehydro  pp1024 PP4690 PP0794

F16P2 «—— F1P
fda

3-deoxy
gluconate-P  eda

PP

v
Krebs Cycle

Figure 2. The metabolic network for glucose, gluconate, and fructose metabolism in P, putida
KT2440. The Figure is based on the bioinformatics and experimental work of Velazquez
et al. (2004), reproduced in part with permission from the authors and from the American
Society for Microbiology, and on the work by del Castillo ez al. (in preparation).

(PP1705) are available. We also identified clones unable to use NH," as a
nitrogen source. A number of these mutants exhibited a knockout in one
of the subunits of glutamate synthase,” which suggests that the glutamine
synthetase (GS)/glutamate synthase (GOGAT) pathway is preferred for the
assimilation of ammonium in spite of the fact that the strain encodes a
glutamate dehydrogenase. An oddity of KT2440 is that it exhibits three
GSs, and although mutants in each of them are available, each mutant
grew well on inorganic and organic nitrogen sources, indicating that the
three copies of GS can replace each other in functional terms.

Very few auxotrophs have been described for P. putida in the litera-
ture, 7287 30 we set up a specific program to isolate auxotrophs for Trp,
Leu, and Ser. These mutants were selected to confirm the biosynthetic
pathways for these essential metabolites (see Figure 3 for leucine and threo-
nine biosynthesis). Alaminos and Ramos! showed that like other eukary-
otic and prokaryotic microorganisms, P. putida KT2440 uses homoserine
as the starting point for the biosynthesis of methionine. This first step
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Figure 3. Biosynthesis of threonine and leucine in P, putida.
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consisted on the acylation of homoserine to yield O-acetyl-homoserine in
a reaction catalyzed by the met W, metX gene products, as is also the case
in P, syringae.> The second step, as in Gram-positive bacteria and certain
fungi, consisted on the direct sulfhydrylation of O-acetyl-homoserine into
homocysteine, a reaction catalyzed by MetZ. This reaction also occurs in
P aeruginosa.®' Eventually, homocysteine was converted into methionine
in a reaction catalyzed by one of the two methionine synthase enzymes.

The use of rich LB medium facilitated the isolation of mutants in which
metabolic steps related with the biosynthesis of an extensive range of
amino acids and cofactors were affected, for example, amino acid auxo-
trophs or mutants deficient in the biosynthesis of biotin, folic acid,
ubiquinone, pantothenate, coenzyme A, and thiamine.

A general strategy exploited by pseudomonads to degrade diverse
aromatic compounds is to oxidize them to catechols, which can be fun-
neled into a limited number of central pathways.!”*® In KT2440, for exam-
ple, Jiménez et al.¥ proposed that the initial steps in ferulate, p-coumarate,
and p-hydroxybenzoate metabolism are mediated by different enzymes
(upper pathways), but all routes ultimately converge via protocatechuate
(ferulate and p-coumarate) or catechol (benzoate) on the 3-oxoadipate/p-
ketoadipate pathway. Interestingly, this pathway is found almost exclusively
in soil- and plant-associated microorganisms,*”7%"1% and presumably evolved
in response to the large number of phenolic compounds synthesized by
plants. Other relevant central pathways are the phenylacetate and
homogentisate pathways. Some mutants unable to use these chemicals
have been isolated, although despite several attempts, mutants unable to
use quinate were not obtained, probably because several different pathways
are available for the initial metabolism of this compound.

4.2. Nutrient Uptake Systems

P, putida KT2440 has very broad transport capabilities, with approxi-
mately 370 cytoplasmic membrane transport systems — 15% more than
P aeruginosa — that constitute about 12% of the whole genome. The
largest family corresponds to the ATP-Binding Cassette (ABC) trans-
porter (94 paralog members), a significant proportion of which is pre-
dicted to be devoted to amino acid uptake (Duque et al., unpublished).
This is consistent with the ability of KT2440 to colonize plant roots, since
root exudates are rich in amino acids, and reflects the physiological
emphasis on the metabolism of amino acids and their derivatives to suc-
cessfully compete in the rhizosphere.**#-0 In addition, in vivo expression
technology (IVET) studies confirmed the induction of this type of trans-
porter in P putida when colonizing plant roots.” In the case of amino
acids, multiple uptake systems can exist for a single compound. For
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instance, we have reported that at least two complex uptake systems in
KT2440 are involved in the uptake of L-lysine, and recently a third uptake
system was identified as part of a cluster in which D-lysine dehydrogenase
is present.??

P. putida KT2440 encodes various uptake systems for osmoprotec-
tants such as glycine betaine (PP0871-PP0868) and proline (PP0294-
PP0296 and PP2774-PP2775). Mutants in these systems are available and
can shed light on the process. It has been proposed that up to five trans-
porters are available for gamma-aminobutyric acid (GABA) uptake,
namely PP4106, PP2911, PP4756, PP2543, and PP0284; however, no func-
tional proof is available. We have found that one of these proteins,
PP4106, is involved in the uptake of tyrosine, since PP4106 was isolated
specifically as a mutant that failed to use this amino acid.

Consistent with its exceptional metabolic versatility, the KT2440
genome encodes more putative transporters for aromatic substrates than
any currently sequenced microbial genome, including multiple homologs
of the Acinetobacter calcoaceticus benzoate transporter BenK
(PP3165), and of the P. putida 4-hydroxybenzoate transporter PcaK
(PP1376).°7 In addition, in the KT2440 mutant collection we have identi-
fied porins such as PP3168 specifically involved in benzoate uptake. The
genome of KT2440 also encodes the determinants for the import of some
sugars; so far we have identified mutants in the fructose uptake system
(PP0792-PP0793) as well as in gluconate uptake (PP3417).%

Martinez-Bueno ef al.>* reported that P. putida K'T2440 exhibits up to
13 iron-siderophore uptake systems in spite the fact that the strain produces
only one siderophore, pyoverdine, whose genes are clustered in three groups
(PP4243-PP4246, PP4319-PP4327, and PP4219-PP4223) organized in a
manner similar to that found in other pseudomonads.!43*+191 Although the
siderophore receptor for pyoverdine in each strain is highly specific for the
siderophore the strain produces, fluorescent pseudomonads have been
shown to use siderophores produced by other strains, uptake being mediated
by other ferric-siderophore receptors. In the current collection, 11 mutants
in different uptake systems are available, and their importance in niche col-
onization and biocontrol can now be tested.

Strain KT2440 has a large number of determinants for active efflux
systems for metals such as arsenite (PP1929, PP2717), copper (PP5378-
PP5379 and PP2204-PP2205), cadmium (PP0041-PP0045, PP2408-PP2411,
PP5139), chromate (PP2556) and other toxic chemicals such as cyanate
(PP0970, PP3751). Other efflux systems identified to date extrude
paraquat (two paralogous sets: PP2576-PP2577 and PP0598-PP0599) and,
interestingly, fusaric acid (PP1266-PP1263), a common fungal toxin pro-
duced by phytopathogens such as Fusarium oxysporum.®' Mutants in the
efflux systems that extrude arsenate and cadmium are available.
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4.3. Regulation and Signal Transduction

As in other soil-dwellers, the genome of P. putida is large, and this is
thought to reflect the fact that soil is relatively nutrient-poor, such that
nutrients are varied and patchily distributed. To survive in soils, microor-
ganisms need to use a variety of scarce nutrients, and therefore need sev-
eral sets of metabolic genes and gene regulators.

Almost 10% of the genes in the KT2440 genome encode products
involved in signal transduction and gene regulation, which reflects the evo-
lutionary emphasis in this bacterium on monitoring and responding to a
large number of environmental signals. Common transcription factors
include the sigma factors RpoD (sigma-70), RpoN (sigma-54), RpoS
(sigma-38), RpoH (sigma-32), FliA (sigma-27) and AlgT (sigma-22,
homologous to RpoE in E. coli). The genome also contains a large num-
ber (19) of genes for extracytoplasmic function (ECF) sigma-70 factors,
many of which are clustered with sensing or transport genes* (see
Chapters 11 and 12 of Volume II in this series). The function of these
ECFs is unknown. Site-directed mutagenesis mutants have been obtained for
ECF-PP12, but only in P putida DOT-TIE, a solvent-tolerant strain. A
reduced number of genes making up less than 1% of the genome have been
shown to be under the direct or indirect influence of this ECF.%® Very few
phenotypes have been associated to this mutant, the clearest example of it
being increased solvent sensitivity.

4.4. Swarming and Chemotaxis

P. putida has previously been shown to attach as single cells to solid
matrices, and can form biofilms on various surfaces. Intriguingly, pro-
teomic analysis revealed that proteins belonging to the P. putida motility
complex, including the flagellins, the basal body proteins and the chemo-
tactic proteins, are expressed at higher levels in biofilm-grown cells than in
planktonic cells.*!3# Additionally, in liquid culture an aflagellate mutant
was unable to form a pellicle at the air—water interface, and insertional
inactivation of flagellar filament genes delayed pellicle formation, indicat-
ing that the motility complex is important for cell-cell interactions in mature
biofilms. !4

Bacteria respond to chemical stimuli by moving towards attractants
or retreating from repellents. This phenomenon, called chemotaxis, enables
bacteria to position themselves in their environments. The signals (stimuli)
are perceived by membrane-spanning methyl-accepting chemotaxis pro-
teins (MCP), which monitor environmental composition and transduce
the signal via a number of receptor and transducer proteins to the flagel-
lar apparatus, and thus influence the mode of rotation and the swimming
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direction of the cell. P. putida KT2440 encodes 27 MCPs, suggesting that
it can respond to a large variety of environmental signals. Adaptation is
mediated by the level of methylation of MCP, which is controlled by
methyltransferase CheR and methylesterase CheB. The activity of trans-
ducer CheY is regulated by the phosphatase CheZ.

It has been proposed that an MCP is involved in inorganic phos-
phate sensing (PP0562), that three MCPs (PP0320, PP1371, PP2249) are
involved in aerotaxis, and that PP2257, PP2111, and PP4521 are able to
sense amino acids. Mutants in PP1371 and PP4521 are available, and their
role in energy sensing and movement towards oxygen can be tested. It is
interesting to note that the uncharacterized chemotaxis cluster (PP1494-
PP1488) is shared with P. aeruginosa and P. syringae, and a mutant is cur-
rently available for analysis.

Recently, Matilla ez al. (unpublished) have shown that P. putida can
swarm on solid plates. The process is dependent on lipopolysaccharides
(LPS) and the presence of type IV pili, which are involved in the efficient
colonization of the plant root.!32324 The availability of the mutant collec-
tion has been of great importance in analyses of swarming in KT2440
(Matilla et al., unpublished results).

4.5. Adherence to Surfaces

The genome of P. putida encodes two unusually large proteins, the
6,310-amino acid PP0806 and the 8,628-amino acid PP0168, the second
largest bacterial protein described so far. On the basis of work by
Espinosa-Urgel et al.,”” who found that transposon insertion mutants of
both proteins fail to adhere to the surface of plant seeds, both proteins, as
well as another large protein (PP1449, 1,508 amino acids), have been anno-
tated as surface adhesion proteins. All three proteins exhibit a complex
repetitive structure and atypical amino acid composition, and are threo-
nine-rich and free of cysteine.!®> These clusters have often been knocked
out through mini-TnJ insertions due to their large size rather than through
sequence composition, since insertions occurred in different sites within
the long ORFs. The availability of mutants in ORFs adjacent to these
genes has been instrumental to elucidate their role in adhesion to surfaces.

Protein PP0O168 contains three types of peptide sequence repeats:
nine highly conserved N-terminal repeats of 100 amino acids, 29 highly
conserved repeats consisting of 219 amino acids that form two subgroups
(1-7, 8-29), and five hemolysin-type calcium-binding repeats at the
C-terminus. Moreover, a C-terminal domain shows similarity to a von
Willebrand domain involved in adhesion and signal transduction.® The
second largest protein, PP0806, consists of about 65 repeats with an
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average size of 85 amino acids. The first 35 repeats (with the exception of
repeats 1 and 2) form seven clusters of five repeats. Towards the C-termi-
nal end, the repeats exhibit an increasing degree of sequence variation. In-
depth characterization at the molecular level of these proteins will help us
to understand how P. putida K'T2440 interacts with surfaces playing a role
in the social behavior of this microorganism in different habitats.
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