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Pseudomonas fluorescens Pf-5 is a plant commensal bacterium that inhabits the rhizosphere and produces secondary

metabolites that suppress soilborne plant pathogens. The complete sequence of the 7.1-Mb Pf-5 genome was determined.

We analyzed repeat sequences to identify genomic islands that, together with other approaches, suggested P. fluorescens Pf-5’s

recent lateral acquisitions include six secondary metabolite gene clusters, seven phage regions and a mobile genomic island.

We identified various features that contribute to its commensal lifestyle on plants, including broad catabolic and transport

capabilities for utilizing plant-derived compounds, the apparent ability to use a diversity of iron siderophores, detoxification

systems to protect from oxidative stress, and the lack of a type III secretion system and toxins found in related pathogens.

In addition to six known secondary metabolites produced by P. fluorescens Pf-5, three novel secondary metabolite biosynthesis

gene clusters were also identified that may contribute to the biocontrol properties of P. fluorescens Pf-5.

Pseudomonas spp. are ubiquitous inhabitants of soil, water and plant
surfaces that belong to the Gamma subclass of Proteobacteria. Many
pseudomonads live in a commensal relationship with plants, utilizing
nutrients exuded from plant surfaces and surviving environmental
stress by occupying protected sites provided by the plant’s architecture.
These commensal species can have profound effects on plants by
suppressing pests, enhancing access to key nutrients, altering
physiological processes or degrading environmental pollutants.
Pseudomonads have an exceptional capacity to produce a wide
variety of metabolites, including antibiotics that are toxic to plant
pathogens1,2. Antibiotic production by plant-associated Pseudomonas
spp. enhances the fitness of the producing strain3 and suppresses
pathogens that would otherwise jeopardize plant health1,2,4. Certain
antibiotic-producing strains of Pseudomonas spp. function as
biological control agents; their capacity to protect plants from
disease distinguishes them as microorganisms with immense effects
on agricultural productivity.

Among the plant commensals, P. fluorescens Pf-5 is notable as a
biological control organism, for its rhizosphere competence and the
spectrum of antibiotics and other secondary metabolites that it
produces. P. fluorescens Pf-5 inhabits the rhizosphere of many plants
and suppresses plant diseases caused by soilborne plant patho-
gens5–11. P. fluorescens Pf-5 produces a suite of antibiotics including

pyrrolnitrin5, pyoluteorin11 and 2,4-diacetylphloroglucinol12. It
also produces hydrogen cyanide and the siderophores pyochelin
and pyoverdine, which can suppress target pathogens in the rhizo-
sphere through iron competition13,14. In this study, we report the
complete genome sequence of P. fluorescens Pf-5, and highlight genes
with a demonstrated or proposed role in biological control or rhizo-
sphere colonization.

RESULTS

Genome features and comparative genomics

The P. fluorescens Pf-5 genome is composed of one circular chromo-
some of 7,074,893 bp (Fig. 1). A total of 6,144 open reading frames
(ORFs) were identified within the P. fluorescens Pf-5 genome
(Table 1). Among the predicted genes, 3,822 (63%) are assigned a
putative function and 330 (5%) are hypothetical genes. The
P. fluorescens Pf-5 genome is larger than that of the three other
pseudomonads whose genomic sequences have been published:
P. aeruginosa PAO115, an opportunistic animal pathogen, P. putida
KT244016, a saprophytic soil bacterium, and P. syringae DC300017, a
plant pathogen.

Only a limited degree of gene synteny was observed between
P. fluorescens Pf-5 and the other sequenced pseudomonads (Supple-
mentary Fig. 1 online). Regions of limited conservation of gene order
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are centered in an X-pattern around the terminus of replication18,
suggestive of frequent rearrangement and inversion events around the
terminus of replication, as found in other genera18. A four way BLAST
comparison of the sequenced pseudomonads identified a core set of
over 4,000 genes conserved in all four species (Fig. 2). Based on this
analysis, 656 genes unique to P. fluorescens Pf-5 were identified. Only
four insertion elements were identified within the P. fluorescens Pf-5
genome, fewer than in other Pseudomonas spp. genomes.

We used four independent criteria to identify unique genomic
islands within the P. fluorescens Pf-5 genome that potentially reflect
recent biological adaptations to the commensal lifestyle of this
bacterium. The four criteria were (i) distribution of the 656 genes
unique to P. fluorescens Pf-5, (ii) atypical trinucleotide composition,
(iii) presence of putative integrated phage and transposable elements
and (iv) distribution of a unique P. fluorescens Pf-5 REP element
(see below).

Analysis of short repeats in the P. fluorescens Pf-5 genome identified
a REP repeat similar to that described in the genome of P. putida19.
An initial count of 14 mers revealed an imperfect palindrome in
two varieties: 5¢-GCCGGCTTGCCGGC-3¢ (n ¼ 379) and
5¢-GCTGGCTTGCCAGC-3¢ (n ¼ 278). A hidden Markov model
(HMM) trained with the palindrome and its flanking sequences
identified 1,052 gap-free copies, with sequence similarity across
34 bp. The 34-bp sequences were found as a single element, as pairs
of elements or in clusters of up to 11 elements with alternating
orientation. The 34-bp sequences are rarely detected in the genome
sequences of P. aeruginosa (n ¼ 21) or P. syringae (n ¼ 17), and are
related to but distinctly different from the previously characterized

REP element in P. putida (n ¼ 509). The REP sequences are not
uniformly distributed throughout the genome of P. fluorescens Pf-5;
instead, the presence of discrete regions lacking REP sequences is
striking (Fig. 1). REP sequences were absent in regions under strong
selective pressure for maintenance, such as rRNA and ribosomal
protein gene clusters. Regions unique to P. fluorescens Pf-5, with an
atypical trinucleotide composition and in some cases including
putative phage genes, correlated well with regions lacking REP repeat
sequences. Hence, the analysis of the distribution of conserved
repetitive elements in a genome may represent a useful approach for
identifying recently-acquired genomic islands.

We identified nine secondary metabolite gene clusters in the
genome of P. fluorescens Pf-5. Two clusters contain biosynthetic
genes for the siderophores pyoverdine and pyochelin; these genes
are conserved in other pseudomonads and do not display atypical
trinucleotide composition or unusual REP distribution. One cluster
that codes for the production of hydrogen cyanide is conserved in
P. aeruginosa and likewise does not show unusual REP distribution or
trinucleotide composition. The other six secondary metabolite gene
clusters, which are unique to P. fluorescens Pf-5, essentially lack REP
elements. Several of the six gene clusters have atypical trinucleotide
compositions and two are located adjacent to putative prophage,
which is suggestive of recent lateral acquisitions by the P. fluorescens
Pf-5 genome.

Seven prophage (Supplementary Fig. 2 online) and a phage-related
genomic island collectively encompass B268 kbp of the genome of
P. fluorescens Pf-5 (Fig. 1). Particularly notable are prophage 1 with a
tail gene module that is closely related to Shigella flexneri phage SfV, a

Figure 1 Circular representation of the

P. fluorescens Pf-5 overall genome structure. The
outer scale designates coordinates in base pairs

(bp). The first circle shows predicted coding

regions on the plus strand color-coded by role

categories: violet, amino acid biosynthesis; light

blue, biosynthesis of cofactors, prosthetic groups

and carriers; light green, cell envelope; red,

cellular processes; brown, central intermediary

metabolism; yellow, DNA metabolism; light gray,

energy metabolism; magenta, fatty acid and

phospholipid metabolism; pink, protein synthesis

and fate; orange, purines, pyrimidines, nucleo-

sides and nucleotides; olive, regulatory functions

and signal transduction; dark green, transcription;

teal, transport and binding proteins; gray,

unknown function; salmon, other categories; blue,

hypothetical proteins. The second circle shows

predicted coding regions on the minus strand

color-coded by role categories. The third circle

shows the set of 656 P. fluorescens Pf-5 genes
that are not conserved in any of the other three

Pseudomonas genomes whose sequences have

been published (see Fig. 2). The fourth circle

shows nine regions encoding secondary meta-

bolism gene clusters coded by color as follows:

green, decapeptide biosynthesis; blue, pyoluteorin

biosynthesis; gold, polyketide biosynthesis;

yellow, pyochelin biosynthesis; gray, pyrrolnitrin

biosynthesis; orange, pyoverdine biosynthesis;

olive, nonribosomal peptide synthesis; cyan, 2,4-

diacetylphloroglucinol synthesis. The fifth circle shows REP repeat elements. The sixth circle shows transposases in black, the predicted PFGI-1 mobile island

in olive, and putative phage regions as follows: green, prophage 1; blue, prophage 2; gold, prophage 3; yellow, prophage 4; gray, prophage 5; orange, prophage

6; cyan, prophage 7. The seventh circle shows trinucleotide composition in black. The eighth circle shows percentage G+C in relation to the mean G+C in a

2,000-bp window. The ninth circle shows rRNA genes in blue and the tenth circle shows tRNA genes in green and sRNA genes in red.
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pyocin-like prophage 3 with a P2-like myovirus tail region and a large
lambdoid prophage 6 that is mosaic in nature and similar to putative
prophage elements found in Yersinia spp., Burkholderia spp. and
Ralstonia solanacearum. The remaining elements represent defective
prophages that are reduced in size and/or complexity and often
contain degraded phage-related genes. Six out of eight phage-like
regions are associated with intact or mutated genes encoding site-
specific integrases (Supplementary Fig. 2 online). In addition to
typical bacteriophage functions, some prophage elements carry
genes encoding for putative lytic and serotype-converting enzymes
or bacteriocins. Only prophages 1 and 3 have counterparts in
P. putida, P. syringae pv. tomato and P. aeruginosa (Supplementary
Fig. 2 online). The 115-kbp mobile genomic island, PFGI-1, is site-
specifically integrated into one of the two tRNALys genes. PFGI-1 is a
hybrid genomic island that has elements of both temperate phages and
conjugative plasmids and is closely related to the mobile genomic
island pKLC102 from P. aeruginosa C20. The predicted phage regions
correlate with the absence of REP repeat elements, often display
atypical nucleotide composition and are found adjacent to SOS-
regulon genes or within genes encoding for tRNA.

A number of other regions were evident that displayed an atypical
trinucleotide composition and lacked REP elements, including three
regions with putative polysaccharide biosynthesis genes, and one
region with homologs of filamentous hemagglutinin (PFL1552,
PFL1556) that may represent putative adhesins.

A type I restriction modification system (PFL2964/PFL2965) is
present in P. fluorescens Pf-5, which may explain why P. fluorescens
Pf-5 has proven recalcitrant to the introduction of foreign DNA via
molecular biology approaches. This system is absent in other
sequenced pseudomonads with the exception of one subunit that is
shared with Pseudomonas putida. Genes for copper resistance, orga-
nized in pairs (copAB, copCD, and copRS), are dispersed throughout
the genome of Pf-5. These genes are likely to be responsible for the
moderate level of copper resistance exhibited by Pf-5 (M.D. Henkels
and C.M.P., unpublished data).

Metabolism, transport and regulation

Central metabolic pathways in P. fluorescens Pf-5 are similar to those
in other sequenced pseudomonads. Components of complete
Entner-Doudoroff, pentose phosphate and tricarboxylic acid cycle

pathways were identified. Consistent with
Pseudomonas metabolism21,22, P. fluorescens
Pf-5 lacks a phosphofructokinase gene and
thus doesn’t use the Embden-Meyerhof-
Parnas pathway for hexose catabolism.

Similar to P. putida16,22, P. fluorescens Pf-5
is diverse in its catabolic capabilities. Present
in its genome are several extracellular hydro-
lytic enzymes, including chitinases, proteases
and lipases, which are involved in the degra-
dation of polymers commonly found in soil.
Also present are components for the catabo-
lism of most amino acids. In contrast to
P. aeruginosa, P. fluorescens Pf-5 shares with
P. putida and/or P. syringae, a number of
hydrolases that support utilization of plant-
derived carbohydrates, including those that
degrade sucrose, maltose, trehalose and
xylans. The P. fluorescens Pf-5 genome also
contains catabolic capabilities for more
complex compounds, including aromatic

derivatives and long-chain hydrocarbons. Consistent with the descrip-
tion of the species23, there are complete pathways for degradation of
the aromatic compounds catechol and protocatechuate by ortho
cleavage leading to the b-ketoadipate pathway. Also present are
many derivative pathways, including vanillinate, benzoate, p-hydro-
xybenzoate, and phenylacetate, which are directed at degradation of
aromatic compounds originating from plant products like lignin.
Similar to P. aeruginosa15, a vast array of genes involved in b-oxidation
exists within P. fluorescens Pf-5. Many of these genes are involved in
degradation of hydrocarbon molecules of various chain lengths,
providing capabilities to utilize long chain alkanes, fatty acids and
oils commonly found in plant tissues.
P. fluorescens Pf-5 possesses an extensive set of transport genes.

P. fluorescens Pf-5 is capable of transporting various sugars, presum-
ably derived from the breakdown of plant carbohydrates. P. fluorescens
Pf-5 has more than double the number of sugar phosphotransferase
system transporters seen in the other pseudomonads, with predicted
specificities for fructose, N-acetylglucosamine, trehalose and cello-
biose. P. fluorescens Pf-5 retains broad capabilities for amino acid
uptake: it has 21 amino acid/polyamine/choline family amino acid
transporters, similar to the numbers found in P. putida and
P. aeruginosa and more than in P. syringae. These broad uptake

P. aeruginosa P. syringae

Unique to P. fluorescens

P. putida Total P. fluorescens proteins: 6144

227

261 172
656

161

4385

132

150

Figure 2 Venn diagram showing the number of P. fluorescens Pf-5 predicted
proteins with significant homology (P o 10�5) with the predicted proteins

from the sequenced P. aeruginosa PAO1, P. putida KT2440 and P. syringae

DC3000 genomes. The number outside the circles (656) represents the

number of P. fluorescens Pf-5 proteins that do not have significant homologs

in any of the Pseudomonas species examined.

Table 1 General genome features of sequenced pseudomonads

P. fluorescens P. aeruginosaa P. putidaa P. syringaea,b

Size (base pairs) 7,074,893 6,264,403 6,181,863 6,538,260

G+C content (%) 63.3 66.6 61.6 58.4

Protein-coding genes

No. similar to known proteins 3,822 3,021 3,311 3,524

No. similar to proteins of unknown functionc 890 NA 522 647

No. of conserved hypotheticalsd 1,113 769 995 976

No. with no database matche 330 1,780 596 628

Total 6,144 5,570 5,420 5,763

Average ORF size (bp) 1,021 1,005 998 991

Coding (%) 88.8 89.4 88 87

rRNA 5 4 7 5

tRNA 71 63 74 63

aThe distribution of ORFs in the P. aeruginosa, P. putida and P. syringae chromosomes are derived from the original annotation.
These numbers, particularly hypothetical and conserved hypothetical proteins, may be significantly different with updated blast
searches and annotation. bThe genome information for P. syringae represents combined data from the chromosome and two
plasmids. cUnknown function, significant sequence similarity to a named protein for which no function is currently attributed.
dConserved hypothetical protein, sequence similarity to a translation of another ORF, however no experimental evidence for
protein expression exists. eHypothetical protein, no significant similarity to any other sequenced protein.
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capabilities may contribute to spermosphere and rhizosphere
colonization, since sugars and amino acids are major components of
seed and root exudates24,25. P. fluorescens Pf-5 also has an expanded
collection of metabolite efflux systems, with 24 Resistance to Homo-
serine/Threonine (RhtB) family amino acid efflux pumps, and 37
Drug/Metabolite Transporter (Dmt) family metabolite efflux pumps,
possibly indicating a need to protect against toxic concentrations of
metabolites or metabolic analogs.

Bacteria with large genomes and complex metabolisms typically
have sophisticated regulatory networks relative to bacteria with smaller
genomes15. P. fluorescens Pf-5 is no exception to this generalization
with a complex array of regulatory systems including 32 predicted
sigma factors, more than 300 genes encoding predicted transcriptional
regulators and a variety of two-component signal transduction sys-
tems consisting of 82 histidine kinase domains and 120 response
regulator domains.

Secondary metabolite biosynthesis

P. fluorescens Pf-5 produces four metabolites that are toxic to fungi or
oomycetes and important in biocontrol: two well-characterized poly-
ketides pyoluteorin11 and 2,4-diacetylphloroglucinol12, the chlorinated
tryptophan derivative pyrrolnitrin5, and hydrogen cyanide26, which is
formed by oxidation of glycine27 (Fig. 3a,b). The gene clusters for
each of these compounds are found in the genomic sequence of
P. fluorescens Pf-5 and are similar to those
previously reported28–31. Three previously
unknown gene clusters with characteristics
of secondary metabolite biosynthetic regions
were identified (Fig. 3a). Combined with
gene clusters for the biosynthesis of two
siderophores (pyoverdine and pyochelin), it
is estimated that 5.7% of the P. fluorescens Pf-
5 genome (B400 kb) is dedicated to second-
ary metabolism, the largest percentage
among the Pseudomonas spp. genomes
sequenced to date.

The biosyntheses of pyoluteorin and 2,4-
diacetylphloroglucinol are catalyzed by
polyketide synthases (PKSs) involving the
sequential addition and modification of sim-
ple carboxyl acids to a growing carbon chain.
A novel gene cluster of B102 kb was identi-
fied (Fig. 3a, cluster 8) whose predicted gene
functions include four PKSs (PFL2990,

PFL2991, PFL2993 and PFL2994), a hybrid nonribosomal peptide
synthetase (NRPS)/PKS (PFL2989), a cytochrome p450 (PFL2992)
and a methyltransferase (PFL2995). Each of the four PKSs contain
two to four modules that together are predicted to synthesize a
molecule composed of a starting serine residue and 14 unknown
carboxyl acids.

A 42-kb gene cluster was identified that contains three NRPSs, each
catalyzing the integration of two to four amino acid residues into a
predicted cyclic decapeptide (Fig. 3a, cluster 7). This putative product
resembles cyclic lipopeptides of the viscosin group (Fig. 3c). The C-
terminus of the last NRPS (PFL2147) encodes two thioesterase
domains, which could be responsible for both cyclization and addition
of a lipidic side chain, a similar role to SyrC in the syringomycin
biosynthesis. The first NRPS (PFL2145) lacks the characteristic load-
ing domain, whose functions could potentially be provided by a
protein containing an AMP-binding domain (PFL2162) also encoded
within the cluster. Sequence data of known gene clusters for viscosin-
like compounds are not available. Lipopeptides produced by certain
strains of Pseudomonas spp. have surfactant and antibiotic properties
that can contribute to biological control of plant disease32.
P. fluorescens Pf-5 produces detectable surfactant activity and RT-
PCR data indicates that the genes from this cluster are expressed under
conditions where the surfactant is produced (V.O. Stockwell, M.D.
Henkels and J.E.L., unpublished data).

1.   Pyoverdine: PFL4079-4098 // PFL4169-PFL4179 // PFL4189-PFL4193

2.   Pyoluteorin: PFL2784-PFL2800

3.   Pyochelin: PFL3473-PFL3504

4.   Pyrrolnitrin: PFL3599-PFL3627

5.   2,4-diacetylphloroglucinol: PFL5951-PFL5958

6.   Hydrogen cyanide: PFL2577-PFL2579

7.   Novel cyclic lipopeptide: PFL2142-PFL2151

8.   Novel polyketide: PFL2980-PFL2997

9.   Novel non-ribosomal peptide: PF4644-PFL4657

10 kb

a

b c

N

Cl

NO2

Cl

O

HO OH

OH O

OH

SN

S
N

O

HO

O
N
HOH

OH Cl

Cl

N CH

(1)

(2)

(3)

(4) (5)(6)

(7)

H
N

N

OH

OHHN
O

HN

O

HN

O

H
N

N
H

OO
D

D

HNH
N

OH

NH

HN

O
O

O

O
H
N

O

OH

NH
HO

NH2
OH

HN

NH

O

OH

OH

HOOC
OH

D

D

D

Ala

hOrn

Lys

Ser

Arg

OHAsp

Thr

Ser

Ser

D

NH2

OH

O

HN

Ile

LeuSer

Leu

Leu

Ser

Val

N
H

O
H
N

O
N
H

O

R

Leu

Glx

allo
Thr

R1 O

H
N

O

HN

O
NH

OH

O

NH

HN
HN

O

O
HO

O

NH

O
O

O

+

Figure 3 Secondary metabolite gene clusters in

P. fluorescens Pf-5. (a) Representation of each

biosynthetic cluster discovered on the genome of

P. fluorescens Pf-5. Red, structural genes (NRPS/

PKS); yellow, regulatory genes; green, transporter/

resistance genes; orange, accessory genes; and

blue, hypothetical genes. (b) Chemical structure

of the product of the biosynthetic gene clusters
for compounds known to be produced by

P. fluorescens Pf-5. (1) pyoverdine; (2)

pyoluteorin; (3) pyochelin; (4) pyrrolnitrin; (5)

2,4-diacetylphloroglucinol; and (6) hydrogen

cyanide. (c) Predicted structure of a novel cyclic

lipopeptide. Glx, (R1¼ –NH2) or glutamic acid

(R1¼ –OH). Precise chemical predictions are not

available for pathways 8 and 9.
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Secondary metabolites produced by P. fluorescens have a direct role
in the bacterium’s capacity to suppress plant diseases, and can serve as
signals influencing gene expression by coinhabiting cells in the rhizo-
sphere. The three putative secondary metabolites whose biosynthesis is
conferred by the newly discovered gene clusters are of unknown
function but, in parallel with the roles of known secondary metabo-
lites produced by P. fluorescens Pf-5, they could serve as important
compounds to agriculture as well as in the ecology of the bacterium.
Using the predicted structures of these novel compounds should
facilitate their isolation and characterization.

Siderophore biosynthesis

The fluorescent pseudomonads are characterized by the production of
pyoverdines, a diverse class of siderophores containing a chromo-
phore, which is responsible for the UV fluorescence typifying the
group, linked to a small peptide of varied length and composition that
is synthesized nonribosomally33. In P. fluorescens Pf-5, genes required
for pyoverdine biosynthesis and uptake are present in three gene
clusters, separated by 136.4 kb and 9.8 kb (Fig. 3a). Despite some
deviations in gene placement and orientation, the general organization
of pyoverdine biosynthesis and uptake genes is similar to that found in
other fluorescent pseudomonads34. Additionally, the gene clusters
responsible for the nonribosomal biosynthesis of the siderophore
pyochelin (Fig. 3a) and the iron chelator salicylic acid were identified
and found linked in the genome.

Commensal lifestyle

P. fluorescens Pf-5 has the capacity to colonize plant surfaces, a
characteristic shared with many bacterial plant pathogens. Therefore,
characteristics contributing to epiphytic fitness on plant surfaces, such
as iron acquisition and stress tolerance, are common to both plant-
commensal and plant-pathogenic bacteria. Pseudomonas spp. are
known to use siderophores produced by other microorganisms as
sources of iron, and this capacity contributes to their fitness in iron-
limited environments35. TonB-dependent, outer-membrane receptor
proteins, which are responsible for the specific uptake of each ferric-
siderophore complex, also play an important signaling role in the
bacterial cell36. The genome of P. fluorescens Pf-5 contains 45 genes for
putative TonB-dependent receptors, and sequences of 28 of the genes
are similar to known receptors of ferric-siderophore complexes found
in other organisms. These include six putative receptors for pyover-
dines, one in the pyoverdine biosynthetic gene cluster, another linked
to the pyochelin biosynthetic gene cluster, and four distributed widely
throughout the genome. P. fluorescens Pf-5 also has multiple receptors
for the general classes of hydroxamate siderophores and catechol side-
rophores, as well as many receptors whose precise specificity is not
clear (Supplementary Fig. 3 online). The presence of multiple receptor
genes with apparent redundancy for a given siderophore argues for the
importance of iron acquisition in the ecology of the bacterium, and
also may be related to a signaling role for these proteins.

Like P. fluorescens Pf-5, other Pseudomonas spp. have many genes
encoding for putative TonB-dependent proteins in their genomes. A
very complex evolutionary history of this gene family is apparent from
a phylogenetic tree constructed from each of the four Pseudomonas
spp. whose genomes have been sequenced (Supplementary Fig. 3
online). Within each node of the phylogenetic tree, there are represen-
tative proteins from each of the four species, indicating that this is an
ancient class of proteins in the genus. Different Pseudomonas spp. are
enriched for proteins within a given node of the phylogenetic tree. The
specificities of the receptors for recognition of pyoverdines, which are a
diverse class of siderophores, are not well understood, and the presence

of multiple copies of pyoverdine receptors may confer on P. fluorescens
Pf-5 the ability to use a broad spectrum of these compounds.

Active oxygen species such as superoxide (O2
–) are produced by

plant cells in response to numerous stimuli37. These active oxygen
species have antimicrobial properties, and rhizosphere bacteria coun-
ter their toxicity with superoxide dismutases (SODs), which convert
superoxide to H2O2, and catalases, which convert peroxide to water.
P. fluorescens Pf-5 has two SODs and six catalases, more than the other
sequenced pseudomonads. Other enzymes in P. fluorescens Pf-5 that
may play a role in scavenging reactive oxygen species include ten
peroxidases (three cytochrome C peroxidases, three glutathione per-
oxidases, two dyp-type peroxidases, a thiol peroxidase and an alkyl
peroxidase). None of the peroxidase genes are unique to P. fluorescens
Pf-5; all are shared with at least one other Pseudomonas genome. The
presence of numerous copies of genes conferring tolerance to oxidative
stress in the genome of P. fluorescens Pf-5 supports the proposed
importance of oxidative stress tolerance to fitness in the rhizosphere38.
P. fluorescens Pf-5 lacks a number of virulence factors found in plant

pathogens, consistent with its commensal lifestyle. There is no
evidence in the P. fluorescens Pf-5 genome for the biosynthesis of
known P. syringae phytotoxins or cellulases, pectinases, or pectin lyases
associated with degradation of plant cell walls and cell wall compo-
nents. Additionally, we found no evidence in P. fluorescens Pf-5 for a
type III protein secretion system, frequently found in bacterial patho-
gens of plants and animals39. This is in contrast to the presence of a
20-kb gene cluster resembling a type III secretion system in the
rhizosphere bacterium P. fluorescens SBW2540.

DISCUSSION

The complete P. fluorescens Pf-5 genome sequence provides a variety of
insights into this organism’s commensal lifestyle and biocontrol
capabilities. It has revealed pathways for biosynthesis of hitherto
unknown secondary metabolites that may contribute to biocontrol.
Its potential to use other siderophores and diverse host-derived
compounds, and its antibiotic- and oxidative stress–resistance capa-
cities likely provide a foundation for the success of P. fluorescens Pf-5
as a commensal organism in the highly competitive environment of
the rhizosphere. This study has also pioneered the analysis of repeat
sequences as a methodology for identifying recent lateral acquisitions.
From these analyses it seems that the larger genome size of P.
fluorescens Pf-5 compared with other pseudomonads is mainly attri-
butable to the acquisition of various genomic islands, particularly
phage-derived islands and secondary metabolite gene clusters. Finally,
we emphasize that the complete genome sequence of P. fluorescens Pf-5
provides a framework for future studies to understand the biological
basis of biocontrol.

METHODS
Genome sequencing and annotation. The complete genome sequence of

P. fluorescens Pf-5 was determined using the whole-genome shotgun method41.

Physical and sequencing gaps were closed using a combination of primer

walking, generation and sequencing of transposon-tagged libraries of large-

insert clones, and multiplex PCR42. Identification of putative protein-encoding

genes and annotation of the genome were performed as previously described43.

An initial set of ORFs predicted to encode proteins was identified with

GLIMMER44. ORFs consisting of fewer than 30 codons and those containing

overlaps were eliminated. Frame shifts and point mutations were corrected or

designated ‘authentic.’ Functional assignment, identification of membrane-

spanning domains, determination of paralogous gene families and identi-

fication of regions of unusual nucleotide composition were performed as

previously described43. Sequence alignments and phylogenetic trees were

generated using the methods described previously43.
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Trinucleotide composition. Distribution of all 64 trinucleotides (3 mers) was

determined, and the 3-mer distribution in 2,000-bp windows that overlapped

by half their length (1,000 bp) across the genome was computed. For each

window, we computed the w2 statistic on the difference between its 3-mer

content and that of the whole chromosome. A large value for w2 indicates the

3-mer composition in this window is different from the rest of the chromo-

some. Probability values for this analysis are based on assumptions that the

DNA composition is relatively uniform throughout the genome, and that

3-mer composition is independent. Because these assumptions may be incor-

rect, we prefer to interpret high w2 values as indicators of regions on the

chromosome that appear unusual and demand further scrutiny.

Comparative genomics. The P. fluorescens Pf-5 and other sequenced Pseudo-

monas genomes were compared at the nucleotide level by suffix tree analysis

using MUMmer45. P. fluorescens Pf-5 ORFs were compared by BLAST against

the complete set of ORFs from Pseudomonas genomes using an E-value cutoff

of 10�5.

GenBank accession. The complete annotated genome sequence is available in

GenBank accession number CP000076.

Note: Supplementary information is available on the Nature Biotechnology website.
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Corrigendum: Biocontrol genome deciphered
Dieter Haas
Nat. Biotechnol. 23, 823–824 (2005), corrected 27 March 2006

In the print version of this article and the version originally published online, there was an error in the order of incorporation of the amino acids 
into the final structure shown in Figure 1. The errors have been corrected in the PDF version of the article.

Corrigendum: Complete genome sequence of the plant commensal 
Pseudomonas fluorescens Pf-5
Ian T Paulsen, Caroline M Press, Jacques Ravel, Donald Y Kobayashi, Garry S A Myers, Dmitri V Mavrodi, Robert T DeBoy, Rekha Seshadri, 
Qinghu Ren, Ramana Madupu, Robert J Dodson, A Scott Durkin, Lauren M Brinkac, Sean C Daugherty, Stephen A Sullivan, Mary J 
Rosovitz, Michelle L Gwinn, Liwei Zhou, Davd J Schneider, Samuel W Cartinhour, William C Nelson, Janice Weidman, Kisha Watkins, Kevin 
Tran, Hoda Khouri, Elizabeth A Pierson, Leland S Pierson III, Linda S Thomashow & Joyce E Loper
Nat. Biotechnol. 23, 873–878 (2005), corrected 27 March 2006

In the print version of this article and the version originally published online, there is an error in Figure 3c. The figure has been replaced with a 
corrected figure in the PDF version of the article.
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Complete genome sequence of the plant commensal
Pseudomonas fluorescens Pf-5
Ian T Paulsen1,*, Caroline M Press2, Jacques Ravel1, Donald Y Kobayashi3, Garry S A Myers1,
Dmitri V Mavrodi4, Robert T DeBoy1, Rekha Seshadri1, Qinghu Ren1, Ramana Madupu1,
Robert J Dodson1, A Scott Durkin1, Lauren M Brinkac1, Sean C Daugherty1, Stephen A Sullivan1,
Mary J Rosovitz1, Michelle L Gwinn1, Liwei Zhou1, Davd J Schneider5, Samuel W Cartinhour5,
William C Nelson1, Janice Weidman1, Kisha Watkins1, Kevin Tran1, Hoda Khouri1, Elizabeth A Pierson6,
Leland S Pierson III6, Linda S Thomashow7 & Joyce E Loper2,*

Pseudomonas fluorescens Pf-5 is a plant commensal bacterium that inhabits the rhizosphere and produces secondary

metabolites that suppress soilborne plant pathogens. The complete sequence of the 7.1-Mb Pf-5 genome was determined.

We analyzed repeat sequences to identify genomic islands that, together with other approaches, suggested P. fluorescens Pf-5’s

recent lateral acquisitions include six secondary metabolite gene clusters, seven phage regions and a mobile genomic island.

We identified various features that contribute to its commensal lifestyle on plants, including broad catabolic and transport

capabilities for utilizing plant-derived compounds, the apparent ability to use a diversity of iron siderophores, detoxification

systems to protect from oxidative stress, and the lack of a type III secretion system and toxins found in related pathogens.

In addition to six known secondary metabolites produced by P. fluorescens Pf-5, three novel secondary metabolite biosynthesis

gene clusters were also identified that may contribute to the biocontrol properties of P. fluorescens Pf-5.

Pseudomonas spp. are ubiquitous inhabitants of soil, water and plant
surfaces that belong to the Gamma subclass of Proteobacteria. Many
pseudomonads live in a commensal relationship with plants, utilizing
nutrients exuded from plant surfaces and surviving environmental
stress by occupying protected sites provided by the plant’s architecture.
These commensal species can have profound effects on plants by
suppressing pests, enhancing access to key nutrients, altering
physiological processes or degrading environmental pollutants.
Pseudomonads have an exceptional capacity to produce a wide
variety of metabolites, including antibiotics that are toxic to plant
pathogens1,2. Antibiotic production by plant-associated Pseudomonas
spp. enhances the fitness of the producing strain3 and suppresses
pathogens that would otherwise jeopardize plant health1,2,4. Certain
antibiotic-producing strains of Pseudomonas spp. function as
biological control agents; their capacity to protect plants from
disease distinguishes them as microorganisms with immense effects
on agricultural productivity.

Among the plant commensals, P. fluorescens Pf-5 is notable as a
biological control organism, for its rhizosphere competence and the
spectrum of antibiotics and other secondary metabolites that it
produces. P. fluorescens Pf-5 inhabits the rhizosphere of many plants
and suppresses plant diseases caused by soilborne plant patho-
gens5–11. P. fluorescens Pf-5 produces a suite of antibiotics including

pyrrolnitrin5, pyoluteorin11 and 2,4-diacetylphloroglucinol12. It
also produces hydrogen cyanide and the siderophores pyochelin
and pyoverdine, which can suppress target pathogens in the rhizo-
sphere through iron competition13,14. In this study, we report the
complete genome sequence of P. fluorescens Pf-5, and highlight genes
with a demonstrated or proposed role in biological control or rhizo-
sphere colonization.

RESULTS

Genome features and comparative genomics

The P. fluorescens Pf-5 genome is composed of one circular chromo-
some of 7,074,893 bp (Fig. 1). A total of 6,144 open reading frames
(ORFs) were identified within the P. fluorescens Pf-5 genome
(Table 1). Among the predicted genes, 3,822 (63%) are assigned a
putative function and 330 (5%) are hypothetical genes. The
P. fluorescens Pf-5 genome is larger than that of the three other
pseudomonads whose genomic sequences have been published:
P. aeruginosa PAO115, an opportunistic animal pathogen, P. putida
KT244016, a saprophytic soil bacterium, and P. syringae DC300017, a
plant pathogen.

Only a limited degree of gene synteny was observed between
P. fluorescens Pf-5 and the other sequenced pseudomonads (Supple-
mentary Fig. 1 online). Regions of limited conservation of gene order

Published online 26 June 2005; corrected after print 27 March 2006 (details online); doi:10.1038/nbt1110
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Pathology, Washington State University, Pullman, Washington, USA. 5US Department of Agriculture, Agricultural Research Service, Ithaca, New York, USA. 6Department of
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are centered in an X-pattern around the terminus of replication18,
suggestive of frequent rearrangement and inversion events around the
terminus of replication, as found in other genera18. A four way BLAST
comparison of the sequenced pseudomonads identified a core set of
over 4,000 genes conserved in all four species (Fig. 2). Based on this
analysis, 656 genes unique to P. fluorescens Pf-5 were identified. Only
four insertion elements were identified within the P. fluorescens Pf-5
genome, fewer than in other Pseudomonas spp. genomes.

We used four independent criteria to identify unique genomic
islands within the P. fluorescens Pf-5 genome that potentially reflect
recent biological adaptations to the commensal lifestyle of this
bacterium. The four criteria were (i) distribution of the 656 genes
unique to P. fluorescens Pf-5, (ii) atypical trinucleotide composition,
(iii) presence of putative integrated phage and transposable elements
and (iv) distribution of a unique P. fluorescens Pf-5 REP element
(see below).

Analysis of short repeats in the P. fluorescens Pf-5 genome identified
a REP repeat similar to that described in the genome of P. putida19.
An initial count of 14 mers revealed an imperfect palindrome in
two varieties: 5¢-GCCGGCTTGCCGGC-3¢ (n ¼ 379) and
5¢-GCTGGCTTGCCAGC-3¢ (n ¼ 278). A hidden Markov model
(HMM) trained with the palindrome and its flanking sequences
identified 1,052 gap-free copies, with sequence similarity across
34 bp. The 34-bp sequences were found as a single element, as pairs
of elements or in clusters of up to 11 elements with alternating
orientation. The 34-bp sequences are rarely detected in the genome
sequences of P. aeruginosa (n ¼ 21) or P. syringae (n ¼ 17), and are
related to but distinctly different from the previously characterized

REP element in P. putida (n ¼ 509). The REP sequences are not
uniformly distributed throughout the genome of P. fluorescens Pf-5;
instead, the presence of discrete regions lacking REP sequences is
striking (Fig. 1). REP sequences were absent in regions under strong
selective pressure for maintenance, such as rRNA and ribosomal
protein gene clusters. Regions unique to P. fluorescens Pf-5, with an
atypical trinucleotide composition and in some cases including
putative phage genes, correlated well with regions lacking REP repeat
sequences. Hence, the analysis of the distribution of conserved
repetitive elements in a genome may represent a useful approach for
identifying recently-acquired genomic islands.

We identified nine secondary metabolite gene clusters in the
genome of P. fluorescens Pf-5. Two clusters contain biosynthetic
genes for the siderophores pyoverdine and pyochelin; these genes
are conserved in other pseudomonads and do not display atypical
trinucleotide composition or unusual REP distribution. One cluster
that codes for the production of hydrogen cyanide is conserved in
P. aeruginosa and likewise does not show unusual REP distribution or
trinucleotide composition. The other six secondary metabolite gene
clusters, which are unique to P. fluorescens Pf-5, essentially lack REP
elements. Several of the six gene clusters have atypical trinucleotide
compositions and two are located adjacent to putative prophage,
which is suggestive of recent lateral acquisitions by the P. fluorescens
Pf-5 genome.

Seven prophage (Supplementary Fig. 2 online) and a phage-related
genomic island collectively encompass B268 kbp of the genome of
P. fluorescens Pf-5 (Fig. 1). Particularly notable are prophage 1 with a
tail gene module that is closely related to Shigella flexneri phage SfV, a

Figure 1 Circular representation of the

P. fluorescens Pf-5 overall genome structure. The
outer scale designates coordinates in base pairs

(bp). The first circle shows predicted coding

regions on the plus strand color-coded by role

categories: violet, amino acid biosynthesis; light

blue, biosynthesis of cofactors, prosthetic groups

and carriers; light green, cell envelope; red,

cellular processes; brown, central intermediary

metabolism; yellow, DNA metabolism; light gray,

energy metabolism; magenta, fatty acid and

phospholipid metabolism; pink, protein synthesis

and fate; orange, purines, pyrimidines, nucleo-

sides and nucleotides; olive, regulatory functions

and signal transduction; dark green, transcription;

teal, transport and binding proteins; gray,

unknown function; salmon, other categories; blue,

hypothetical proteins. The second circle shows

predicted coding regions on the minus strand

color-coded by role categories. The third circle

shows the set of 656 P. fluorescens Pf-5 genes
that are not conserved in any of the other three

Pseudomonas genomes whose sequences have

been published (see Fig. 2). The fourth circle

shows nine regions encoding secondary meta-

bolism gene clusters coded by color as follows:

green, decapeptide biosynthesis; blue, pyoluteorin

biosynthesis; gold, polyketide biosynthesis;

yellow, pyochelin biosynthesis; gray, pyrrolnitrin

biosynthesis; orange, pyoverdine biosynthesis;

olive, nonribosomal peptide synthesis; cyan, 2,4-

diacetylphloroglucinol synthesis. The fifth circle shows REP repeat elements. The sixth circle shows transposases in black, the predicted PFGI-1 mobile island

in olive, and putative phage regions as follows: green, prophage 1; blue, prophage 2; gold, prophage 3; yellow, prophage 4; gray, prophage 5; orange, prophage

6; cyan, prophage 7. The seventh circle shows trinucleotide composition in black. The eighth circle shows percentage G+C in relation to the mean G+C in a

2,000-bp window. The ninth circle shows rRNA genes in blue and the tenth circle shows tRNA genes in green and sRNA genes in red.
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pyocin-like prophage 3 with a P2-like myovirus tail region and a large
lambdoid prophage 6 that is mosaic in nature and similar to putative
prophage elements found in Yersinia spp., Burkholderia spp. and
Ralstonia solanacearum. The remaining elements represent defective
prophages that are reduced in size and/or complexity and often
contain degraded phage-related genes. Six out of eight phage-like
regions are associated with intact or mutated genes encoding site-
specific integrases (Supplementary Fig. 2 online). In addition to
typical bacteriophage functions, some prophage elements carry
genes encoding for putative lytic and serotype-converting enzymes
or bacteriocins. Only prophages 1 and 3 have counterparts in
P. putida, P. syringae pv. tomato and P. aeruginosa (Supplementary
Fig. 2 online). The 115-kbp mobile genomic island, PFGI-1, is site-
specifically integrated into one of the two tRNALys genes. PFGI-1 is a
hybrid genomic island that has elements of both temperate phages and
conjugative plasmids and is closely related to the mobile genomic
island pKLC102 from P. aeruginosa C20. The predicted phage regions
correlate with the absence of REP repeat elements, often display
atypical nucleotide composition and are found adjacent to SOS-
regulon genes or within genes encoding for tRNA.

A number of other regions were evident that displayed an atypical
trinucleotide composition and lacked REP elements, including three
regions with putative polysaccharide biosynthesis genes, and one
region with homologs of filamentous hemagglutinin (PFL1552,
PFL1556) that may represent putative adhesins.

A type I restriction modification system (PFL2964/PFL2965) is
present in P. fluorescens Pf-5, which may explain why P. fluorescens
Pf-5 has proven recalcitrant to the introduction of foreign DNA via
molecular biology approaches. This system is absent in other
sequenced pseudomonads with the exception of one subunit that is
shared with Pseudomonas putida. Genes for copper resistance, orga-
nized in pairs (copAB, copCD, and copRS), are dispersed throughout
the genome of Pf-5. These genes are likely to be responsible for the
moderate level of copper resistance exhibited by Pf-5 (M.D. Henkels
and C.M.P., unpublished data).

Metabolism, transport and regulation

Central metabolic pathways in P. fluorescens Pf-5 are similar to those
in other sequenced pseudomonads. Components of complete
Entner-Doudoroff, pentose phosphate and tricarboxylic acid cycle

pathways were identified. Consistent with
Pseudomonas metabolism21,22, P. fluorescens
Pf-5 lacks a phosphofructokinase gene and
thus doesn’t use the Embden-Meyerhof-
Parnas pathway for hexose catabolism.

Similar to P. putida16,22, P. fluorescens Pf-5
is diverse in its catabolic capabilities. Present
in its genome are several extracellular hydro-
lytic enzymes, including chitinases, proteases
and lipases, which are involved in the degra-
dation of polymers commonly found in soil.
Also present are components for the catabo-
lism of most amino acids. In contrast to
P. aeruginosa, P. fluorescens Pf-5 shares with
P. putida and/or P. syringae, a number of
hydrolases that support utilization of plant-
derived carbohydrates, including those that
degrade sucrose, maltose, trehalose and
xylans. The P. fluorescens Pf-5 genome also
contains catabolic capabilities for more
complex compounds, including aromatic

derivatives and long-chain hydrocarbons. Consistent with the descrip-
tion of the species23, there are complete pathways for degradation of
the aromatic compounds catechol and protocatechuate by ortho
cleavage leading to the b-ketoadipate pathway. Also present are
many derivative pathways, including vanillinate, benzoate, p-hydro-
xybenzoate, and phenylacetate, which are directed at degradation of
aromatic compounds originating from plant products like lignin.
Similar to P. aeruginosa15, a vast array of genes involved in b-oxidation
exists within P. fluorescens Pf-5. Many of these genes are involved in
degradation of hydrocarbon molecules of various chain lengths,
providing capabilities to utilize long chain alkanes, fatty acids and
oils commonly found in plant tissues.
P. fluorescens Pf-5 possesses an extensive set of transport genes.

P. fluorescens Pf-5 is capable of transporting various sugars, presum-
ably derived from the breakdown of plant carbohydrates. P. fluorescens
Pf-5 has more than double the number of sugar phosphotransferase
system transporters seen in the other pseudomonads, with predicted
specificities for fructose, N-acetylglucosamine, trehalose and cello-
biose. P. fluorescens Pf-5 retains broad capabilities for amino acid
uptake: it has 21 amino acid/polyamine/choline family amino acid
transporters, similar to the numbers found in P. putida and
P. aeruginosa and more than in P. syringae. These broad uptake

P. aeruginosa P. syringae

Unique to P. fluorescens

P. putida Total P. fluorescens proteins: 6144

227

261 172
656

161

4385

132

150

Figure 2 Venn diagram showing the number of P. fluorescens Pf-5 predicted
proteins with significant homology (P o 10�5) with the predicted proteins

from the sequenced P. aeruginosa PAO1, P. putida KT2440 and P. syringae

DC3000 genomes. The number outside the circles (656) represents the

number of P. fluorescens Pf-5 proteins that do not have significant homologs

in any of the Pseudomonas species examined.

Table 1 General genome features of sequenced pseudomonads

P. fluorescens P. aeruginosaa P. putidaa P. syringaea,b

Size (base pairs) 7,074,893 6,264,403 6,181,863 6,538,260

G+C content (%) 63.3 66.6 61.6 58.4

Protein-coding genes

No. similar to known proteins 3,822 3,021 3,311 3,524

No. similar to proteins of unknown functionc 890 NA 522 647

No. of conserved hypotheticalsd 1,113 769 995 976

No. with no database matche 330 1,780 596 628

Total 6,144 5,570 5,420 5,763

Average ORF size (bp) 1,021 1,005 998 991

Coding (%) 88.8 89.4 88 87

rRNA 5 4 7 5

tRNA 71 63 74 63

aThe distribution of ORFs in the P. aeruginosa, P. putida and P. syringae chromosomes are derived from the original annotation.
These numbers, particularly hypothetical and conserved hypothetical proteins, may be significantly different with updated blast
searches and annotation. bThe genome information for P. syringae represents combined data from the chromosome and two
plasmids. cUnknown function, significant sequence similarity to a named protein for which no function is currently attributed.
dConserved hypothetical protein, sequence similarity to a translation of another ORF, however no experimental evidence for
protein expression exists. eHypothetical protein, no significant similarity to any other sequenced protein.
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capabilities may contribute to spermosphere and rhizosphere
colonization, since sugars and amino acids are major components of
seed and root exudates24,25. P. fluorescens Pf-5 also has an expanded
collection of metabolite efflux systems, with 24 Resistance to Homo-
serine/Threonine (RhtB) family amino acid efflux pumps, and 37
Drug/Metabolite Transporter (Dmt) family metabolite efflux pumps,
possibly indicating a need to protect against toxic concentrations of
metabolites or metabolic analogs.

Bacteria with large genomes and complex metabolisms typically
have sophisticated regulatory networks relative to bacteria with smaller
genomes15. P. fluorescens Pf-5 is no exception to this generalization
with a complex array of regulatory systems including 32 predicted
sigma factors, more than 300 genes encoding predicted transcriptional
regulators and a variety of two-component signal transduction sys-
tems consisting of 82 histidine kinase domains and 120 response
regulator domains.

Secondary metabolite biosynthesis

P. fluorescens Pf-5 produces four metabolites that are toxic to fungi or
oomycetes and important in biocontrol: two well-characterized poly-
ketides pyoluteorin11 and 2,4-diacetylphloroglucinol12, the chlorinated
tryptophan derivative pyrrolnitrin5, and hydrogen cyanide26, which is
formed by oxidation of glycine27 (Fig. 3a,b). The gene clusters for
each of these compounds are found in the genomic sequence of
P. fluorescens Pf-5 and are similar to those
previously reported28–31. Three previously
unknown gene clusters with characteristics
of secondary metabolite biosynthetic regions
were identified (Fig. 3a). Combined with
gene clusters for the biosynthesis of two
siderophores (pyoverdine and pyochelin), it
is estimated that 5.7% of the P. fluorescens Pf-
5 genome (B400 kb) is dedicated to second-
ary metabolism, the largest percentage
among the Pseudomonas spp. genomes
sequenced to date.

The biosyntheses of pyoluteorin and 2,4-
diacetylphloroglucinol are catalyzed by
polyketide synthases (PKSs) involving the
sequential addition and modification of sim-
ple carboxyl acids to a growing carbon chain.
A novel gene cluster of B102 kb was identi-
fied (Fig. 3a, cluster 8) whose predicted gene
functions include four PKSs (PFL2990,

PFL2991, PFL2993 and PFL2994), a hybrid nonribosomal peptide
synthetase (NRPS)/PKS (PFL2989), a cytochrome p450 (PFL2992)
and a methyltransferase (PFL2995). Each of the four PKSs contain
two to four modules that together are predicted to synthesize a
molecule composed of a starting serine residue and 14 unknown
carboxyl acids.

A 42-kb gene cluster was identified that contains three NRPSs, each
catalyzing the integration of two to four amino acid residues into a
predicted cyclic decapeptide (Fig. 3a, cluster 7). This putative product
resembles cyclic lipopeptides of the viscosin group (Fig. 3c). The C-
terminus of the last NRPS (PFL2147) encodes two thioesterase
domains, which could be responsible for both cyclization and addition
of a lipidic side chain, a similar role to SyrC in the syringomycin
biosynthesis. The first NRPS (PFL2145) lacks the characteristic load-
ing domain, whose functions could potentially be provided by a
protein containing an AMP-binding domain (PFL2162) also encoded
within the cluster. Sequence data of known gene clusters for viscosin-
like compounds are not available. Lipopeptides produced by certain
strains of Pseudomonas spp. have surfactant and antibiotic properties
that can contribute to biological control of plant disease32.
P. fluorescens Pf-5 produces detectable surfactant activity and RT-
PCR data indicates that the genes from this cluster are expressed under
conditions where the surfactant is produced (V.O. Stockwell, M.D.
Henkels and J.E.L., unpublished data).

1.   Pyoverdine: PFL4079-4098 // PFL4169-PFL4179 // PFL4189-PFL4193

2.   Pyoluteorin: PFL2784-PFL2800

3.   Pyochelin: PFL3473-PFL3504

4.   Pyrrolnitrin: PFL3599-PFL3627

5.   2,4-diacetylphloroglucinol: PFL5951-PFL5958

6.   Hydrogen cyanide: PFL2577-PFL2579

7.   Novel cyclic lipopeptide: PFL2142-PFL2151

8.   Novel polyketide: PFL2980-PFL2997

9.   Novel non-ribosomal peptide: PF4644-PFL4657
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Figure 3 Secondary metabolite gene clusters in

P. fluorescens Pf-5. (a) Representation of each

biosynthetic cluster discovered on the genome of

P. fluorescens Pf-5. Red, structural genes (NRPS/

PKS); yellow, regulatory genes; green, transporter/

resistance genes; orange, accessory genes; and

blue, hypothetical genes. (b) Chemical structure

of the product of the biosynthetic gene clusters
for compounds known to be produced by

P. fluorescens Pf-5. (1) pyoverdine; (2)

pyoluteorin; (3) pyochelin; (4) pyrrolnitrin; (5)

2,4-diacetylphloroglucinol; and (6) hydrogen

cyanide. (c) Predicted structure of a novel cyclic

lipopeptide. Glx, (R1¼ –NH2) or glutamic acid

(R1¼ –OH). Precise chemical predictions are not

available for pathways 8 and 9.
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Secondary metabolites produced by P. fluorescens have a direct role
in the bacterium’s capacity to suppress plant diseases, and can serve as
signals influencing gene expression by coinhabiting cells in the rhizo-
sphere. The three putative secondary metabolites whose biosynthesis is
conferred by the newly discovered gene clusters are of unknown
function but, in parallel with the roles of known secondary metabo-
lites produced by P. fluorescens Pf-5, they could serve as important
compounds to agriculture as well as in the ecology of the bacterium.
Using the predicted structures of these novel compounds should
facilitate their isolation and characterization.

Siderophore biosynthesis

The fluorescent pseudomonads are characterized by the production of
pyoverdines, a diverse class of siderophores containing a chromo-
phore, which is responsible for the UV fluorescence typifying the
group, linked to a small peptide of varied length and composition that
is synthesized nonribosomally33. In P. fluorescens Pf-5, genes required
for pyoverdine biosynthesis and uptake are present in three gene
clusters, separated by 136.4 kb and 9.8 kb (Fig. 3a). Despite some
deviations in gene placement and orientation, the general organization
of pyoverdine biosynthesis and uptake genes is similar to that found in
other fluorescent pseudomonads34. Additionally, the gene clusters
responsible for the nonribosomal biosynthesis of the siderophore
pyochelin (Fig. 3a) and the iron chelator salicylic acid were identified
and found linked in the genome.

Commensal lifestyle

P. fluorescens Pf-5 has the capacity to colonize plant surfaces, a
characteristic shared with many bacterial plant pathogens. Therefore,
characteristics contributing to epiphytic fitness on plant surfaces, such
as iron acquisition and stress tolerance, are common to both plant-
commensal and plant-pathogenic bacteria. Pseudomonas spp. are
known to use siderophores produced by other microorganisms as
sources of iron, and this capacity contributes to their fitness in iron-
limited environments35. TonB-dependent, outer-membrane receptor
proteins, which are responsible for the specific uptake of each ferric-
siderophore complex, also play an important signaling role in the
bacterial cell36. The genome of P. fluorescens Pf-5 contains 45 genes for
putative TonB-dependent receptors, and sequences of 28 of the genes
are similar to known receptors of ferric-siderophore complexes found
in other organisms. These include six putative receptors for pyover-
dines, one in the pyoverdine biosynthetic gene cluster, another linked
to the pyochelin biosynthetic gene cluster, and four distributed widely
throughout the genome. P. fluorescens Pf-5 also has multiple receptors
for the general classes of hydroxamate siderophores and catechol side-
rophores, as well as many receptors whose precise specificity is not
clear (Supplementary Fig. 3 online). The presence of multiple receptor
genes with apparent redundancy for a given siderophore argues for the
importance of iron acquisition in the ecology of the bacterium, and
also may be related to a signaling role for these proteins.

Like P. fluorescens Pf-5, other Pseudomonas spp. have many genes
encoding for putative TonB-dependent proteins in their genomes. A
very complex evolutionary history of this gene family is apparent from
a phylogenetic tree constructed from each of the four Pseudomonas
spp. whose genomes have been sequenced (Supplementary Fig. 3
online). Within each node of the phylogenetic tree, there are represen-
tative proteins from each of the four species, indicating that this is an
ancient class of proteins in the genus. Different Pseudomonas spp. are
enriched for proteins within a given node of the phylogenetic tree. The
specificities of the receptors for recognition of pyoverdines, which are a
diverse class of siderophores, are not well understood, and the presence

of multiple copies of pyoverdine receptors may confer on P. fluorescens
Pf-5 the ability to use a broad spectrum of these compounds.

Active oxygen species such as superoxide (O2
–) are produced by

plant cells in response to numerous stimuli37. These active oxygen
species have antimicrobial properties, and rhizosphere bacteria coun-
ter their toxicity with superoxide dismutases (SODs), which convert
superoxide to H2O2, and catalases, which convert peroxide to water.
P. fluorescens Pf-5 has two SODs and six catalases, more than the other
sequenced pseudomonads. Other enzymes in P. fluorescens Pf-5 that
may play a role in scavenging reactive oxygen species include ten
peroxidases (three cytochrome C peroxidases, three glutathione per-
oxidases, two dyp-type peroxidases, a thiol peroxidase and an alkyl
peroxidase). None of the peroxidase genes are unique to P. fluorescens
Pf-5; all are shared with at least one other Pseudomonas genome. The
presence of numerous copies of genes conferring tolerance to oxidative
stress in the genome of P. fluorescens Pf-5 supports the proposed
importance of oxidative stress tolerance to fitness in the rhizosphere38.
P. fluorescens Pf-5 lacks a number of virulence factors found in plant

pathogens, consistent with its commensal lifestyle. There is no
evidence in the P. fluorescens Pf-5 genome for the biosynthesis of
known P. syringae phytotoxins or cellulases, pectinases, or pectin lyases
associated with degradation of plant cell walls and cell wall compo-
nents. Additionally, we found no evidence in P. fluorescens Pf-5 for a
type III protein secretion system, frequently found in bacterial patho-
gens of plants and animals39. This is in contrast to the presence of a
20-kb gene cluster resembling a type III secretion system in the
rhizosphere bacterium P. fluorescens SBW2540.

DISCUSSION

The complete P. fluorescens Pf-5 genome sequence provides a variety of
insights into this organism’s commensal lifestyle and biocontrol
capabilities. It has revealed pathways for biosynthesis of hitherto
unknown secondary metabolites that may contribute to biocontrol.
Its potential to use other siderophores and diverse host-derived
compounds, and its antibiotic- and oxidative stress–resistance capa-
cities likely provide a foundation for the success of P. fluorescens Pf-5
as a commensal organism in the highly competitive environment of
the rhizosphere. This study has also pioneered the analysis of repeat
sequences as a methodology for identifying recent lateral acquisitions.
From these analyses it seems that the larger genome size of P.
fluorescens Pf-5 compared with other pseudomonads is mainly attri-
butable to the acquisition of various genomic islands, particularly
phage-derived islands and secondary metabolite gene clusters. Finally,
we emphasize that the complete genome sequence of P. fluorescens Pf-5
provides a framework for future studies to understand the biological
basis of biocontrol.

METHODS
Genome sequencing and annotation. The complete genome sequence of

P. fluorescens Pf-5 was determined using the whole-genome shotgun method41.

Physical and sequencing gaps were closed using a combination of primer

walking, generation and sequencing of transposon-tagged libraries of large-

insert clones, and multiplex PCR42. Identification of putative protein-encoding

genes and annotation of the genome were performed as previously described43.

An initial set of ORFs predicted to encode proteins was identified with

GLIMMER44. ORFs consisting of fewer than 30 codons and those containing

overlaps were eliminated. Frame shifts and point mutations were corrected or

designated ‘authentic.’ Functional assignment, identification of membrane-

spanning domains, determination of paralogous gene families and identi-

fication of regions of unusual nucleotide composition were performed as

previously described43. Sequence alignments and phylogenetic trees were

generated using the methods described previously43.
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Trinucleotide composition. Distribution of all 64 trinucleotides (3 mers) was

determined, and the 3-mer distribution in 2,000-bp windows that overlapped

by half their length (1,000 bp) across the genome was computed. For each

window, we computed the w2 statistic on the difference between its 3-mer

content and that of the whole chromosome. A large value for w2 indicates the

3-mer composition in this window is different from the rest of the chromo-

some. Probability values for this analysis are based on assumptions that the

DNA composition is relatively uniform throughout the genome, and that

3-mer composition is independent. Because these assumptions may be incor-

rect, we prefer to interpret high w2 values as indicators of regions on the

chromosome that appear unusual and demand further scrutiny.

Comparative genomics. The P. fluorescens Pf-5 and other sequenced Pseudo-

monas genomes were compared at the nucleotide level by suffix tree analysis

using MUMmer45. P. fluorescens Pf-5 ORFs were compared by BLAST against

the complete set of ORFs from Pseudomonas genomes using an E-value cutoff

of 10�5.

GenBank accession. The complete annotated genome sequence is available in

GenBank accession number CP000076.

Note: Supplementary information is available on the Nature Biotechnology website.
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