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Pseudomonas for biocontrol of phytopathogens: from functional
genomics to commercial exploitation
Ultan F Walsh, John P Morrissey and Fergal O’Gara*

Pseudomonas spp. that can colonise the roots of crop plants
and produce antifungal metabolites represent a real alternative
to the application of chemical fungicides. Presently, much
research is aimed at understanding, at the molecular level, the
mechanisms that enable Pseudomonas strains to act as
efficient biological control agents. This approach is facilitating
the development of novel strains with modified traits for
enhanced biocontrol efficacy. However, without solving some
inherent problems associated with the effective delivery of
microbial inoculants to seeds and without knowledge on the
biosafety aspects of novel biocontrol agents, the commercial
potential of Pseudomonas spp. for plant disease control will
not be realised.
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Abbreviations

BCA biological control agent

IVET in vivo expression technology
PPP plant protection product

Phl 2,4-diacetylphloroglucinol
Qs quorum sensing

GMO  genetically modified organism

Introduction

There is increasing public concern regarding the contin-
ued use of agrichemicals that are damaging to human
health or the environment. Such concerns are driving the
search for more environmentally friendly methods to con-
trol plant disease that will contribute to the goal of
sustainability in agriculture. Biotechnology has the poten-
tial to contribute enormously to this goal. By the year 2005
it is expected that biotechnology activity in the European
Union will be valued at approximately Euro 250 billion,
with particular growth predicted within the agrifood sector.

Soil-borne, non-pathogenic bacteria with the ability to antag-
onise fungal phytopathogens and thus prevent plant disease
represent a realistic alternative to chemical fungicides.
Consequently, the scientific literature contains a vast body of
research on many soil bacteria with biocontrol abilities.
These bacteria are known by several generic names, includ-
ing biological control agents (BCAs), plant growth promoting
rhizobacteria (PGPR) and biopesticides. Because of their
catabolic versatility, their excellent root-colonising abilities,
and their capacity to produce a wide range of antifungal
metabolites, the soil-borne fluorescent pseudomonads have
received particular attention. In addition, some Pseudomonas

BCAs have been shown to elicit a disease-resistance
response in crop species, a phenomenon known as induced
systemic resistance (ISR) (reviewed by van Loon ez a/. [1]
and Pieterse and van Loon [2]). This dual activity of
Pseudomonas BCAs (i.e. direct antagonism of phytopathogens
and induction of disease resistance in the host plant) further
highlights their potential as plant protection products
(PPPs). In this review, we discuss the mechanisms by which
Pseudomonas BCAs control plant disease, the strategies
exploited to increase their biocontrol efficacy, and the indus-
trial and regulatory issues that must be addressed before
BCAs are developed for widespread use in agriculture.

Biocontrol ability of fluorescent Pseudomonas
isolates

Pseudomonas spp. and suppressive soils

Suppressive soils are soils in which phytopathogenic fungi
are unable to persist or are present but fail to induce severe
disease symptoms on susceptible crops. This phenome-
non, although rare, has been well characterised and there is
strong evidence that disease suppression is the result of
the presence of certain rhizobacteria with antifungal activ-
ity. Several studies have demonstrated that Pseudomonas
strains with the ability to produce the antifungal metabo-
lite 2,4-diacetylphloroglucinol (Phl) can be isolated at high
frequencies from soils suppressive to black root rot of
tobacco and take-all disease of wheat [3,4]. The develop-
ment of sensitive methods for the 77 situ detection of Phl
has strengthened the link between Phl-producing
pseudomonads and suppressive soil. Raaijmakers ez a/. [5]
recently reported that Phl is produced on the roots of
wheat grown in soils suppressive to take-all disease, caused
by Gaeumannomyces graminis var. tritici (Ggt), but not in
non-suppressive  soils from which Phl-producing
pseudomonads could not be isolated. Other crop plants
that appear to select for bacterial antagonists include
maize, in which a high proportion of the rhizoplane (i.e.
root surface) Pseudomonas population (~15%) contained the
Phl biosynthetic genes (monitored by the presence of the
phID gene) compared with a low proportion (<0.65%) in
non-rhizosphere soil [6°].

Given the ecological importance of Phl production, it is not
surprising that for many Pseudomonas BCAs biocontrol effi-
cacy has been irrefutably linked to the production of this
antimicrobial metabolite [3,7,8]. In addition to Phl produc-
tion, other secondary metabolites including pyoluteorin,
pyrrolnitrin, and phenazines have been linked to biocon-
trol [9-12]. Non-secondary metabolite antifungal
compounds have also been described in Pseudomonas
BCAs. Nielsen ¢z a/. [13°] identified a cell-surface molecule
with both biosurfactant properties and antifungal activity.
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Schematic diagram depicting the strategies
being followed to develop improved biocontrol
strains of Pseudomonas.

Biochemical analysis of the compound showed it to be
a newly described bacterial cyclic lipodepsipeptide,
designated viscosinamide, which has subsequently been
implicated in the control of Pythium wultimum in soil
microcosm studies [14].

Requirement of rhizosphere competence for biocontrol
efficacy

If a Pseudomonas strain cannot adequately compete within
the environment of the rhizosphere and colonise the root
surface then it will not be an effective BCA. It is important
therefore to investigate bacterial colonisation and gene
expression 7z situ in the rhizosphere. Recently, green fluo-
rescent protein (GFP) and bioluminescence techniques
have been employed effectively to investigate these
issues. GFP technology, together with confocal laser scan-
ning microscopy (CLSM), has facilitated the detection of
single bacterial cells and has revealed that Pseudomonas
BCAs often form microcolonies on the roots of crop plants
[15,16]. Bioluminescence is a complementary technique
for in situ monitoring of bacteria and has been used to
monitor metabolically active Pseudomonas putida cells in
the rhizosphere [17,18].

Substantial efforts have been made to identify genes
required for key rhizosphere function(s). Given that the
rhizosphere is a complex and ever changing environment,
it is not surprising that a diverse array of genes have been
shown to play an important role in plant root colonisation.
To date, genes involved in nutrient acquisition, motility,
chemotaxis, adhesion, secretion and stress response have
been implicated in the colonisation ability of Pseudomonas
strains. In addition, some unexpected functions that are
important for rhizosphere performance have been identi-
fied. For example, using insertional mutagenesis, Dekkers
et al. [19] demonstrated the importance of a site-specific
recombinase for colonisation and speculated that this may
be involved in the generation of functionally different
subpopulations, allowing the strain to occupy various eco-
logical niches. Furthermore, a recent study demonstrated

that the introduction of multiple copies of the site-specific
recombinase gene (sss) into two other Pseudomonas strains
resulted in enhanced colonisation ability of tomato roots in
gnotobiotic systems [20°]. In another study, 7z vivo expres-
sion technology (IVE'T) was employed to identify genes
specifically expressed within the rhizosphere [21°°].
Interestingly, a gene identified in that study showed
homology to type III secretion system genes, a finding
which may suggest a more intimate and specific interaction
between plants and associated beneficial bacteria.

In addition to colonisation, the ability to compete for
nutrients with indigenous microbial populations within the
rhizosphere is an essential trait required for effective
biocontrol of soil-borne phytopathogens. On a more subtle
level, but no less crucial, there is evidence for interspecies
signalling that may influence the rhizosphere competence
of Pseudomonas BCAs. Fedi et al. [22] demonstrated that the
phytopathogen Pythium ultimum produces diffusible factors
that can down-regulate genes important for the survival of
the biocontrol agent P fluorescens F113 in the sugarbeet
rhizosphere. Subsequent analysis demonstrated that two of
the down-regulated genes mapped within separate riboso-
mal RNA (r7#) operons [23], whereas a third was identified
as gltB, the gene encoding the large subunit of glutamate
synthase (LM Smith and F O’Gara, unpublished data).
More recently, Schnider-Keel and colleagues [24°] have
demonstrated that the fungal toxin fusaric acid (FA),
produced by the phytopathogen Fusarium oxysporum, can
repress expression of the Phl biosynthetic gene ph/A,
confirming earlier reports that FA can inhibit Phl
production by P, fluorescens [25]. These examples demon-
strate the complex nature of interactions within the
rhizosphere, and highlight the importance of conducting
rhizosphere competence/biocontrol experiments in natural
soil as well as in laboratory-based gnotobiotic systems.

Improving the biocontrol efficacy of Pseudomonas BCAs
There now exists incontrovertible evidence associating the
biocontrol efficacy of Pseudomonas strains with the production
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of antifungal secondary metabolites. One strategy to develop
improved biocontrol strains is to use genetic modification to
enhance this activity (see Figure 1 for schematic diagram
depicting the strategies for improving the biocontrol efficacy
of Pseudomonas spp.). To a certain extent, this involves the
construction of strains that produce increased levels of
antimicrobial metabolites. More significant, however, is the
recent focus on developing strains in which the timing of
production is altered. This is crucial because, in general,
Pseudomonas spp. only produce antifungal metabolites at high
cell densities during the late logarithmic or stationary phase of
growth. If the relevant biosynthetic genes are uncoupled from
their regulatory controls, however, this may facilitate early
production of antifungal metabolites, offering immediate
protection to crop seeds/seedlings.

Control of gene expression at the transcriptional level is
recognised as a primary mechanism for modulating the
production of secondary metabolites. In this regard, the
use of alternative 0O factors has received considerable atten-
tion. It is proposed that the housekeeping factor (oP), the
heatshock factor (1) and the stationary phase factor (G5)
play roles in regulating the production of particular
secondary metabolites [26-28]. Specific transcriptional
activators/repressors may also regulate the transcription of
secondary metabolite biosynthetic genes. The PhIF
protein, which is expressed from the Phl locus, represses
transcription of the P4/A-D operon, which comprises genes
encoding proteins that direct the synthesis of Phl [29°,24°].
Mutation of pA/FF in a P fluorescens strain increased Phl
production /z vitro during the early logarithmic phase of
growth. Similarly, overexpression of pA/A—D resulted in Phl

overproduction and, concomitantly, enhanced biocontrol
efficacy against P. u/timum in laboratory microcosm trials
[30]. In recent years, an important role for quorum sensing
(QS), defined as cell-density-dependent control of gene
expression, in regulating the production of secondary
metabolites in pseudomonads has been described.
Predominantly, this work has focused on P aeruginosa
([31,32°°]; reviewed by de Kievet and Iglewski [33°]).
Characterisation of QS in P. aurofaciens [34,35], along with
the discovery that P._fluorescens F113 produces a number of
N-acylhomoserine lactones [36°], indicates that QS also
has significance for biocontrol strains of Pseudomonas.

In pseudomonads, a second level of control of the produc-
tion of many secondary metabolites has been recently
elucidated. This new regulatory cascade operates at the
post-transcriptional level. Regulation is effected through
the global regulators GacS/GacA, which are the environ-
mental sensor kinase and response regulator of a
two-component system conserved in many Gram-negative
bacteria (reviewed by Haas ¢z /. [37°*]). Two complemen-
tary studies have shed light on the mechanism of this
post-transcriptional regulation in strains of P fluorescens. 1t
was established that the translation of genes encoding pro-
teins involved in the biosynthesis of HCN and a protease
was GacA-dependent, and that this dependence operates
via a translational repressor protein (RsmA/PrpA) [38°°].
Independently, it was found that expression of a regulatory
RNA, called PrrB, was dependent on the GacS/GacA
system; furthermore, overexpression of PrrB restored
secondary metabolite production to a gacA mutant [39°°].
On the basis of these data, and on previous studies with
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PrpA and PrrB homologues in Erwinia carotovora and
Escherichia coli (RsmA/RsmB and CsrA/CsrB, respectively),
it is postulated that GacA positively regulates the expres-
sion of PrrB, which in turn sequesters the repressor protein
PrpA, thus allowing the translation of mRNAs encoding
biosynthetic proteins for secondary metabolite production.

The clustered organisation in Pseudomonas of many of the
biosynthetic genes responsible for production of antifungal
secondary metabolites facilitates the construction of strains
with the potential to synthesise a range of antifungal
metabolites ([40°,41°,42,43]; reviewed by Haas er al.
[37°¢]). The data now emerging on post-transcriptional
control mechanisms, however, illustrate additional consid-
erations that must be taken into account when introducing
new genes into biocontrol strains. Reprogramming both
transcriptional and post-transcriptional regulation of these
genes may be necessary to achieve optimal production of
secondary metabolites.

Requirements for the exploitation of
Pseudomonas BCAs

Inoculant delivery systems

Although the vast body of research on Pseudomonas BCAs
deals with their capacity to control soil-borne fungal
pathogens, there has been limited success developing
commercially viable products (see Figure 2 for schematic
diagram depicting requirements for commercial exploita-
tion of Pseudomonas biocontrol agents). According to the
records of the United States Department of Agriculture
there are fewer than ten Pseudomonas inoculant products
on the market for the control of fungal phytopathogens
(htep://www.barc.usda.gov/psi/bpdl/bpdlprod/bioprod.html).
Inconsistency under field conditions has often been cited
as the principal reason preventing the commercial use of
many BCAs. An equally important, if not over-riding
bottleneck, however, is the lack of suitable inoculant
formulations that allow Pseudomonas cells to survive for
long periods under storage at concentrations high enough
to afford biocontrol [44]. Current seed coating and pellet-
ing procedures require a drying step, which often results in
considerable reductions in inoculant viability [45,46].
Evidence suggests that the addition of nutrients to seed
pellets may be a useful strategy for improving inoculant
survival [46]. Furthermore, carbon sources and minerals
have been shown to have an important role in antifungal
metabolite production by Pseudomonas BCAs, suggesting
that nutrient amendments to formulations may also be a
useful strategy for improving biocontrol efficacy [47].
Without doubt, however, further research is required on
the development and optimisation of microbial inoculant
formulations, which will be compatible with current seed
coating technologies. Furthermore, because survival
during seed coating/pelleting and during storage at
ambient temperatures is critical for the development of
microbial inoculant products, it seems logical that these
traits should form an integral part of any screening process
for the selection of new Pseudomonas BCAs.

Impact of Pseudomonas BCAs on non-target organisms
Before Pseudomonas spp. can be registered as plant protection
products (PPPs), they must be assessed for their effect on
human health and the environment. For example, the
European Union directive 91/414/EEC (http://europa.
eu.int/comm/food/fs/ph_ps/pro/legal/dir91-414-cec_en.pdf),
which deals with the placing of PPPs on the market, requires
that biocontrol strains undergo a stringent testing procedure
analogous to the registration process in place for chemical
fungicides. Essentially, a comprehensive scientific dossier is
required to evaluate whether the BCA or its metabolites pose
any toxicological and ecotoxicological risk. Furthermore, a
separate scientific dossier is required for the use of geneti-
cally modified strains. The data requirements contained in
Annex II of European Union directive 90/220/EEC
(http://europa.eu.int/eur-lex/en/lif/dat/1990/en_390-
L0220.html), which deals with the deliberate release of
genetically modified organisms (GMOs) into the environ-
ment, demand the provision of comprehensive details on the
nature of the GMO, including genetic stability, capacity for
gene transfer and impact on non-target organisms, before
commercial use [48]. It is the latter requirement that is
potentially the most demanding and, consequently, is
receiving the most scientific attention.

"Two approaches have been taken to determine the impact
of Pseudomonas BCAs on non-target organisms: assessment
of the impact on specific microbial species (usually benefi-
cial and symbiotic species), and assessment of the impact
on total microbial populations. With regard to the arbuscu-
lar mycorrhizal fungi, which form symbiotic relationships
with the majority of land plants, several studies have
demonstrated that both wild-type and genetically modi-
tfied Phl-overproducing Pseudomonas BCAs do not interfere
with symbiosis [49-51]. There is evidence to suggest that
Pseudomonas BCAs can affect the growth and subsequent
nodule occupancy of certain Sinorkizobium meliloti strains
in gnotobiotic systems [52]. Within commercial-scale field
trials, however, a Pseudomonas BCA did not affect nodula-
tion or nutrient levels in the foliage of a red clover rotation
crop [53,54], again demonstrating the necessity of con-
ducting impact analysis experiments within agronomically
relevant parameters.

The impact of the wild-type P. fluorescens strain CHAO-Rif
and a Phl- and pyoluteorin-overproducing derivative
CHAO-Rif/pME3424 on the total indigenous culturable
bacterial and fungal populations in the cucumber rhizos-
phere has been investigated. Compared with untreated
plants, Natsch ez @/. [55] demonstrated that neither BCA
affected the frequency of dominant bacterial groups,
whereas Girlanda ez a/. [56] observed a detectable influence
on the culturable fungal population. It is important to note,
however, that the observed impact was smaller than the
effect of growing cucumber repeatedly in the same soil.

As the majority of soil microorganisms cannot be isolated
on laboratory media, a reliance on culture-dependent
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approaches for impact assessment has been questioned.
Lottmann ¢z a/. [57°] used a culture-independent approach
for the assessment of bacterial diversity and demonstrated
that inoculation of genetically modified lysozyme-produc-
ing potatoes with a lysozyme-tolerant P. putida strain did
not affect the rhizosphere bacterial population. Again
within this study, the over-riding influence of the plant on
the microbial population was shown; the age of the plant
and not the presence of the microbial inoculant had a
significant impact on the rhizosphere bacterial population.

Conclusions

It is now over 30 years since Pseudomonas spp. were first
recognised as potential BCAs. Within this period, and par-
ticularly within the past five years, intense scientific
research has given rise to several well-characterised
Pseudomonas BCAs that have now become model strains for
understanding regulatory mechanisms in Gram-negative
bacteria. Although the understanding of such mechanisms
is of considerable scientific interest in its own right, it is
envisaged that the application of this knowledge will lead
to the development of Pseudomonas BCAs with improved
reliability and efficacy. In addition, the role of intraspecies
and interspecies signalling is proving a fruitful area of
scientific research with equally relevant applications. For
example, our increasing understanding of the role of N-acyl
homoserine lactone signal molecules in antifungal metabo-
lite production and the identification of promoters that can
be induced or boosted in the rhizosphere is providing new
approaches for the development of novel biocontrol agents.
Some fundamental challenges remain, however. These
include the development of consortia of BCAs for increased
and/or broad-spectrum antifungal activity and the develop-
ment of universal formulations to increase inoculant
survival during seed coating and storage. In addition, future
marketing of Pseudomonas inoculant products as environ-
mentally friendly alternatives to chemical fungicides will
depend on the generation of biosafety data required for the
registration of biocontrol agents.

Acknowledgements

We thank colleagues at the BIOMERIT Research Centre for useful
discussions. Research within the BIOMERIT Research Centre in this area
has been supported by the European Union (BIO4-CT96-0027; BI04-
C'T98-0254; QLLK3-C'1-2000-31759) and Enterprise Ireland (SC/98/261).

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
¢ of outstanding interest

1. VanLoon LC, Bakker PAHM, Pieterse CMJ: Systemic resistance
induced by rhizosphere bacteria. Annu Rev Phytopathol 1998,
36:453-483.

2. Pieterse CMJ, van Loon LC: Salicylic acid-independent plant
defence pathways. Trends Plant Sci 1999, 4:52-58.

3. Keel C, Schnider U, Maurhofer M, Voisard C, Laville J, Burger U,
Wirthner P, Haas D, Défago G: Suppression of root diseases by
Pseudomonas fluorescens CHAO: importance of the bacterial
secondary metabolite 2 4-diacetylphloroglucinol. Mol
Plant—Microbe Interact 1992, 5:4-13.

4.  Raaijmakers JM, Weller DM, Thomashow LS: Frequency of
antibiotic-producing Pseudomonas spp. in natural ecosystems.
Appl Environ Microbiol 1997, 63:881-887.

5. Raaijmakers JM, Bonsall RF, Weller DM: Effect of population density
of Pseudomonas fluorescens on production of
2,4-diacetylphloroglucinol in the rhizosphere of wheat.
Phytopathology 1999, 89:470-475.

6. Picard C, Di Cello F, Ventura M, Fani R, Guckert A: Frequency and
biodiversity of 2,4-diacetylphloroglucinol-producing bacteria
isolated from the maize rhizosphere at different stages of plant
growth. Appl Environ Microbiol 2000, 66:948-955.

A paper demonstrating that the age of a maize crop strongly affects the
phID-containing Pseudomonas population. The authors speculate that root
exudates produced by older plants select for phID* pseudomonads, which
were shown to account for up to 25% of the total Pseudomonas population
on the rhizoplane.

7. Vincent MN, Harrison JM, Brackin JM, Kovacevich, Mukerji P,
Weller DM, Pierson EA: Genetic analysis of the antifungal activity
of a soilborne Pseudomonas aureofaciens strain. Appl Environ
Microbiol 1991, 57:2928-2934.

8. Fenton AM, Stephens PM, Crowley J, O’Callaghan M, O'Gara F:
Exploitation of gene(s) involved in 2,4-diacetylphloroglucinol
biosynthesis to confer a new biocontrol capability to a
Pseudomonas strain. Appl Environ Microbiol 1992, 58:3873-3878.

9. Thomashow LS, Weller DM: Role of a phenazine antibiotic from
Pseudomonas fluorescens in biological control of
Gaeumannomyces graminis var. tritici. J Bacteriol 1988,
170:3499-3508.

10. HommaY, Sato Z, Hirayama F, Konno K, Shirahama H, Suzui T:
Production of antibiotics by Pseudomonas cepacia as an agent for
biological control of soilborne pathogens. Soil Biol Biochem 1989,
21:723-728.

11. Maurhofer M, Keel C, Haas D, Défago G: Pyoluteorin production by
Pseudomonas fluorescens strain CHAQO is involved in the
suppression of Pythium damping-off of cress but not of
cucumber. Eur J Plant Pathol 1994, 100:221-232.

12. Chin-A-Woeng TFC, Bloemberg GV, van der Bij AJ, van der
Drift KMGM, Schripsema J, Kroon B, Scheffer RJ, Keel C,
Bakker PAHM, Tichy H-T et al.: Biocontrol by phenazine-1-
carboxamide-producing Pseudomonas chlororaphis PCL1391 of
tomato root rot caused by Fusarium oxysporum f.sp. radicis-
lycopersici. Mol Plant—Microbe Interact 1998, 11:1069-1077.

13. Nielsen TH, Christophersen C, Anthoni U and Sgrensen J:

. Viscosinamide, a new cyclic depsipeptide with surfactant and
antifungal properties produced by Pseudomonas fluorescens
DR54. J Appl Microbiol 1999, 86:80-90.

This paper describes the chemical characterisation of a novel non-secondary

antifungal metabolite with biosurfactant properties, designated viscosinamide.

14. Thrane C, Nielsen TH, Nielsen MN, Sgrensen J, Stefan Olsson S:
Viscosinamide-producing Pseudomonas fluorescens DR54 exerts
a biocontrol effect on Pythium ultimum in sugar beet rhizosphere.
FEMS Microbiol Ecol 1999, 33:139-146.

15. Bloemberg GV, Wijfies AH, Lamers GE, Stuurman N, Lugtenberg BJ:
Simultaneous imaging of Pseudomonas fluorescens WCS365
populations expressing three different autofluorescent proteins in
the rhizosphere: new perspectives for studying microbial
communities. Mol Plant—Microbe Interact 2000, 13:1170-1176.

16. Normander B, Hendriksen NB, Nybroe O: Green fluorescent
protein-marked Pseudomonas fluorescens: localization, viability,
and activity in the natural barley rhizosphere. Appl Environ
Microbiol 1999, 65:4646-4651.

17. Ramos C, Molina L, Mglbak L, Ramos JL, Molin S: A bioluminescent
derivative of Pseudomonas putida KT2440 for deliberate release
into the environment. FEMS Microbiol Ecol 2000, 34:91-102.

18. Molina L, Ramos C, Duque E, Carmen Rinchel M, Garcia JM,
Ramos JL: Survival of Pseudomonas putida KT2440 in soil and in
the rhizosphere of plants under greenhouse and environmental
conditions. Soil Biol Biochem 2000, 32:315-321.

19. Dekkers LC, Phoelich CC, van der Fits L, Lugentberg BJJ: A site-
specific recombinase is required for competitive root colonization
by Pseudomonas fluorescens WCS365. Proc Natl Acad Sci USA
1998, 95:7051-7056.



294 Environmental biotechnology

20. Dekkers LC, Mulders IH, Phoelich CC, Chin-A-Woeng TF, Wijfies AH,

. Lugtenberg BJ: The sss colonization gene of the tomato-Fusarium
oxysporum f. sp. radicis-lycopersici biocontrol strain
Pseudomonas fluorescens WCS365 can improve root colonization
of other wild-type Pseudomonas spp. bacteria. Mol Plant—Microbe
Interact 2000, 13:1177-1183.

This paper shows, for the first time, that the introduction of a colonisation gene

into other wild-type Pseudomonas strains can confer enhanced colonisation

ability. The authors suggest that increasing colonisation ability via genetic mod-

ification may be a useful strategy for enhancing biocontrol efficacy.

21. Rainey PB: Adaption of Pseudomonas fluorescens to the plant

e rhizosphere. Environ Microbiol 1999, 1:243-257.

An informative and interesting paper describing how in vivo expression tech-
nology (IVET) can be used for the isolation of genes induced within the rhi-
zosphere. The author describes 20 rhizosphere-induced P. fluorescens
genes isolated using IVET.

22. Fedi S, Tola E, Moenne-Loccoz Y, Downing DN, Smith LM, O'Gara F:
Evidence for signaling between the phytopathogenic fungus
Pythium ultimum and Pseudomonas fluorescens F113: P. ultimum
represses the expression of genes in P. fluorescens F113,
resulting in altered ecological fitness. Appl Environ Microbiol 1997,
63:4261-4266.

23. Smith LM, Tola E, deBoer P, O’Gara F: Signalling by the fungus
Pythium ultimum represses expression of two ribosomal RNA
operons with key roles in the rhizosphere ecology of Pseudomonas
fluorescens F113. Environ Microbiol 1999, 1:495-502.

24. Schnider-Keel U, Seematter A, Maurhofer M, Blumer C, Duffy B,

. Gigot-Bonnefoy C, Reimmann C, Notz R, Défago G, Haas D, Keel C:
Autoinduction of 2,4-diacetylphloroglucinol biosynthesis in the
biocontrol agent Pseudomonas fluorescens CHAO and repression
by the bacterial metabolites salicylate and pyoluteorin. J Bacteriol
2000, 182:1215-1225.

Along with Delany et al. [29], this paper characterises PhIF as a transcrip-

tional repressor of the Phl biosynthetic operon PhIA-D. It is also demon-

strated that Phl is an (auto)inducer of its own synthesis, probably acting via
the PhIF transcriptional repressor.

25. Duffy BK, Défago G: Zinc improves biocontrol of Fusarium crown
and root rot of tomato by Pseudomonas fluorescens and represses
the production of pathogen metabolites inhibitory to bacterial
antibiotic biosynthesis. Phytopathology 1997, 87:1250-1257.

26. Schnider U, Keel C, Blumer C, Troxler J, Défago G, Haas D:
Amplification of the housekeeping sigma factor in Pseudomonas
fluorescens CHAO enhances antibiotic production and improves
biocontrol abilities. J Bacteriol 1995, 177:5387-5392.

27. Whistler CA, Stockwell VO, Loper JE: Lon protease influences
antibiotic production and UV tolerance of Pseudomonas
fluorescens Pf-5. Appl Environ Microbiol 2000, 66:2718-2725.

28. Sarniguet A, Kraus J, Henkels MD, Muehichen AM, Loper JE: The
sigma factor gs affects antibiotic production and biological control
activity of Pseudomonas fluorescens Pf-5. Proc Natl Acad Sci USA
1995, 92:12255-12259.

29. Delany I, Sheehan MM, Fenton A, Bardin S, Aarons S, O’Gara F:

. Regulation of production of the antifungal metabolite
2,4-diacetylphloroglucinol in Pseudomonas fluorescens F113:
genetic analysis of phlF as a transcriptional repressor.
Microbiology 2000, 146:537-546.

A paper in which PhIF is characterised as a specific repressor of phloroglu-

cinol production, operating at the level of transcription. The authors show

that the phlF gene product is a DNA-binding protein that binds specifically

to the phlA—phlF intergenic region. See also Schnider-Keel et al. [24].

30. Delany IR, Walsh UF, Ross I, Fenton AM, Corkery DM, O’Gara F:
Enhanced 2,4-diacetylphloroglucinol production by Pseudomonas
fluorescens F113 leads to improved biocontrol efficacy. Plant Soil,
in press.

31. Pessi G, Haas D: Transcriptional control of the hydrogen cyanide
biosynthetic genes hcnABC by the anaerobic regulator ANR and
the quorum-sensing regulators LasR and RhIR in Pseudomonas
aeruginosa. J Bacteriol 2000, 182:6940-6949.

32. Whiteley M, Lee KM, Greenberg EP: Identification of genes

e controlled by quorum sensing in Pseudomonas aeruginosa. Proc
Natl Acad Sci USA 1999, 96:13904-13909.

The authors undertook a systematic analysis of gene regulation by acyl-

homoserine lactones in P. aeruginosa. A total of 39 genes, in a number of

classes, were identified as being under quorum sensing (QS) control. This

study illustrates the significance of QS as a global gene regulatory system.

33. De Kievet TR, Iglewski BH. Bacterial quorum sensing in pathogenic
. relationships. Infect Immunol 2000, 68:4839-4849.

An up-to-date review detailing quorum sensing in Gram-negative bacteria,
with emphasis on the significance of QS in pathogenic bacteria.

34. Chancey ST, Wood DW, Pierson LS: Two-component
transcriptional regulation of N-acyl-homoserine lactone
production in Pseudomonas aureofaciens. Appl Environ Microbiol
1999, 65:2294-2299.

35. Wood DW, Gong F, Daykin MM, Williams P, Pierson LS IlI: N-Acyl-
homoserine lactone-mediated regulation of phenazine gene
expression by Pseudomonas aureofaciens 30-84 in the wheat
rhizosphere. J Bacteriol 1997, 179:7663-7670.

36. Laue BE, Jiang Y, Chhabra SR, Jacob S, Stewart GSAB, Hardman A,

. Downie JA, O’'Gara F, Williams P: The biocontrol strain
Pseudomonas fluorescens F113 produces the Rhizobium small
bacteriocin, N-(3-hydroxy-7-cis-tetradecenoyl) homoserine
lactone, via HdtS, a putative novel N-acylhomoserine lactone
synthase. Microbiology 2000, 146:2469-2480.

This is the first report of N-acetyl homoserine lactone in P. fluorescence and

indicates that quorum sensing plays a role in this important biocontrol species.

37. Haas D, Blumer C, Keel C: Biocontrol ability of fluorescent

e pseudomonads genetically dissected: importance of positive
feedback regulation. Curr Opin Biotechnol 2000, 11:290-297.

An informative review, in which the transcriptional and post-transcriptional

regulatory controls of antifungal metabolites in Pseudomonas spp. is

concisely presented.

38. Blumer C, Heeb S, Pessi G, Haas D: Global GacA-steered control

e of cyanide and exoprotease production in Pseudomonas
fluorescens involves specific ribosome binding sites. Proc Natl
Acad Sci USA 1999, 96:14073-14078.

This important paper, together with Aarons et al. [39* ], presents strong evi-

dence that antifungal secondary metabolite production is regulated post-

transcriptionally. Complementary results from both papers strengthen the

hypothesis that GacA/GacS activates secondary metabolite production by

up-regulating a non-coding regulatory RNA PrrB, which sequesters the

repressor protein PrpA.

39. Aarons S, Abbas A, Adams C, Fenton A, O'Gara F: A regulatory RNA
e (PrrB RNA) modulates expression of secondary metabolite genes in

Pseudomonas fluorescens F113. J Bacteriol 2000, 182:3913-3919.
See annotation for Blumer et al. [38].

40. Bangera MG, Thomashow LS: Identification and characterization of

. a gene cluster for synthesis of the polyketide antibiotic
2,4-diacetylphloroglucinol from Pseudomonas fluorescens Q2-87.
J Bacteriol 1999, 181:3155-3163.

This paper, along with Nowak-Thompson et al. [41°], describes the

characterisation of major antifungal metabolite gene clusters.

41. Nowak-Thompson B, Chaney N, Wing JS, Gould SJ and Loper JE:

. Characterization of the pyoluteorin biosynthetic gene cluster of
Pseudomonas fluorescens Pf-5. J Bacteriol 1999, 181:2166-2174.

See annotation for Bangera and Thomashow [40°].

42. Mavrodi DV, Ksenzenko VN, Bonsall RF, Cook RJ, Boronin AM,
Thomashow LS: A seven-gene locus for synthesis of phenazine-1-
carboxylic acid by Pseudomonas fluorescens 2-79. J Bacteriol
1998, 180:2541-2548.

43. Hammer PE, Hill DS, Lam ST, Van Pée K-H, Ligon JM: Four genes
from Pseudomonas fluorescens that encode the biosynthesis of
pyrrolnitrin. Appl Environ Microbiol 1997, 63:2147-2154.

44, McQuilken MP, Halmer P, Rhodes DJ: Application of
microorganisms to seeds. In Formulation of Microbial Biopesticides:
Beneficial Microorganisms, Nematodes and Seed Treatments. Edited
by HD Burges. Dordrecht: Kluwer Academic Publishers; 1998:
255-285.

45, Shah-Smith DA, Burns RG: Shelf-life of a biocontrol Pseudomonas
putida applied to sugar beet seeds using commercial coatings.
Biocontrol Sci Technol 1997, 7:65-74.

46. Moénne-Loccoz Y, Naughton M, Higgins P, Powell J, O’Connor B,
O’Gara F: Effect of inoculum preparation and formulation on
survival and biocontrol efficacy of Pseudomonas fluorescens
F113. J Appl Microbiol 1999, 86:108-116.

47. Duffy BK, Défago G: Environmental factors modulating antibiotic
and siderophore biosynthesis by Pseudomonas fluorescens
biocontrol strains. Appl Environ Microbiol 1999, 65:2429-2438.

48. Walsh U, O’Gara F, Economidis |, Hogan S: Harnessing the
potential of genetically modified microorganisms and plants.



49,

50.

51.

52.

53.

Pseudomonas for biocontrol of phytopathogens Walsh, Morrissey and O'Gara 295

Office for Official Publications of the European Communities 1999,
ISBN 92-894-0295-4.

Barea JM, Andrade G, Bianciotto V, Dowling D, Lohrke S, Bonfante P,
O’Gara F, Azcon-Aguilar C: Impact on arbuscular mycorrhiza
formation of Pseudomonas strains used as inoculants for
biocontrol of soil-borne fungal plant pathogens. Appl Environ
Microbiol 1998, 64:2304-2307.

Edwards SG, Young JPW, Fitter AH: Interactions between
Pseudomonas fluorescens biocontrol agents and Glomus
mosseae, an arbuscular mycorrhizal fungus, within the
rhizosphere. FEMS Microbiol Lett 1998, 166:297-303.

Véazquez MM, César S, Azcon R, Barea JM: Interactions between
arbuscular mycorrhizal fungi and other microbial inoculants
(Azospirillum, Pseudomonas, Trichoderma) and their effects on
microbial population and enzyme activities in the rhizosphere of
maize plants. Appl Soil Ecol 2000, 15:261-272.

Neimann S, Keel C Puhler A, Selbitschka W: Biocontrol strain
Pseudomonas fluorescens CHAO and its genetically modified
derivative with enhanced biocontrol capability exert comparable
effects on the structure of a Sinorhizobium meliloti population in
gnotobiotic systems. Biol Fertil Soils 1997, 25:240-244.

Moénne-Loccoz Y, Powell J, Higgins P, McCarthy J, O'Gara F:
An investigation of the impact of biocontrol Pseudomonas
fluorescens F113 on the growth of sugarbeet and the

54.

55.

56.

57.

performance of subsequent clover-Rhizobium symbiosis. Appl
Soil Ecol 1998, 7:225-237.

Moénne-Loccoz Y, Powell J, Higgins P, Britton J, O’'Gara F: Effect of
the biocontrol agent Pseudomonas fluorescens F113 released as
sugarbeet inoculant on the nutrient contents of soil and foliage of
a red clover rotation crop. Biol Fertil Soils 1998, 27:380-385.

Natsch A, Keel C, Hebecker N, Laasik E, Défago G: Impact of
Pseudomonas fluorescens strain CHAO and a derivative with
improved biocontrol activity on culturable resident bacterial
community on cucumber roots. FEMS Microbiol Ecol 1998,
27:365-380.

Girlanda M, Perotto S, Moénne-Loccoz Y, Bergero R, Lazzari A,
Défago G, Bonfante P, Luppi AM: Impact of biocontrol
Pseudomonas fluorescens CHAO and a genetically modified
derivative on the diversity of culturable fungi in the cucumber
rhizosphere. Appl Environ Microbiol 2001, 67:1851-1864.

Lottmann J, Heuer H, de Vries J, Mahn A, Diiring K, Wackernagel W,
Smalla K, Berg G: Establishment of introduced antagonistic
bacteria in the rhizosphere of transgenic potatoes and their effect
on the bacterial community. FEMS Microbiol Ecol 2000, 33:41-49.

A paper in which the effect of inoculation of transgenic potatoes with a
P. putida strain on the bacterial community structure was monitored using a
culture-independent fingerprinting technique (denaturing gradient gel elec-
trophoresis, DGGE). Results presented show that the age of the plant, but
not the presence of the inoculant, affected the bacterial community structure.



