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Summery

Biological control is a potential alternative to chemically based dis-
ease control. Among bacteria especially pseudomonads have been
found to be prospective candidates for biocontrol against root patho-
genic fungi. However, the environment in which the protection must
take place is complex, and a major problem for practical application
of pseudomonad biocontrol agents is variable biocontrol activity and
poor survival after addition to soil due to variable biotic and abiotic
factors.

The aim of this PhD Thesis is to investigate factors and mechanisms
controlling the activity and viability of pseudomonads intended for
biological control of plant pathogenic fungi. The well-characterized
soil bacterium Pseudomonas fluorescens CHAO was used as model
strain throughout the work.

The thesis comprises a review of literature and five manuscripts. The
literature review goes through the interactions taking place during
root colonization and establishment of the biocontrol agent, starting
with a description of the rhizosphere — the environment in which
biocontrol of soil pathogenic fungi takes place.

Manuskript I describes how plants at the cultivar level differ in abil-
ity to support bacteria. Four related cultivars of beet, among which
one was genetically modified to be herbicide resistant, were exam-
ined in soil/plant microcosms for their ability to support root coloni-
zation by 1) the indigenous population of fluorescent pseudomonads,
2) a biocontrol inoculant Pseudomonas fluorescens CHAQ, and 3) a mu-
tant derivative of P. fluorescens CHAO, CHA212, showing reduced
survival compared to the wildtype, when exposed to certain stress
conditions. It was demonstrated that one of the beet cultivars did not
support proliferation of the biocontrol bacterium P.fluorescens strain
CHAUO and its mutant derivative, whereas the three other cultivars,
including the herbicide resistant, did.

In Manuscript II non-target effects by P. fluorescens CHAO on a col-
lection of rhizosphere bacteria was studied. The majority (65-92%) of
the isolates were sensitive to CHAOQ. In particular Cytophaga-like bac-
teria (CLB) were sensitive to CHAQ. One CLB strain was selected for
turther studies in rhizosphere microcosm experiments. No dramatic
effect was observed on the survival of this CLB strain in the presence
of CHAO and its antibiotic- and exopolysaccharide overproducing
derivatives during a 23-day study with two dry stress periods intro-
duced. The lack of interaction is suggested to be caused by different
niche occupancy in the barley rhizosphere.

Manuscript III presents a study on how hyperproduction of extra-
cellular polysaccharides (EPS) influence on the capacity of fluorescent
pseudomonads to suppress plant diseases caused by soil-borne
pathogens. Among a collection of fluorescent Pseudomonas, 20% were
found to have a highly mucoid phenotype. It was furthermore found
that 2-3 times less mucoid than non-mucoid isolates exhibited bio-
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control activity against root diseases caused by Pythium and Fusar-
ium. This phenomenon was further investigated using P. fluorescens
CHAO and two EPS-overproducing derivatives as model strains in
both in vitro assays and gnotobiotic microcosm studies. The findings
suggest that EPS overproduction is not advantageous for biocontrol
activity in P. fluorescens, since the EPS matrix surrounding the mucoid
derivatives seems to hinder diffusion of certain antifungal com-
pound, and moreover, the mucoid derivatives were restricted in root
colonization and had diminished surface motility.

Manuscript IV addresses the role of the sigma factor AlgU and the
anti-sigma factor MucA in stress adaptation of P. fluorescens CHAO. A
genomic region comprising the algU-mucA-mucB gene cluster was
identified. It was found that AlgU, along with MucA, tightly controls
EPS biosynthesis and tolerance towards desiccation and osmotic
stress in this bacterium. Overexpression of algl, however, did not
improve tolerance towards these stress factors.

Manuscript V addresses the role of the sigma factor RpoN in regula-
tion of stress adaptation, antibiotic production and biocontrol activity
in P. fluorescens CHAQ. The rpoN locus from CHAO was cloned and
sequenced, and it was shown that an rpoN in-frame-deletion mutant
had reduced motility, was sensitive to osmotic stress, and was defec-
tive in the utilization of several nitrogen and carbon sources. Moreo-
ver, the rpoN mutant showed enhanced production of the antibiotic
2,4-diacetylphloroglucinol (DAPG), but lowered pyolyteorin (PLT)
production. In natural soil microcosms, the rpoN mutant was less
effective in protecting cucumber from root rot caused by Pythium
ultimum than the wild type CHAO.



Sammendrag

Biologisk bekeempelse er et potentielt alternativ til kemiske bekaem-
pelsesmidler. Blandt bakterier er specielt pseudomonaderne af inte-
resse for biologisk kontrol af rod-patogene svampe. Det milje hvori
den biologiske kontrol skal finde sted, er dog meget komplekst, og
variabel biokontrol-aktivitet og ringe overlevelse i jorden, pga. varia-
ble biotiske og abiotiske faktorer, hindrer den praktiske anvendelse af
pseudomonader til biologisk bekeempelse.

Formalet med dette Ph.D.-projekt er at undersoge faktorer og meka-
nismer, der er af betydning for aktivitet og levedygtighed af pseu-
domonader til brug i biologisk bekaempelse af plante-patogene
svampe. Den vel-karakteriserede jord-bakterie Pseudomonas fluore-
scens CHAQO er blevet brugt som model-organisme gennem disse stu-
dier.

Ph.D.-athandlingen bestar af en litteraturgennemgang og fem manu-
skripter. Litteraturgennemgangen giver en praesentation af de inter-
aktioner, der finder sted under rod-kolonisering og etablering af bio-
kontrol-bakterien, og starter med en beskrivelse af rhizosfeeren — det
milje hvori biokontrol af jord-patogene svampe finder sted.

Manuskript I beskriver hvordan planter pa sorts-niveau adskiller sig
fra hinanden i evnen til at understotte bakterier. Fire beslaegtede roe-
sorter, hvoraf en var genetisk modificeret til herbicid-resistens, blev i
jord/plante mikrokosmer undersogt for deres evne til at understotte
rod-kolonisering af 1) den naturligt forekommende population af
fluorescerende pseudomonader, 2) biokontrol-inokulanten P. fluore-
scens CHAO, og 3) en mutant af P. fluorescens CHAO, CHA212, som
udviser reduceret overlevelse i forhold til vildtypen, nar den udseet-
tes for visse former for stress. Det blev demonstreret, at den ene af de
tire roe-sorter, modsat de tre andre, ikke understottede kolonisering
af biokontrol-bakterien P. fluorescens CHAO og mutanten af denne.

I Manuskript II blev non-target effekter af P. fluorescens CHAOQ pa en
samling af rhizosfeere-bakterier undersogt. De fleste af isolaterne (65-
92%) var sensitive overfor CHAO, og specielt de Cytophaga-lignende
bakterier (CLB) var sensitive overfor CHAO. En CLB stamme blev
yderligere undersogt i rhizosfeere mikrokosmos eksperimenter.
Overlevelsen af denne stamme blev ikke dramatisk pédvirket ved til-
stedeveerelsen af CHAQ og dennes antibiotika- og exopolysakkarid-
overproducerende mutanter i lobet af en periode pa 23 dage med to
torke-stress-perioder. Forklaringen kunne vere, at de undersogte
bakterier koloniserer hver deres nicher, eller at CHAO ikke produce-
rede antibiotika.

Manuskript III preesenterer et studie af hvordan hyper-produktion
af exopolysakkarid (EPS) influerer pd fluorescerende pseudomo-
naders evne til at bekeempe plante-sygdommme fordrsaget af patho-
gener i jorden. Ud af en samling af fluorescerende pseudomonader
havde 20% af isolaterne en meget slimet feenotype. Ydermere udviste
2-3 gange feerre slimede end ikke-slimede isolater biokontrol aktivitet
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mod rod-sygdomme forarsaget af Pythium og Fusarium. Dette feeno-
men blev yderligere undersogt i bdde in vitro forseg og gnotobiotiske
mikrokosmos eksperimenter med P. fluorescens CHAO og to EPS-
overproducerende mutanter af CHAO som model-stammer. Disse
forseg antydede at EPS-overproduktion ikke er en fordel for biokon-
trol aktivitet hos P. fluorescens CHAO, eftersom EPS-laget omkring de
slimede mutanter tilsyneladende forhindrede diffusion af visse anti-
biotika. De slimede mutanter var ogsa begraensede i deres rodkoloni-
sering og havde formindsket overflade-motilitet.

I Manuskript IV undersogtes sigma faktoren AlgU’s og anti-sigma
faktoren MucA’s rolle i forhold til stress-tilpasningsevne hos P. fluo-
rescens CHAQ. En genomisk region bestdende af generne algU-muvA-
mucB blev identificeret. Det blev vist at AlgU, sammen med MucA,
kontrollerer EPS biosyntesen og tolerancen overfor udterring og os-
motisk stress i denne bakterie. Overekspression af algl, foregede dog
ikke tolerancen overfor disse stress-faktorer.

I Manuskript V undersogtes sigma faktoren RpoN’s rolle i forhold til
stress-tilpasningsevne, antibiotika-produktion og biokontrol-aktivitet
hos P. fluorescens CHAOQ. rpoN locus fra CHAO blev klonet og sekven-
teret, og det blev vist, at en rpoN-mutant havde reduceret mobilitet,
var sensitiv overfor osmotisk stress og havde en reduceret evne til at
udnytte forskellige nitrogen- og carbon-kilder. Derudover havde
rpoN-mutanten en foreget produktion af antibiotikumet 2,4-
diacetylphloroglucinol (DAPG), men en formindsket pyoluteorin-
produktion. I jord-mikrokosmer var rpoN-mutanten ikke sa effektiv
som vildtypen til at beskytte agurk mod rod-rad fordrsaget af Pythi-
um ultimum.
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1 Introduction

Still more and more traditional pesticides have given rise to
concern because of risks of environmental pollution, deleterious ef-
fects on non-target organisms, and pesticide resistance. Encouraged
by this increasing awareness of the problems associated with the
chemically based disease control, biological control has received con-
siderable attention during the last 40 years as a potential alternative
(Cook and Baker, 1983). Biocontrol agents are able to protect plants
from infection by phyto-pathogenic organisms. Among bacteria espe-
cially pseudomonads have been found to be prospective candidates
for biocontrol against pathogenic fungi because of their effective root
colonization (Lugtenberg and Dekkers, 1999), production of a wide
range of extracellular antifungal compounds (Haas and Keel, 2003;
Keel and Défago, 1997; Thomashow, 1996; Dowling and O’Gara,
1994), and induction of systemic resistance (van Loon et al., 1998),
which are all important traits in biological control. Moreover, strains
of pseudomonads are easy to grow in vitro and readily amenable to
genetic manipulation (Haas and Keel, 2003). The manifestation of
biological control is a result of complex interactions between the
plant, the pathogen, the biocontrol agent, the microbial community,
and the physical environment. Due to these numerous and variable
biotic and abiotic factors, a major problem for practical application of
beneficial pseudomonads to control soil-borne plant diseases is in-
consistent biocontrol activity and poor survival of these non-
sporulating bacteria after addition to soil.

In the face of these complex and poorly understood ecological
interactions, better understanding of basic ecology on the host plant
root and of the mechanisms of adaptation of these bacteria to envi-
ronmental stress, could help getting closer to solving the problems of
application of biocontrol agents.

The aim of the present thesis is to expand the knowledge of
factors and molecular mechanisms controlling the activity and vi-
ability of pseudomonads intended for biocontrol of plant pathogenic
fungi. In order to do so, the experimental work has been performed
using the strain Pseudomonas fluorescens CHAOQ as a model organism.
CHAO is a well-studied soil bacterium with a broad-spectrum bio-
control activity against several pathogenic fungi causing root dis-
eases. The following chapters of the thesis will go through some of
the current knowledge of interactions taking place in connection to
biocontrol of pathogens — again with a special focus on strain CHAO.
This theoretical part will begin with a short description of the envi-
ronment in which they take place, the rhizosphere.



2 The rhizosphere

In 1904, Hiltner used the term rhizosphere principally for the
area of bacterial growth around legume roots (Hiltner, 1904). In fol-
lowing decades the rhizosphere became generally known as the soil
region under immediate influence of living roots including the root
surface itself. A high microbial activity is associated with the rhizos-
phere.

2.1 Rhizodeposition and the stimulation of
microorganisms

During plant growth various materials are deposited by roots
into the rhizosphere, a phenomenon referred to as rhizodeposition
(Whipps and Lynch, 1985). The deposited materials can be divided
roughly into two main groups. The first group comprises a wide va-
riety of water-soluble compounds including sugars, amino acids, or-
ganic acids, fatty acids, vitamins and enzymes. These exudates serve
as a source of carbon substrate stimulating microbial growth (Dakora
and Phillips, 2002). The second group comprises materials such as
sloughed-off root cap cells and other debris and mucilage (polysac-
charide) originating from the root cap or from lysates released during
autolysis (Figure 1). The mucilage act as a lubricant while the roots
penetrate through the soil. Moreover, it is utilized as nutrient source
for microorganisms and is involved in attachment of microorganisms
to the root surface. Finally, the mucilage protects both roots and mi-
croorganisms against desiccation by forming a matrix for absorption
and transport of water between epidermal cells and soil particles
(Figure 1)(Knee et al., 2001; Serensen, 1997; Campbell and Greaves,
1990). The combination of mucilage and gelatinous compounds pro-
duced by bacteria (such as capsules and slimes) has been termed mu-
cigel (Jenny and Grossenbacher, 1963). The mucigel is important for
soil aggregation since it binds together clay particles, other minerals,
organic matter, individual bacteria and microcolonies into a layer
around the root epidermis or the remains of dead cell layers

Endorhizosphere
Stele containing

conducting element
(xylem4, phloemy)

Mucigel (plant and

Epidermis bacterial mucilage)
Cortex

Endodermis

Root cap —— Plant mucilage

Figure 1 The plant root region (from Lynch 1983)



Figure 2 Confocal scanning laser micrographs showing gfp-tagged Pseu-
domonas fluorescens cells on the surface of a wheat (Triticum aestivum) root,
detected by confocal scanning microscopy. Bacterial colonization is observed
to occur at the edges of the root epidermal cells as single cells (A) and in
microcolonies (B). Bar represents 10um. (Unpublished results)

(Serensen, 1997; Smith et al., 1993; Campbell and Greaves, 1990).
Lynch and Whipps (1991) estimated that as much as 40% of the
plant’s primary carbon production may be lost through rhizodeposi-
tion, depending on plant species, plant age, and environmental con-
ditions. This leak of photosynthetic products into the soil environ-
ment may seem wasteful and even harmful if the activity of patho-
gens is stimulated. On the other hand the nutrient-rich environment
also allows microorganisms to mineralize organic matter from the
soil so that important elements become available to the plant
(Scumann, 1991).

Because of the continuous flow of organic substrate, intense
microbial activity is associated with the rhizosphere compared to the
activity in root-free (bulk) soil, a phenomenon referred to as the
“rhizosphere effect” (Bowen and Rovira, 1991). A 2- to 20-fold in-
crease in total bacterial counts is normally found in the rhizosphere
compared to the bulk soil, but over a 100-fold increase have been re-
corded (Curl and Truelove, 1986). Accordingly, shorter generation
times are also observed in the rhizosphere compared to bulk soil. As
example, the generation time of Pseudomonas spp. in the rhizosphere
were found to be 5-14 hours, whereas it was found to be 77 hours in
the bulk soil (Bowen and Rovira, 1973).

Although microbial growth is stimulated in the rhizosphere,
the root surface is not covered with a continuous layer of microor-
ganisms. Electron and direct light microscopy show that only 4-10%
of the root surface is colonized by microorganisms (Rovira et al.,
1974). Most colonization occurs in the areas of maximum root exuda-
tion such as the elongation zone behind the root tip, junctions be-
tween epidermal cells, on root hairs, and at sites of lateral root emer-
gence (Stephensen Liibeck et al., 2000; Normander et al., 1999; Chin-
A-Woeng et al., 1997; Hansen et al., 1997) (Figure 2).

Rather than being static, the rhizosphere environment is typi-
tied by rapid changes in time and space, and following succession of
different groups of organisms and their functions (Serensen, 1997;
Handelsman and Stabb, 1996). Early colonization of the young
rhizosphere is dominated by bacteria and especially pseudomonads
proliferate in response to the simple carbohydrate exudates from the
young plant roots (Serensen 1997).



2.2 The influence of plant genetic variation on
microorganisms in the rhizosphere

Plants vary in their ability to support and respond to benefi-
cial soil bacteria. This ability varies among plant species (Marschner
et al., 1997; Latour et al.,, 1996; Lemanceau et al., 1995), but also
among cultivars within species (Okubara et al., 2004; Simon et al.,
2001; Smith and Goodman, 1999; Miller et al., 1989; Weller,
1986)(Manuscript I). The main reason to the variation is most likely
differences in the amounts and composition of compounds exuded
into the rhizosphere by the host plant (Hawes et al., 2003; Rengel,
2002). Such variations in exudates could influence on bacterial root
colonization, proliferation, and/or metabolism (Astrt')m and Ger-
hardson, 1988).

Several studies describe plant cultivar specific differences in
rhizosphere colonization by indigenous or inoculated pseudomo-
nads. As example, Miller et al. (1989) found significant differences in
the indigenous rhizosphere population of fluorescent pseudomonads
among cultivars of maize, wheat, and grass. Okubara et al. (2004)
tested the ability of 27 wheat cultivars to support two beneficial P.
fluorescens strains that differed in ability of root colonization. It was
demonstrated, that the cultivars differed in the support of both bacte-
rial strains individually. When the two strains were compared with
one another, seven cultivars supported significantly higher rhizos-
phere populations of the effective root colonization strain than the
less effective strain within 14 days after inoculation. The rest of the
cultivars were equally colonized by both strains, but differences in
the population density of the strains were found among the cultivars.
Weller (1986) found significant differences among 11 wheat cultivars
in their ability to support a take-all suppressive strain of P.fluorescens.
The hypothesis to the differences observed between the cultivars in
the examples mentioned above, were differing exudation of nutrients
or differing production of biochemical attractants and other signals.
We found that, among four different cultivars of beet supporting the
total population of indigenous fluorescent pseudomonads to the
same level, one cultivar did not support the proliferation of P. fluores-
cens CHAO (Manuscript I). The four beet cultivars studied in our ex-
periment, among which one was genetically modified to be herbicide
resistant, differed in their genetic relationship to sugar and fodder
beet, and the CHAO non-supportive cultivar carried the lowest pro-
portion of genes originating from sugar beet. Therefore, we hypothe-
sized that differences in levels of sugar content in the root exudates
could be of importance in supporting certain strains of fluorescent
pseudomonads.

Variation among cultivars for disease suppression has also
been described. King and Parke (1993) found differential effects of
biocontrol by Pseudomonas cepacia AMMD in pea cultivars, hypothe-
sized that the effects were related to the degree of susceptibility of
each cultivar to Pythium and Apanomyces. Liu et al. (1995) demon-
strated that Pseudomonas putida significantly induced resistance
against anthracnose in three susceptible cucumber cultivars, but not
in a resistant cultivar included in their experiment. Finally, it has also
been shown that maize cultivars differently affect the expression of
the antimicrobial metabolite  2,4-diacetylphloroglucinol in



P.fluorescens CHAO (Notz et al., 2001). This result supports the hy-
pothesis stating that the plant cultivar affects not only population size
and composition, but also specific mechanisms important in biocon-
trol.

As can be concluded from the above-mentioned examples, the
influence of plant cultivar variation on rhizosphere microorganisms
has mostly been studied from the view of the bacterial behaviour,
whereas there is an obvious lack of equivalent data concerning the
plant.



3 Establishment and survival of the
biocontrol agent in the rhizosphere

Nutritional “hot spots” on the root surface, are potential
points of entry of pathogens. Therefore, to exhibit effective biological
control, early distribution along the root at these sites, multiplication,
and survival for several weeks is of great importance for biocontrol
agents. However, during the establishment and growth of a biocon-
trol inoculant in the rhizosphere, continually interactions among the
biocontrol agent, the pathogen, the indigenous microbial community,
and the physical environment take place.

3.1 Root colonization

Rhizospere colonization is one of the first steps in the antago-
nism of soilborne microorganisms by bacterial biocontrol agents, and
the study of bacterial traits and genes governing root colonization has
been an active research field recently. Being one of the most effective
root-colonizing bacteria, especially Pseudomonas has been intensively
studied (Lugtenberg et al., 2001). Efficient uptake and use of nutrients
is important for successful rhizosphere colonization (Chin-A-Woeng
et al., 2003). Motility and chemotaxis may be important elements for
the uptake of nutrients; however, contradictory results on the im-
portance of these traits in relation to colonization are found in the
literature. Howie et al. (1987) found that flagella-negative mutants of
P. fluorescens are not impaired in root colonization of wheat compared
with the flagella-positive wild type. They argued that the bacteria are
probably carried down passively as the root advances through the
soil. Using a flagella-negative mutant as well as mutants differing in
chemotactic attraction to exudates, Scher et al. (1988) found that nei-
ther motility nor chemotaxis was necessary for bean root colonization
by P. putida. Finally, we found that an rpoN mutant of P. fluorescens
CHADO, defective for flagella and consequently reduced in motility,
was not impaired in cucumber root colonization in Pythium ultimum
infested microcosm assays (Manuscript V). In contrast to these results
De Weger (1987) reported that four mutants of P. fluorescens without
flagella were impaired in their ability to colonize potato roots. Like-
wise, non-motile mutants of the biocontrol strain P. chlororaphis, were
at least 1000-fold impaired in competitive tomato tip colonization
compared with their wild type (Chin-A-Woeng et al., 2000). Conse-
quently, the mutants also lost their ability to suppress disease, while
still being able to produce the same amounts of antifungal, extracel-
lular metabolites as the wild type (Chin-A-Woeng et al., 2000). Fi-
nally, cheA mutants of P. fluorescens, that were defective in flagella-
driven chemotaxis but retained motility, was as defective in competi-
tive tomato root tip colonization as non-motile strains, indicating that
chemotaxis rather than random motility is important for root coloni-
zation (de Weert et al., 2002; Lugtenberg et al., 2001). However, in
non-competitive colonization tests none of the mutants differed from
the wild type, demonstrating that other factors are also involved in
the transportation of bacteria to the root tip. In accordance with



Howie et al. (1987), root growth was mentioned as possible factor for
this transportation.

Another bacterial property apparently involved in the process
of root colonization is a specific cell surface structure, the O-antigen
side chain of the outer membrane lipopolysaccharide (LPS). P. fluores-
cens and P. putida mutants, impaired in the synthesis of the O-antigen
side chain, have reduced ability to colonize the root of tomato
(Dekkers et al., 1998; Simons et al., 1996). Another O-antigen mutant
of P. fluorescens had a reduced ability to colonize the root interior of
tomato, whereas colonization of the root surface was not impaired
compared to the wild type (Duijff et al., 1997). In the same experi-
ment no difference was observed in adherence to the root surface
between wild type and the O-antigen mutant (Duijff et al., 1997). The
reduced colonization by LPS-defective strains could be explained by
assuming that for optimal functioning of nutrient uptake systems an
intact outer membrane is required (Chin-A-Woeng et al., 2003).

The ability to stay attached to the root surface is also consid-
ered to be of importance for successful colonization. Agglutination
and attachment of Pseudomonas cells to plant roots is likely to occur
via pili, cell surface proteins, and polysaccharides (Chin-A-Woeng et
al., 2003). The number of pili on cells of P. fluorescens correlated with
the degree of attachment to tomato roots (Chin-A-Woeng et al., 2003).
Vesper (1987) examined a P. fluorescens strain that produced both
nonmucoid, highly piliated cells and mucoid and nearly un-piliated
cells. When comparing the two types of cells, a correlation was found
between piliation (number of piliated cells) and attachment to corn
roots dipped in a suspension of cells of the two types, respectively.
Bianciotto et al. (2001) observed that the Extracellular polysaccharide
(EPS) overproducing mucA mutant P. fluorescens CHA211 had an en-
hanced capacity of carrot root colonization which was characterized
by the formation of a dense patchy bacterial layer, whereas the wild-
type strain CHAO adhered rather little on the surface. In our study,
colonization patterns of mucA mutants on cress roots revealed a ten-
dency of formation of characteristic clumps of cells that appeared to
be attached to each other within a matrix, but in contrast to the re-
sults of Bianciotto et al. (2001) this matrix seemed to restrict the dis-
tribution of cells along the root (Manuscript III). Although the mu-
tants did possess flagella, motility of these mutants was moreover
impeded probably because of high amounts of EPS (Manuscript III).

The ability to synthesize specific vitamins and amino acids
seem also to be of importance for bacterial root colonization. In an
experiment of Simons et al. (1996) a thiamin (vitamin B1) auxotroph
mutant of P. fluorescens appeared to be a poor competitor in the to-
mato rhizosphere. In another work, Simons et al. (1997) found that 5
mutants of P. fluorescens auxotrophic for the amino acids leucine, ar-
ginine, histidine, isoleucine plus valine, and tryptophan, respectively,
were unable to colonize the tomato root tip, neither alone nor after
co-inoculation with the wildtype strain. Finally, Chin-A-Woeng et al.
(2000) found that a phenylalanine auxotrophic mutant of P. chloro-
raphis was at least 1000-fold less present on the tomato root tip when
tested in competition with the wild type in a gnotobiotic system.
When tested in unsterilized potting soil the mutant was below the
detection limit. Although the phenylalanine auxotrophic mutant was
not altered in its production of the extracellular metabolites hydrogen



cyanide, chitinase, protease, and phenazine-1-carboxamide, it had
lost its biocontrol ability against Fusarium oxysporum f.sp. radicis-
lycopersici. This demonstrates that root colonization is an important
factor in disease suppression.

The often contrasting results obtained from study to study,
when examining single genes or traits are likely to be caused by ex-
perimental diversity, since nutrient availability, physical factors (like
for example the influence of water potential when testing bacterial
mobility), ability of the bacterial strain to adapt to the environment,
and more, must be decisive in this context. In a study by de Weert et
al. (2004) it was revealed that enrichment on one or more plant roots
of P. fluorescens with a mutY mutation (a mutation in a gene which
encodes a mismatch correction glycosylase) can lead to enhanced
competitive root tip colonization. Such mutants, defective in repair-
ing its mismatches, harbor an increased number of mutations. It was
argued that such so-called mutators, can adapt much more quickly to
a certain environment than the wild type due to an increased muta-
tion frequency. Such a strategy, based on adaptability and including
several genes, is interesting, and could lead to the development of
derivatives of e.g. biocontrol agents that are highly adapted to the
rhizosphere of certain plant species or even plant cultivars (de Weert
et al., 2004).

3.2 Antagonistic strategies in the rhizosphere

Once situated in the rhizosphere biocontrol agents must be
able to defend its occupation of nutrient rich sites under conditions of
intense competition with indigenous microorganisms. Populations of
introduced pseudomonas strains decline more rapidly in non-sterile
soil than in sterile soils (Natsch et al.,, 1994, Mazzola et al., 1992),
demonstrating that this competition with indigenous organisms, but
also predation by e.g. protozoa, are important factors for the persis-
tence of inoculated strains. As a mean to survive under these condi-
tions, psudomonads have evolved several defensive mechanisms.
Among the most studied are: 1) production of siderophores (iron
chelators) which bind iron in such a way that it is unavailable to other
microorganisms, and 2) production of diffusible or volatile antimi-
crobial compounds (antibiosis). These mechanisms of antagonism are
exploited in biological control since they may inhibit plant pathogens,
and they are therefore mostly referred to as mechanisms of disease
suppression.

Through production of siderophores by fluorescent pseudo-
monads pathogens can be inhibited by competition for iron. The
availability of iron [III] in soil is generally low (> 10" M in soil solu-
tions at neutral pH) (Handelsman and Stabb, 1996). This presents a
challenge for microorganisms, which require iron at micromolar con-
centrations for growth. However, some microorganisms excrete
molecules under iron-starvation conditions, so-called siderophores,
which trap traces of iron [iii] and form stable complexes. Such com-
plexes are transported into the cells through specific membrane-
bound receptors (Sharma and Johri, 2003). The fluorescent pseudo-
monads produce siderophores such as the high-affinity iron chela-
tors, pyoverdins, and may thereby exclude harmful microorganisms
producing less potent siderophores (Duijff et al., 1994). Although
P.fluorescens CHAOQ does produce siderophores, their direct involve-



ment in suppression of pathogens has not been revealed. On the con-
trary, Keel et al. (1989), using a non-fluorescent, pyoverdin-negative
mutant, suggested that this siderophore was not involved in the sup-
pression of Thielaviopsis basicola.

Inhibition of pathogens through production of antimicrobial
metabolites is considered to be the primary mechanism of biocontrol
by most fluorescent pseudomonads (Raaijmakers et al., 2002; Tho-
mashow and Weller, 1995; Harman et al., 1978). Numerous antibiotics
have been isolated from a variety of strains of fluorescent pseudomo-
nads, and a vide range of diversity is exhibited in both type and
number of antibiotics produced (table 1). Most of the isolated antibi-
otics are secondary metabolites, e.g. 2,4-diacetyl-phloroglucinol
(DAPG), pyolyteirin (PLT) (both phenolic compounds), and Phen-
azines (heterocyclic compounds), and are, thus, synthesized when
growth of the cells is restricted, either because of nutrient limitation
or at high cell density (Haas and Keel, 2003). The cyclic lipopeptides
(CLPs), e.g. viscosinamide and tensin, however, are produced during
growth (Nielsen et al., 2000; Nielsen et al., 1999). CLPs display both
biosurfactant and antifungal properties (Nielsen et al., 2002). Inacti-
vation of antibiotic production by mutagenesis has often been used to
demonstrate that certain antibiotics produced by Pseudomonas species
play an important role in the biocontrol of plant diseases (Chin-A-
Woeng et al., 1998; Keel et al., 1990; Thomashow and Weller, 1988).
However, it has also been demonstrated that in strains producing
multiple antibiotics, mutants lacking one antibiotic may not loose
suppressive ability because homeostatic regulation mechanisms
compensate for the loss of one antibiotic by overproducing another,
and thereby maintaining total antibiotic production and biocontrol
(Schnider-Keel et al., 2000). The microcolony mode of growth of
pseudomonads on the root is thought to be of importance for the ef-
fect of the antimicrobial compounds against pathogens. Séveno et al.
(2001) demonstrated that the concentration of the antibiotic, phena-
zine-1-carboxylic acid was one or two orders of magnitude higher
inside microcolonies of P. aureofaciens than the concentrations ob-
served in liquid media cultures of the bacterium. According to Haas
and Keel (2003) similar concentrations can be estimated for DAPG
production by P. fluorescens CHAO. This local antibiotic concentration
is thought to be sufficient to inhibit sensitive bacteria and fungi (Haas
and Keel, 2003). Therefore, although the biocontrol bacteria occupy
only a few percent of the root surface, the microcolonies might func-
tion as antibiotic ‘shields” at the sites of entry of pathogens into the
plant. However, the structure of the matrix surrounding the micro-
colony may be important for the inhibitory ability of this shield.
Highly mucoid mutants of non-mucoid P. fluorescens CHAQO were

Table 1 Examples of antibiotics produced by four Pseudomonas fluorescens
strains

Strain Antibiotic Reference

CHAO 2,4-diacetylphloroglucinol, pyoluteorin, Voisard et al. (1994)
pyrrolnitrin, phenazines, hydrogen cyanide

Pf-5 2,4-diacetylphloroglucinol, pyoluteorin, Corbell and Loper (1995)
pyrrolnitrin, hydrogen cyanide

F113 2,4-diacetylphloroglucinol Shanahan et al. (1992)

DR54 Viscosinamid Nielsen et al. (1998)
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found to exhibit significantly less inhibition towards three plant
pathogenic fungi in vitro compared to the wildtype strain CHAO,
although the mutants produced significantly higher levels of the an-
tibiotics DAPG and PLT. The mucus of the mutants consists of extra-
cellular polysaccharides (EPS), and we suggest that a too dense EPS
matrix surrounding the cells may hinder diffusion of some antibiotics
(Manuscript III).

Several attempts have been made to improve biocontrol effi-
ciency by constructing antibiotic-overproducing strains, but the re-
sults have been ambiguous. Overproduction of DAPG by P. fluores-
cens CHAO did not improve protection of sweet corn and cress
against Pythium damping-off, whereas it did enhance protection in
cucumber (Maurhofer et al., 1992). A DAPG overproducing strain of
P. fluorescens F113 was not more effective than the wild-type strain
against Pythium ultimum on sugar beet (Delany et al., 2001). Finally,
genes for biosynthesis of phenazine-1-carboxylic acid were intro-
duced into P. fluorescens Q8r1-96, an aggressive root colonizer that
produces DAPG (Huang et al., 2004). The recombinant strains from
this work were no more suppressive of take-all or Pythium root rot
than the wild type, but were improved in biocontrol of Rhizoctonia
root rot. These studies indicate that improvement of disease suppres-
sion by enhancement of antibiotic production in P. fluorescens depend
on the host-pathogen system. Moreover it was suggested that some
strains already have developed optimal suppression mechanisms,
and that there might be a threshold dose of antibiotics above which
no further inhibition is derived (Huang et al., 2004). Finally, enhanced
antibiotic production was also thought to have a toxic effect on some
plants (Maurhofer et al., 1992).

3.3 Survival — with special focus on implication of
sigma factors in stress response

Capability to survive during stressful environmental condi-
tions is obviously of importance for durable biocontrol. Microorgan-
isms continuously sense and respond to environmental stimuli, such
as starvation, desiccation, osmotic stress, oxidative stress, and
changes in temperature (Suh et al., 1999). In many instances, an ap-
propriate response to an environmental stimulus requires changes in
the levels of the specific gene products. Regulatory elements that
make essential contributions to bacterial survival under stress condi-
tions include several different sigma factors. A sigma factor is a poly-
peptide subunit of RNA polymerase. Only when the proper sigma
factor is bound to the polymerase, this holoenzyme can recognize
specific sequences in the promotor, and initiation of transcription can
begin (Burgess et al., 1969). Most bacterial species synthesize several
different sigma factors, which direct the RNA polymerase holoen-
zyme to distinct classes of promoters with a different consensus se-
quence. This variety in sigma factors provides the bacterium with the
opportunity to maintain basal gene expression as well as regulation
of gene expression in response to specific environmental stimuli
(Wosten, 1998).

The bacterial sigma factors can be grouped into two families,
the 6" family and the ¢™ family (Wosten, 1998). Included in the ¢”
family are sigma factors responsible for most “house-keeping” tran-



scription (e.g RpoD) plus alternative o-factors that direct transcrip-
tion of genes required under specialised conditions (e.g. AlgU and
RpoS)(Wosten, 1998). The ¢™ (RpoN) family displays no apparent
homology to the ¢ family in either structure or mode of action
(Wosten, 1998; Merrick, 1993). Genes that are under the control of
RpoN have in common, that they are not usually essential for sur-
vival and growth under favourable conditions (Buck et al., 2000).

In pseudomonads several sigma factors are essential for sur-
vival under stress conditions. These include RpoE (6”; also referred
to as AlgU or AlgT in fluorescent pseudomonads), RpoS (c¢°), and
RpoN (¢™):

AlgU responds to osmotic, oxidative, and heat stress in Pseu-
domonas aeruginosa and P. syringae, and positively controls the synthe-
sis of the exopolysaccharide (EPS) alginate (Rowen and Deretic, 2000;
Fakhr et al., 1999; Keith and Bender, 1999; Martin et al., 1994). In P.
fluorescens CHAQ AlgU likewise controls EPS synthesis, and was
found to be a key determinant in osmoprotection and in tolerance to
dry stress in vitro, in a vermiculite formulation, and in natural soil
(Manuscript II and IV). However, tolerance towards osmotic stress
and disiccation was not improved in an algU-overexpressing mutant
of P. fluorescens CHAO (Manuscript II and IV). AlgU may also be in-
volved in the regulation of the antibiotics 2,4-diacetylphloroglucinol
(DAPG) and pyoluteorin (Manuscript IV; M. Péchy-Tarr and C. Keel,
unpublished results). Antibiotic production plays a role in competi-
tion for nutrients, and thereby also in survival.

RpoS activates the expression of numerous genes in different
Pseudomonas species required to maintain cell viability during the
stationary phase when cells are experiencing nutrient starvation
(Wosten, 1998). Activation of these genes may lead to tolerance to
exposure to hyperosmolarity, high temperatures, low pH, ethanol,
and hydrogen peroxide in P. aeruginosa (Suh et al., 1999; Jorgensen et
al., 1999). Inactivating rpoS by mutation results in increased produc-
tion of a phenazine antibiotic and the siderophore pyoverdine (Suh et
al., 1999). In P.fluorescens CHAOQ an rpoS mutant showed enhanced
expression of the genes coding for the antibiotic pyoluteorin, whereas
overexpression of RpoS shuts of production of the antibiotic (Haas
and Keel, 2003). The role of RpoS in regulating stress responses has
not been investigated in strain CHAO, however in P.fluorescens Pf-5 a
rpoS mutant reduced the capacity of stationary-phase cells to survive
exposure to oxidative stress (Whistler et al., 1998; Sarniguet et al.,
1995) and osmotic stress (Sarniguet et al., 1995).

RpoN has been found to control the expression of many genes
in response to nutritional and environmental conditions (Merrick,
1993). In P. aeruginosa, lack of RpoN causes inability to utilize a vari-
ety of carbon and nitrogen sources, and furthermore results in loss of
motility (promoted by flagella and pili)(Nishijyo et al., 2001; Totten et
al., 1990; Ishimoto and Lory, 1989). In addition, it was found that mu-
coidity, normally induced by a mutation in mucA, can be caused by
another pathway dependent of ¢~ (Boucher et al., 2000). RpoN also
governs polar flagellar synthesis in P. putida (Pandza et al., 1997), and
moreover biodegradation of some recalcitrant hydrocarbons (Ramos
et al., 1997). We found, that an rpoN mutant of P. fluorescens CHAO
was impaired in the utilization of several carbon and nitrogen
sources, sensitive to osmotic stress, and was defective for flagella
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(Manuscript V). The same mutant showed enhanced production of
DAPG but lowered production of PLT (Manuscript V).



4 Conclusion and future directions

Many traits and genes involved in Pseudomonas-mediated
biological control of plant pathogenic fungi and results from numer-
ous studies add to the understanding of interactions taking place
during the event. However, going through literature, several ques-
tions are still poorly answered:

Our knowledge about the influence of the plant at the species
as well as cultivar level on biocontrol efficiency is still very scarce,
although the host plant may play a major role for successful biocon-
trol. This demands cross-disciplinary research involving microbiol-
ogy, plant physiology, and genetics in future studies. Quantitative
and qualitative chemical analysis of root exudates at the cultivar level
would be interesting in relation to optimal/specific nutritional sup-
port of a specific biocontrol agent. Moreover, supportiveness of bio-
control, and hospitality to biocontrol agents could be enhanced
through studying cultivar specific diversity, or by directed breeding
or genetic modification of the host plant.

Modification of single traits or genes adds to our under-
standing of interactions taking place during disease suppression. This
approach has been used in numerous studies, however, as stated by
Haas and Keel (2003), “engineering of a single trait in a single bio-
control strain can hardly overcome the problem of inconsistent per-
formance in the field, given the multifactorial nature of biocontrol
mechanisms.” Moreover, it has been established, that overexpressing
genes in order to enhance biocontrol effectivity (antibiotics, exopoly-
saccharides) in many cases does not lead to the wanted “super-
biocontrol-agent”, and in worst case cause more harm than good (e.g.
toxicity towards the host plant).

Still most studies are done in sterile and gnotobiotic labora-
tory experiments. This is convenient for simplicity and is needed in
revealing simple biocontrol mechanisms. However, several studies
have shown that just the step from single inoculation to co-
inoculation in gnotobiotic systems can change the outcome of studies
radically. On this basis it is difficult to draw conclusions that apply to
non-sterile systems, and indeed to field conditions.
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ABSTRACT

Root exudates play an essential role in the plant-microbe interaction,
serving as energy sources for soil microbes. The stimulation of micro-
bes through root exudates can be plant species and cultivar dependent.
In this study, four related cultivars of beet, among which one was ge-
netically modified to be herbicide resistant, were examined in soil/
plant microcosms for their ability to support root colonization by in-
digenous fluorescent pseudomonads, a biocontrol inoculant Pseudo-
monas fluorescens CHAO, and a mutant derivative of P. fluorescens
CHAO, CHA212, showing reduced survival compared to the wildtype,
when exposed to certain stress conditions. COz emission from the
below ground microcosm was assessed to give ajoint measure of
plant and microbial respiratory activity. Mg or microbial populations
in the rhizosphere did not seem to be affected by plant cultivar. The
total population of indigenous fluorescent pseudomonads was affected
by neither plant cultivar nor the inoculant strains. However, it was
demonstrated that the beet cultivar Kyros did not support proliferation
of the biocontrol bacterium P.fluorescens strain CHAO and its mutant
derivative, whereas the other three related cultivars, including the her-
bicide resistant, did.
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C. KEEL. 2002.

Aims: To assess the impact of the biocontrol strain Pseudomonas fluorescens CHAQ on a
collection of barley rhizosphere bacteria using an agar plate inhibition assay and a plant
microcosm, focusing on a CHAOQ-sensitive member of the Cytophaga-like bacteria (CLB).
Methods and Results: The effect of strain CHAOQ on a collection of barley rhizosphere
bacteria, in particular CLB and fluorescent pseudomonads sampled during a growth season,
was assessed by a growth inhibition assay. On average, 85% of the bacteria were sensitive in the
May sample, while the effect was reduced to around 68% in the July and August samples. In
the May sample, around 95% of the CLLB and around 45% of the fluorescent pseudomonads
were sensitive to strain CHAOQ. The proportion of CHAO-sensitive CLLB and fluorescent
pseudomonad isolates decreased during the plant growth season, i.e. in the July and August
samples. A particularly sensitive CL.B isolate, CILB23, was selected, exposed to strain CHAQ
(wild type) and its genetically modified derivatives in the rhizosphere of barley grown in
gnotobiotic soil microcosms. Two dry-stress periods were imposed during the experiment.
Derivatives of strain CHAO included antibiotic or exopolysaccharide (EPS) overproducing
strains and a dry-stress-sensitive mutant. Despite their inhibitory activity against CLLB23

in vitro, neither wild-type strain CHAOQ, nor any of its derivatives, had a major effect on
culturable and total cell numbers of CLLB23 during the 23-day microcosm experiment.
Populations of all inoculants declined during the two dry-stress periods, with soil water
contents below 5% and plants reaching the wilting point, but they recovered after re-wetting
the soil. Survival of the dry-stress-sensitive mutant of CHAQ was most affected by the dry
periods; however, this did not result in an increased population density of CLLB23.
Conclusions: CLLB comprise a large fraction of barley rhizosphere bacteria that are sensitive to
the biocontrol pseudomonad CHAOQ iz vitro. However, in plant microcosm experiments with
varying soil humidity conditions, CHAOQ or its derivatives had no major impact on the survival
of the highly sensitive CLB strain, CLLB23, during two dry-stress periods and a re-wetting
period; all co-existed well in the rhizosphere of barley plants.
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Significance and Impact of the Study: Results indicate a lack of interaction between the biocontrol
pseudomonad CHAOQ and a sensitive CLLB when the complexity increases from agar plate assays to plant
microcosm experiments. This suggests the occurrence of low levels of antibiotic production and/or that
the two bacterial genera occupy different niches in the rhizosphere.

INTRODUCTION

In agriculture, the use of bacteria and fungi antagonistic
towards plant pathogenic fungi has been suggested as an
alternative to chemical pesticides for control of plant
diseases (Kloepper 1993; Keel and Défago 1997, Walsh
et al. 2001; Whipps 2001). Among bacteria, the fluorescent
pseudomonads have received attention, since certain strains
are highly rhizosphere competent and can produce potent
antifungal metabolites (O’Sullivan and O’Gara 1992; Keel
and Défago 1997). 2,4-Diacetylphloroglucinol (Phl), pyo-
luteorin (Plt), pyrrolnitrin, hydrogen cyanide and viscos-
inamide are some examples of antifungal metabolites that
are produced by biocontrol strains of fluorescent pseudo-
monads (Nielsen et al. 1998; Haas ez al. 2000). However,
the effect of these metabolites is not necessarily restricted
to root pathogenic fungi as some of them, such as Phl and
Plt, have also been reported to affect other soil micro-
organisms, including bacteria (Keel ez al. 1992; Natsch
et al. 1998), protozoa (Schlimme et al. 1999) and fungi
(Girlanda et al. 2001). Another non-target effect may be
competition with the resident pseudomonads for nutrients
and space when applying large numbers of pseudomonads
for biocontrol (Natsch er al. 1997, 1998; Moénne-Loccoz
et al. 2001; Thirup et al. 2001). It is therefore important to
obtain information on potential detrimental effects of
biocontrol strains on the microbial community structure
and function within the agricultural ecosystem before
application (Smit et al. 1992; Cook et al. 1996).

Side effects of biocontrol strains on bacteria, ranging from
toxicity assays and microcosm experiments to field studies,
have been reported in the last few years (e.g. De Leij ez al.
1995; Gilbert ef al. 1996; Natsch er al. 1997; Niemann et al.
1997; Brimecombe ez al. 1998; Naseby et al. 1998; Natsch
et al. 1998; Glandorf et al. 2001; Moénne-TLoccoz et al.
2001; Thirup et al. 2001). High impact on indigenous
rhizosphere bacteria has been found in simple toxicity assays
(Niemann et al. 1997; Natsch er al. 1998). In contrast,
effects reported from more complex systems, i.e. micro-
cosms or field studies, have so far been transient perturba-
tions, often within the population of closely-related
organisms belonging to the same genera, e.g. Pseudomonas
(De Leij et al. 1995; Natsch et al. 1997, 1998; Naseby et al.
1998; Moénne-Loccoz et al. 2001; Thirup er al. 2001).
When a significant effect has been found it has been
attributed to a displacement effect on resident bacteria

(competition for the same niche) rather than to particular
characteristics of the biocontrol agent such as (enhanced)
antibiotic production (e.g. De Leij e al. 1995; Natsch ez al.
1997; Thirup er al. 2001).

The biocontrol strain Pseudomonas fluorescens CHAQ used
in this study is a well-characterized root-colonizing bacter-
ium with broad-spectrum biocontrol activity mediated, to a
large extent, by the antifungal metabolites Phl and Plt (Stutz
et al. 1986; Voisard et al. 1994; Keel and Défago 1997; Haas
et al. 2000). Attempts have been made to improve the
biocontrol efficacy of strain CHA(Q. For instance, amplifi-
cation of the rpoD gene encoding the housekeeping sigma
factor 6’ resulted in increased production of the antibiotics
Phl and Plt and improved the disease suppressive capacity of
strain  CHAO (Schnider et al. 1995). Recently, highly
mucoid, exopolysaccharide (EPS) overproducing derivatives
of strain CHAOQ have been obtained by overexpression of the
algU gene encoding the stress sigma factor AlgU (AlgT,
RpoE, 6?%), for instance, by insertion of a plasmid
containing a/gU under control of the /ac promoter, or by
interruption of mucA encoding a negative regulator of AlgU
(Schnider-Keel ez al. 2001). It has been speculated that
enhanced EPS production improves bacterial survival in
soil, since EPS surrounding the bacterial cells may act as a
protective layer against environmental stress (Roberson and
Firestone 1992; Roberson et al. 1993).

Biocontrol strains genetically engineered for improved
activity or survival may also have increased deleterious
effects on non-target bacterial populations. In the present
work, the inhibitory effect of Ps. fluorescens CHAO on a
number of bacteria isolated during a growth season from the
rhizosphere of field-grown barley (Hordeum vulgare 1..) was
assessed. Cytophaga-like bacteria (CLLB) and fluorescent
pseudomonads were specifically monitored, as they have
been reported to be involved in the turnover of organic
matter and are abundant in the rhizosphere (Palleroni 1993;
Olsson and Persson 1999; Johansen and Binnerup 2002). A
microcosm experiment was set up to study the survival of a
sensitive CLB strain (C1.LB23) in competition with either the
wild type of Ps. fluorescens CHAQ, or antibiotic-overproduc-
ing, EPS-overproducing or dry-stress-sensitive derivatives of
the strain in the rhizosphere of barley. Two dry periods were
introduced to determine whether the changes in EPS
production or dry-stress sensitivity affected survival of Ps.
fluorescens in the rhizosphere and, thereby, also influenced
survival of the CLB isolate.

© 2002 The Society for Applied Microbiology, Journal of Applied Microbiology, 93, 1065-1074
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MATERIALS AND METHODS

Isolation and characterization of barley
rhizosphere bacteria

In this study, the bacteria used were isolated in May, July
and August from the rhizosphere of field-grown barley
plants (H. wulgare) collected at the experimental station
Hojbakkegaard, Taastrup, Denmark. A detailed descrip-
tion of sampling, purification, and characterization of the
isolates can be found in Johansen and Binnerup (2002).
Two groups of bacteria, i.e. CLB and fluorescent
pseudomonads, were identified based on their character-
istic phenotypes. CLB were identified by checking
colonies for a typical yellow/ orange colony pigmentation,
typical CLB colony morphology and the flexirubin-
positive reaction, i.e. red coloration of the colony after
addition of 10% KOH (Reichenbach 1992). Fluorescent
pseudomonads were identified by testing colonies grown
for up to 7 days on King’s medium B (KMB) agar (King
et al. 1954) for siderophore-dependent fluorescence under
u.v. light.

Screening for sensitivity to Ps. fluorescens
CHAO among barley rhizosphere bacteria

The barley rhizosphere isolates were scored for sensitivity
towards the biocontrol agent Ps. fluorescens CHAO (Voisard
et al. 1994) with a rapid microplate assay as follows. From
cultures stored in microtitre plates at —80 °C, approxi-
mately 1 ul from each well was transferred by a 96-pin
replicator (Life Technology, Tastrup, Denmark) to the
surface of 1/10 strength tryptic soy broth agar (1/10 TSBA,;
3 g I"! Difco tryptic soy broth, 15 g 1"! Difco agar) poured
into omni-well microplates (Life Technology). The spots
were allowed to dry on the agar before an overnight culture
of strain CHAO grown in 1/10 TSB (3 g I"! Difco tryptic
soy broth) was transferred to the agar surface using the 96-
pin replicator. The dots of CHAOQ suspension were placed
about 3 mm away from the dots of the rhizosphere bacteria,
so that the colonies would meet each other after few days of
growth during incubation at 20 °C. Inhibition of rhizo-
sphere bacteria by strain CHAO was recorded as full or
partial colony growth inhibition compared with growth of
bacteria in the absence of CHAQ. The reproducibility of the
screening method was validated by testing a total of 96
randomly-selected bacteria on separate Petri dishes contain-

ing 1/10 TSBA.

Inhibition of CLB isolate CLB23 by Ps. fluorescens
CHAO and derivatives in an agar plate assay

Among the CLB sensitive to Ps. fluorescens CHAOQ, one
isolate, named CILLB23, was selected for further studies.

Strain CLLB23 was isolated from the rhizosphere of barley in
May and showed a high degree of growth inhibition
compared with other CLB isolates (data not shown) when
exposed to CHAQ. Partial sequencing of the 16S rDNA gene
confirmed that CILB23 belonged to the genus Flavobacterium
(data not shown). The effect of strain CHAO and its
genetically-modified derivatives on growth and survival of
CLB23 was studied in an in vitro inhibition assay and in
plant (barley) microcosms. The following derivatives of
strain CHAO were used: CHAO/pME3424 which overpro-
duces the antibiotics Phl and Plt due to amplification of the
rpoD gene encoding the housekeeping sigma factor o’
(Schnider er al. 1995); the dry-stress-sensitive mutant
CHA212, which is non-mucoid and carries an in-frame
deletion in the algU gene encoding the stress sigma factor
AlgU  (RpoE)  (Schnider-Keel er al. 2001); and
CHAO0/pMEG6555, which over-expresses algU resulting in
a highly mucoid phenotype due to EPS overproduction
(Schnider-Keel ¢z al. 2001). In contrast to CHAO0/
pMEG6555, the wild-type strain CHAO and the algU mutant
CHAZ212 produce only low levels of EPS (Schnider-Keel
et al. 2001). For strains CHA(0/pME3424 and CHAO0/
pMEG6555, respectively, 125 ug ml™' tetracycline hydro-
chloride and 10 pg ml™' gentamicin were added to the
growth media when required.

The in vitro inhibition of CLLB23 by strain CHAO and
derivatives was studied on 1/10 TSBA and KMB,
substrates which promote production of antibiotics in
strain CHAOQ, in particular Plt. Suspensions of washed
cells of strain CHAOQ and derivatives were prepared from
overnight KMB cultures grown at 20 °C and adjusted to
an O.D.gg0 of 0-6. Aliquots (5 ul) of the cell suspensions
were spotted on the plates and the plates were incubated
at 20 °C for 18 h. Thereafter, bacteria grown on the agar
were killed by exposure to u.v. light and overlaid with
4 ml soft agar (1/10 TSBA with 0-5% [w/v] agar) mixed
with 400 pul of an overnight culture of CLB23. After
3 days of incubation at 20 °C, inhibition of CLLB23 was
assessed by measuring the diameter of growth inhibition
and subtracting the diameter of the Ps. fluorescens spot.
Inhibition by the derivatives was expressed relative to the
inhibition caused by strain CHAOQ that had been spotted
on the same plate. The inhibition assays were performed
in triplicate.

Interactions between CLB isolate CLB23 and
Ps. fluorescens in plant microcosms

The interactions between Ps. fluorescens strains and the
CLB strain CLLB23 were studied in the rhizosphere of
barley grown in microcosms consisting of sterile, artificial
soil. The artificial soil contained pure vermiculite, quartz
sand and quartz powder mixed at a ratio of 10:70:20 (by
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weight), and was moistened with distilled water to 10% of
the soil weight (Keel ez al. 1989). The artificial soil was
autoclaved twice prior to bacterial inoculation. Barley seeds
(H. vulgare L., cv. Lambda) were surface-disinfected in
5% (w/v) sodium hypochlorite for 20 min, rinsed twice
with distilled filter-sterilized water and then germinated for
3 days on 1/10 TSBA supplemented with 0-:8% agar
(Serva) at 20 °C in darkness. The bacterial cell suspensions
used in microcosms were prepared from overnight cultures
of CLLB23 and Ps. fluorescens strains grown in 1/10 TSB
and KMB, respectively, at 20 °C. The cells were washed
twice in sterile distilled water, and the cell concentration
was adjusted to an O.D.gy of 0:6. For inoculation of the
artificial soil, the suspensions (17 ml) of CHAO or its
derivatives were diluted in 107 ml sterile distilled water
combined with 10 ml Knop’s plant nutrient solution (Keel
et al. 1989), and this combination (134 ml) was thoroughly
mixed into 2000 g of soil to obtain around 8 x 10® + 3 x
10® cfu g_l of soil. Aliquots of 50 g of soil inoculated with
the Ps. fluorescens strains were placed into sterile 200 ml
Erlenmeyer flasks with wide openings. Three-day-old
barley seedlings (450 in total) were then inoculated with
strain CLB23 by shaking them for 30 min at 100 rev min~"
in a suspension of the bacterial strain adjusted to 3-1 X
10° £ 0-3 x 10° cfu mI™". This treatment resulted in 2-0 x
10" £ 06 x 107 cfu of strain CLB23 per seedling. Three
inoculated seedlings were then carefully placed in each
flask. In one treatment, survival of C1LB23 was followed in
the barley rhizosphere in the absence of CHAO or its
derivatives. The openings of the flasks were covered with a
layer of sterilized paper cloth, which allowed slow evapor-
ation of the soil water. The microcosms were incubated in
a randomized block design for up to 23 days in a growth
chamber at 80% relative humidity and 18 °C with light
(200 pmol s™' m™%; ratio of 1-37 of light at 660 nm to
730 nm) for 16 h, followed by an 8 h dark period at 15 °C.
On two occasions (days 7-9 and days 18-23), evaporation
from the soil was increased by reducing the air humidity
temporarily to 50%. To re-wet the soil at the end of the
first dry-stress period (day 9), 10 ml sterile distilled water
were sprayed into each flask.

At each sampling, microcosms in triplicates of each of
the five treatments were harvested. Plants were removed
from the soil by gently shaking, and the remaining soil
adhering to the roots was defined as the rhizosphere. Roots
with adhering soil from each flask were pooled and
transferred into 50 ml plastic tubes containing 10 ml
sterile distilled water. Tubes were vigorously shaken at
250 rev min~"! for 1 h and serial dilutions of the resulting
rhizosphere soil suspensions were plated on 1/10 TSBA.
Petri dishes were incubated at 20 °C in darkness for up to
6 days. Colonies of CLLB23 and of CHAO and its deriv-
atives were distinguished based on their colony morphology.

For assessing total bacterial counts, 5 ml aliquots of the
rhizosphere suspensions were fixed by addition of 330 ul
37% formaldehyde solution (2:5% [w/v]). Total cell
numbers of CHAOQ and its derivatives were determined
by immuno-fluorescence microscopy as described by
Mascher et al. (2000). Total counts of CLB23 were
assessed after acridine orange staining and fluorescence
microscopy according to Binnerup er al. (1993). The
CLB23 cells were recognized by their cell morphology.
Soil water content was determined by oven drying of soil

samples at 80 °C for 48 h.

Statistical analysis of data

Data on cfu were first log;o transformed and then subjected
to variance analysis (version 2 of GraphPad PRISM™
GraphPad Software Inc., San Diego, USA) and, when
appropriate, a Tukey post-test was applied. Significance was
determined at a P-value of 0-05.

RESULTS

Sensitivity of barley rhizosphere isolates
to Ps. fluorescens CHAOQ in agar plate assay

The majority of the 2532 rhizosphere bacteria isolated from
field-grown barley plants were inhibited by Ps. fluorescens
CHAO in the agar plate (in vitro) assay. On average, 85%
of the bacteria (Fig. 1) from May samples, and around
68% of the isolates from July and August samples, were
sensitive to strain CHAQ. The frequency of sensitive
isolates within two predominant groups of rhizosphere
bacteria, i.e. CLB and fluorescent pseudomonads, was
specifically recorded. A high proportion of CLB isolates in
the May and July samples (95% and 81%, respectively)
was found to be sensitive to strain CHAQ, whereas the
proportion was reduced to 62% in the August sample
(Fig. 1). The proportion of CHAOQ-sensitive fluorescent
pseudomonads was 44% in the May sample and was
reduced to 5% and 0% in the July and August samples,
respectively (Fig. 1).

Effect of Ps. fluorescens CHAO and its derivatives
on CLB isolate CLB23 in agar plate assay

One of the CLB isolates (CLB23) which was strongly
inhibited by the biocontrol agent CHAQ in the agar plate
assay was chosen and challenged with CHAO and its
genetically-modified derivatives in the agar-plate assay
and the plant microcosm with the barley rhizosphere (in
vivo). In the agar plate assay, inhibition zones obtained
with the antibiotic overproducing derivative
CHAO0/pME3424 were more than two times larger than
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those produced by the wild-type strain CHAO (Fig. 2).
The inhibitory effect of the algU overexpressing, highly
mucoid derivative CHAO/pME6555 on CLB23 was even
more pronounced (Fig. 2). It remains to be seen whether
this effect was due to enhanced antibiotic production
caused by the overexpression of algU. In contrast, the
degree of inhibition by the non-mucoid 4/gU mutant
CHA212 was similar to that obtained with wild-type
strain CHAO (Fig. 2). No major difference was observed
between results obtained on KMB and 1/10 TSBA agar
substrates (Fig. 2).

Ps. fluorescens biocontrol strain

Effect of Ps. fluorescens CHAO and its derivatives
on CLB isolate CLB23 in the barley rhizosphere

The survival of the CLB isolate CLLB23 was monitored in
the rhizosphere of barley growing in gnotobiotic soil
microcosms to which strain CHAQ or its derivatives had
been applied in high numbers. During the experiment, two
dry-stress events were included (Fig. 3a). Dry-stress con-
ditions were defined here by a soil water content of 5% or
below, corresponding to a soil water potential of —0-5 MPa
(Schnider-Keel er al. 2001). The first dry-stress period
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5
10 0 3 6 9 12 15

Time (days)

lasted from day 7 to day 9, when the soil water content was
dropping from 5% to 1-8% (Fig. 3a). The plants showed
signs of dry stress, i.e. recoiled leaves and a temporary
growth arrest. The soil was subsequently re-wetted after
sampling at day 9 (Fig. 3a). The second dry-stress period

18

21 24 of CLLB23 or CHAO and its derivatives in
mixed treatments (b) and (c) are indicated
by *. Means + sD;n = 3

lasted from day 16 to day 23 when the soil water content was
dropping from 5% (Fig. 3a). During the second dry-stress
period, plants reached wilting point and began to die at the
end of the experiment. In all treatments, cfu of CLLB23 were
reduced by a factor of 10 from the first sampling at day 2 to
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the end of the first dry-stress period, and reached about 3 X
10° cfu g~! soil just before re-wetting of the soil (Fig. 3b).
Even though a significant difference between cfu of CLB23
in the various treatments was found (Fig. 3b), it did not
correlate with the degree of inhibition of CLB23 provided
by strain CHAO or its derivatives i vitro (Fig. 2), since the
most inhibitory strains CHAQ/pME6555 and the antibiotic
overproducer CHAO/pME3424 had the same or a smaller
effect on the CLB23 population compared with strain
CHAQO in the microcosm (Fig. 3b). Re-wetting of the soil at
day 9 resulted in a significant increase of about 7-5-fold in
the number of culturable cells of CILB23, reaching a
maximum of around 12 x 107 cfu g™' soil at day 15
(Fig. 3b), but no significant difference between the CHA
treatments was found. During the second dry-stress period,
cfu of CLLB23 decreased again by a factor of 10, and a
significant difference between treatment with CHAQ/
pME6555 and the other CHA strains was observed at the
end of the experiment (Fig. 3b). In general, cfu of CLB23
when added alone were slightly, but not significantly higher
than cfu of CLB23 incubated with CHAO or one of the
derivatives, except at day 9 (Fig. 3b).

The cfu of strain CHAO and its different derivatives
remained almost constant at 5 x 10° cfu g™' soil during the
first 9 days of the experiment (Fig. 3c). After re-wetting of
the soil at day 9, culturable counts of all Ps. fluorescens strains
significantly increased to around 3 x 107 cfu g~' soil until
day 15, when they started to decline at the onset of the
second dry-stress period to around 10° g™" cfu soil or below
at the end of the experiment (Fig. 3c). Compared with the
other Ps. fluorescens inoculants, the non-mucoid alg U mutant
CHA212 was most affected by dry stress. This became
particularly evident during the second dry-stress period,
where a decline from 1-1 x 107 to 3 x 10° cfu g™ soil of the
CHAZ212 population could be observed (Fig. 3c). However,
the lower number of culturable cells of CHA212 in the soil
did not significantly stimulate numbers of culturable CLLB23
(Fig. 3b).

The total cell number of the CLB isolate CILLB23 in
rhizosphere soil counted after acridine orange staining
slightly decreased from 36 x 107 cells g~' soil at the
beginning of the experiment to 87 X 10° cells g~' soil at the
end of the experiment, while total cell counts of strain
CHAOQ and its derivatives determined after immuno-fluor-
escence staining remained almost constant at 10° cells g™ of
soil throughout the experiment. The percentage of CLLB23
cells able to form colonies varied from 14-5% to 100%, with
the highest culturability obtained at the beginning of
experiment (71%) and after re-wetting of the soil (100%).
Culturability of CI1.LB23 was not influenced by the presence
of CHAO or its derivatives. The culturability of strain CHAOQ
and its derivatives remained at a much lower level than that
of CLLB23, since only 0-17-7% of total immuno-fluorescence

counts were able to form colonies. If enhanced antibiotic
production by CHA0/pME3424 and EPS overproduction
by CHAO0/pME6555 occurred, this did not significantly
affect culturability of these strains. However, culturability of
the algU mutant CHA212 was three to seven times lower at
day 23 compared with the other Pseudomonas strains (data
not shown).

DISCUSSION

In this study, an in vitro assay showed that the majority of
the culturable rhizosphere bacteria on barley (up to 87%)
could be inhibited by the biocontrol strain Ps. fluorescens
CHAQ. Among CLB, an even higher percentage (up to
95%) of the isolates was affected by CHAOQ, while less than
45% of the fluorescent pseudomonads were inhibited.
Natsch ez al. (1997) found that between 30% and 55% of
pea rhizosphere bacteria were inhibited by the purified
antibiotics Phl and PIt. The higher percentage of inhibition
in this study could be due to the use of living CHA cells in
our in vitro assay, or to differences in the native bacterial
population.

The results presented here showed that the highest
frequency of inhibited bacteria occurred in the May sample
and the lowest in August. This reduction in the frequency of
inhibited bacteria could possibly reflect a shift in the
composition of the bacterial community during the plant
growth season, as observed by others (Lilley ez al. 1996;
Mahaffee and Kloepper 1997; Johansen and Binnerup 2002).
Results from this study and previous work show that the
inhibitory activity of strain CHAO is mainly based on the
excretion of the broad-spectrum antibiotics Phl and Plt (see
Fig. 2; Keel et al. 1992; Maurhofer et al. 1994). It may
therefore be speculated that during the growth of the barley,
there was a shift in the composition of the rhizosphere
bacterial community towards subpopulations that were more
resistant to antibiotics such as Phl and Plt. It is noteworthy
in this context that an increase in the number of Phl-
producing bacteria has been observed in the rhizosphere of
maize during plant growth (Picard ez a/. 2000).

Bacteria identified as CLB are abundant in the rhizo-
sphere of barley and, especially in spring, they have recently
been found to be numerous and may play an important role
due to their potential to produce several extracelluar
enzymes involved in the degradation of different biopoly-
mers (Olsson and Persson 1999; Johansen and Binnerup
2002). Since it was found that 95% of the CLLB from the
May sample were inhibited by CHAQ in in vitro assays
(Fig. 1), a sensitive CLB isolate (CLLB23) was selected to
study its interaction with CHAO wild-type and mutant
derivatives in a plant microcosm experiment. Though
CLB23 was shown to be strongly inhibited by CHAO in
the i vitro assay, this was not the case in the barley
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rhizosphere as a reduction in the cfu of CLLB23 could not be
correlated with the interaction by either the wild-type
CHAQO or one of its derivatives (see Fig. 3b).

The lack of interaction in the rhizosphere could be
attributed to low levels of Phl and Plt antibiotic production
in the rhizosphere by CHA(. However, CHA( has actually
been shown to produce antibiotics in the rhizosphere (Keel
et al. 1992; Maurhofer ez a/. 1992), and it is therefore likely
that the antibiotics were also produced in the present
microcosm experiment. In comparable experiments, it has
previously been found that strains of Bacillus sphaericus,
B. mycoides and Sinorhizobium meliloti, which were inhibited
by strain CHAO in i vitro tests, were unaffected by CHAOQ
or its antibiotic overproducer in soil microcosms experi-
ments (Niemann et al. 1997; Natsch ez al. 1998). Natsch
et al. (1998) speculated that the lack of inhibition might be
due to a low inoculation level of CHAOQ and its antibiotic
overproducer. However, they observed that increasing the
inoculation level to 107 cfu g™ soil did not result in any
effect. A rapid loss of culturability of CHAO cells could be
another explanation, since such a loss has been observed
soon after its release into soil (Troxler ez al. 1997; Mascher
et al. 2000). In this study, only 0-17% of the inoculated cell
number could be cultivated after 23 days. This may explain
the lack of interaction between CHAO and CLB23. By
comparison, the culturability of CLLB23 was remarkably high
(14-5-100%) compared with CHAO or its derivatives (0-17—
7-:3%), illustrating the robust survival of this CLB strain in
the rhizosphere. Furthermore, the inoculation of CLB23
together with CHAOQ or its derivatives had no influence on
the maintenance of CILB23 culturability. Finally, the lack of
interaction between CHAQ and CLB23 could also be due to
occupancy of different niches in the rhizosphere by the two
bacteria. The nutritional capacity actually suggests this, as
pseudomonads may easily degrade simple sugars (Palleroni
1993) whereas CLB often degrade more recalcitrant bio-
polymers (Reichenbach 1992). Occupancy of different
niches is further supported by the fact that most of the
impact reported by CHAO is observed for closely-related
bacteria such as other members of the Pseudomonas popu-
lation (Natsch er al. 1997, 1998).

Dry stress can influence the survival of rhizosphere
bacteria (Harris 1981; Pedersen and Jacobsen 1993). Re-
wetting of soil or plant systems after dry stress may lead to a
release of carbon and nutrients from the plants as well as soil
particles, resulting in increased (Hejberg et al. 1996)
microbial activity or higher cell numbers (Kieft ez al.
1987; Pedersen and Jacobsen 1993). Further, secretion of
mucilage from epidermal cells of the plant root may provide
protection of bacteria in the rhizosphere against dry stress
(Campbell and Greaves 1990). At the end of the second dry-
stress period, all plants reached wilting point, and a
reduction in the numbers of CLLB23 as well as CHAO or

its derivatives was observed. The algU mutant CHA212
showed a significantly poorer survival than the other
Pseudomonas inoculants during the two dry stress periods
(Fig. 3c), thus confirming the recent results of Schnider-
Keel et al. (2001), although these authors found a faster cell
number decline in their soil experiments than in the present
rhizosphere experiments. It is therefore suggested that due
to a slower decline of CHA212 in the barley rhizosphere
than in the soil, roots may provide a certain degree of
protection against dry stress. The enhanced production of
EPS by CHAO/pME6555 did not result in improved
survival of the strain during the dry-stress periods (Fig. 3c).
However, this is in contrast to Roberson and Firestone
(1992), who suggested that EPS production may provide a
microenvironment that enhances bacterial survival during
dry stress by holding water and drying more slowly than the
surrounding soil. Nevertheless, it is possible that the
conditions in the rhizosphere were not conducive to
enhanced EPS production and thus, better survival by
CHA0/pME6555.

The rhizosphere is described as an environment with
enhanced availability of carbon and other nutrient sources
compared with bulk soil (Bazin et al. 1990). Bacteria can
grow on a wide variety of soluble compounds leaching from
the roots (Rovira 1969; Bolton et al. 1993), and from the
mucilage produced by the root cap and sloughed off plant-
cell materials (Campbell and Greaves 1990; Lynch and
Whipps 1990). However, the environment is very hetero-
geneous and survival may be high for some and low for other
bacteria. The results of the present study demonstrated that
establishment of both CLLB23 and CHAO and its derivatives
in the rhizosphere occurred and that the rhizosphere was a
niche for survival of subpopulations of both bacteria under
dry stress (Fig. 3). The lack of inhibition of CLB23 by
CHAO and its derivatives in the plant microcosm experi-
ment underscores the contrast between results from iz vitro
and in situ studies. By increasing the complexity, the
negative impact of CHAQ and its derivatives on the CLLB
isolate basically disappeared, possibly due to low antibiotic
production or occupancy of different niches by the two
bacteria. These aspects should be considered when evalu-
ating the use of bacteria for biological control.
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ABSTRACT

Extracellular polysaccharides (EPS) may contribute to host coloniza-
tion, virulence and stress tolerance in plant-associated bacteria. Some
bacteria naturally produce EPS in abundant quantities and as a conse-
guence have a highly mucoid appearance. This study focused on the
potential contribution of EPS hyperproduction to biocontrol activity of
plant-beneficial pseudomonads against root pathogens. Around 20%
of the fluorescent Pseudomonas strains isolated from soils of world-
wide origin were found to have a highly mucoid phenotype. However,
the proportion of mucoid isolates that showed biocontrol activity
against either Pythium or Fusarium was about 2-3 times lower than
the proportion of the nonmucoid isolates with biocontrol activity. This
phenomenon was further investigated using the wellcharacterized
nonmucoid biocontrol agent Pseudomonas fluorescens CHAO and two
EPSoverproducing derivatives as model strains. In the two mutants,
the mucA gene encoding an anti-sigma factor for AlgU (AIgT) isin-
activated. The mucA mutants were significantly impaired in their ca-
pacity to protect cress from Pythium damping-off and had a strongly
reduced antimicrobial activity in vitro. Examination of the production
of the antifungal metabolites pyoluteorin and 2,4-diacetylphlorog-
lucinol indicated that these compounds may be retained by the EPS
matrix of the mucA mutants, causing reduced biocontrol efficacy.
Other exoproducts such as extracellular protease(s) may be affected
by this mechanism as well. Microscopic observation of strains tagged
with the green fluorescent protein reveal ed that the mucoid mutants
were restricted in colonization of cressroots. This effect could be re-
lated to the diminished surface moatility of the mucA mutants, possibly
caused by the
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A variety of stress situations may affect the activity and survival of plant-beneficial psenudomonads added to
soil to control root diseases. This study focused on the roles of the sigma factor AlgU (synonyms, AlgT, RpoE,
and o*?) and the anti-sigma factor MucA in stress adaptation of the biocontrol agent Pseudomonas fluorescens
CHADO. The algU-mucA-mucB gene cluster of strain CHA(0 was similar to that of the pathogens Pseudomonas
aeruginosa and Pseudomonas syringae. Strain CHAQ is naturally nonmucoid, whereas a mucA4 deletion mutant
or algU-overexpressing strains were highly mucoid due to exopolysaccharide overproduction. Mucoidy strictly
depended on the global regulator GacA. An algU deletion mutant was significantly more sensitive to osmotic
stress than the wild-type CHAO strain and the muc4 mutant were. Expression of an algU’-'lacZ reporter fusion
was induced severalfold in the wild type and in the mucA mutant upon exposure to osmotic stress, whereas a
lower, noninducible level of expression was observed in the algU mutant. Overexpression of algU did not
enhance tolerance towards osmotic stress. AlgU was found to be essential for tolerance of P. fluorescens towards
desiccation stress in a sterile vermiculite-sand mixture and in a natural sandy loam soil. The size of the
population of the algU mutant declined much more rapidly than the size of the wild-type population at soil
water contents below 5%. In contrast to its role in pathogenic pseudomonads, AlgU did not contribute to
tolerance of P. fluorescens towards oxidative and heat stress. In conclusion, AlgU is a crucial determinant in the
adaptation of P. fluorescens to dry conditions and hyperosmolarity, two major stress factors that limit bacterial

survival in the environment.

Some strains of fluorescent pseudomonads colonize the
roots of many crop plants and protect them from diseases
caused by soilborne fungal pathogens. Disease suppression by
these bacteria involves a blend of mechanisms, including ef-
fective competition for nutrients and colonization sites, patho-
gen inhibition by production of antimicrobial compounds, and
induction of resistance in the plant (3, 24, 62). Following in-
troduction into soil, the biocontrol performance of pseudo-
monads depends largely on their ability to maintain stable
populations and to be metabolically active at least over the
period needed to exert their beneficial effects. However, in soil
these bacteria are exposed to a range of variable biotic and
abiotic stress factors, such as competition, predation, and
changes in temperature, osmolarity, and availability of water
and nutrients (42, 63). Therefore, the sizes of introduced
pseudomonad populations may decline considerably within a
few weeks, and biocontrol activity often tends to be variable
(24, 62).

To ensure survival in changing environments, bacteria rely
on regulatory mechanisms that allow them to respond rapidly
to stress situations (60). Regulatory elements that make essen-
tial contributions to bacterial survival under stress conditions
include the alternative sigma factors RpoS (o*) and RpoE (0%
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also referred to as AlgU or AlgT in fluorescent pseudo-
monads). RpoS is required for tolerance of stationary-phase
cultures of different Pseudomonas species towards hyperosmo-
larity, high temperatures, and agents generating reactive oxy-
gen intermediates (ROIs) (23, 52, 61). AlgU contributes to
tolerance towards osmotic, oxidative, and heat stresses in the
pathogens Pseudomonas aeruginosa (32, 54, 56, 70) and Pseu-
domonas syringae (26).

The extracytoplasmic function sigma factor AlgU is encoded
by the algU gene, which is part of a highly conserved operon in
gram-negative bacteria (19, 26, 35, 44). The function of algU
has been extensively studied in P. aeruginosa with respect to its
roles in stress response and in regulation of biosynthesis of the
exopolysaccharide (EPS) alginate. Regulation of AlgU activity
in P. aeruginosa is complex. AlgU positively regulates its own
transcription (12, 22, 56, 68). Located downstream of algU, the
mucABCD genes ensure tight control of AlgU activity in P.
aeruginosa (19). The mucA gene encodes a transmembrane
protein which acts as an anti-sigma factor for AlgU, and mucB
codes for a periplasmic protein which is another negative reg-
ulator of AlgU (36, 57, 69). MucC and MucD modulate algU
expression, but the precise functions of these proteins have not
been fully established yet (5, 6). Binding of AlgU to the inner
membrane protein MucA occurs when MucA interacts with
the periplasmic MucB protein (36, 44, 50). Environmental
stress conditions are thought to destabilize the MucB-MucA-
AlgU complex, leading to release of AlgU into the cytosol. As
a consequence, AlgU becomes active and transcription of al-
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TABLE 1. Bacterial strains and plasmids used in this study

APPL. ENVIRON. MICROBIOL.

Strain or plasmid

Genotype and/or phenotype”

Reference or source

P. fluorescens strains

CHAO0 Wild type 65
CHAO-Rif Spontaneous Rif" derivative of CHAO 45
CHAS89 gacA::Q-Km, Km" 29
CHA211 mucA::Tn5, Km" This study
CHA212 AalgU This study
CHAZ212-Rif CHAO-RIf AalgU, Rif" This study
CHA213M AmucA This study
CHA213M.gacA AmucA gacA:Q2-Km, Km"* This study
CHAS510 gacS::Tn5, Km" 8
P. aeruginosa strains
PAO1 Wild type ATCC 15692
PAOS568 mucA2 leu-38 str-2 FP2* 32
PAO6852 PAOL1 algU::Tc", Tc* 32
E. coli strains
DH5« recAl endAl hsdR17 deoR thi-1 supE44 gyrA96 relAl A(lacZYA-argF)U169 (¢80dlacZAMIS5) 51
W3110 Prototroph, sup® A~ 51
Plasmids
pBluescript II KS+ Cloning vector, ColE1 replicon, Ap* Stratagene
pLG221 Suicide vector, Collldrd-1::Tn5, Incla, Km* 7
PME497 Mobilizing plasmid, IncP-1, Tra RepA(Ts), Ap* 66
PME3049 Suicide vector, ColE1 replicon, RK2-Mob, Hg" Km* 53
pME3087 Suicide vector, ColE1 replicon, RK2-Mob, Tc* 65
pME3088 Suicide vector, ColE1 replicon, RK2-Mob, Tc* 65
PME3089Km PME3088 carrying gacA of P. fluorescens disrupted by an )-Km cassette, Tc" Km* 29
PMEG6000 Cloning vector, pPBBRIMCS derivative, 18 copies per chromosome equivalent in P. fluorescens, Tc" 38
pMEG6010 Cloning vector, pACYC177-pVS1 shuttle vector, 6 copies per chromosome equivalent in P. fluore- 21
scens, Tc"
pMEG6010AB PMEG6010 with deletion of the unique BamHI site, Tc" This study
pMEG6200B PME3049 with a 0.8-kb genomic DNA fragment of P. fluorescens CHA211 This study”
pMEG6200X PME3049 with a 4.5-kb genomic DNA fragment of P. fluorescens CHA211 This study”
pMEG6202X PME3049 with a 14.5-kb genomic DNA fragment of P. fluorescens CHAOQ This study”
PMEG6202XAEV pMEG6202X with a 9.8-kb EcoRV deletion This study”
pMEG6217 pMEG6000 with a 2.6-kb Apal-BamHI fragment of pME6202XAEV, containing algUmucA This study”
pMEG6219 pMEG6010AB with a 2.6-kb Apal-BamHI fragment of pME6202XAEYV in which the 275-bp NotI- This study”
Clal fragment in algU is replaced by the 56-bp NotI-Clal polylinker of pBluescript II KS+, con-
tains intact mucA
pMEG6220 pMEG6000 with a 1.7-kb Apal-Mscl fragment of pME6202XAEV, containing algU This study”
pME6221 pMEG010AB with a 1.7-kb Apal-Mscl fragment of pME6202XAEV, containing algU This study”
pME6222 pPMEG6010AB with a 1.0-kb Apal-NotI fragment of pME6202XAEV and the 3-kb BamHI-Dral frag- This study”
ment of pNM482 containing 'lacZ, algU'-'lacZ translational fusion at the Notl site in algU
pMEG6551 Cloning vector, pME6000 derivative with insertion of the Gm" determinant (aac! gene) of pMLS at This study
the EcoRV site in the tet4 gene, Tc* Gm®
pME6555 PMEG6551 with a 1,712-bp Sau3A fragment of pME6215 (5" end located 48 bp upstream of the algU This study”
start codon) containing algUmucA placed under the control of the lac promoter
pML8 RSF1010-derived cloning vector carrying the Gm" gene aacl, Tc" Gm* 28
pNM482 ColEL1 replicon, 'lacZ, Ap* 43
pUK21 Cloning vector, lacZo, Km* 64

“ Ap', ampicillin resistance; Gm", gentamicin resistance; Hg', mercury resistance; Km", kanamycin resistance; Rif", rifampin resistance; Tc", tetracycline resistance.

b See Fig. 1.

ginate biosynthesis and other genes occurs. Any change in the
balance of this regulatory system influences the titer of avail-
able active AlgU. For example, mutations in mucA or mucB
cause increased activity of AlgU, which leads to mucoidy due
to overproduction of alginate (33, 34, 36). Mucoid conversion
due to spontaneous lesions in mucA is typically detected in P.
aeruginosa isolates from chronically infected cystic fibrosis pa-
tients, and the production of copious amounts of alginate is
thought to be important for virulence and survival of these
bacteria in the lungs (4, 34).

Little is known about the role of AlgU and its negative
regulators in plant-beneficial pseudomonads. In the present
study, we identified a genomic region which comprises the
algU-mucA-mucB gene cluster in Pseudomonas fluorescens
CHAOQ, a well-characterized soil bacterium with broad-spec-
trum biocontrol activity (24, 65). We found that AlgU, along

with MucA, tightly controls EPS biosynthesis and tolerance
towards osmotic stress in this bacterium. In contrast to AlgU of
pathogenic pseudomonads, AlgU of strain CHAO does not
contribute to survival in response to treatment with heat and
ROIs. Finally, we present the first evidence that AlgU is a
crucial determinant in adaptation of P. fluorescens to desicca-
tion stress, a major factor that limits bacterial survival in for-
mulations or in soil.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are described in Table 1. P. fluorescens strains were
cultivated on nutrient agar (NA) (59), on King’s medium B (KMB) agar (27), in
nutrient yeast broth (NYB) (59), in KMB broth, and in Luria-Bertani broth (LB)
(51) at 30°C with aeration. Escherichia coli and P. aeruginosa strains were grown
on NA and in NYB at 37°C. Antimicrobial compounds, when required, were
added to the growth media at the following concentrations: ampicillin, 100
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FIG. 1. Physical location of the nadB, algU, mucA, and mucB genes in P. fluorescens CHAQ. Symbols: ¥, Tn5 insertion in the chromosome of
strain CHA211; A, region deleted in strains CHA212 and CHA213M and in plasmid pME6219. The shaded arrows indicate the genes sequenced
or partly sequenced on the EcoRI-BamHI fragment of pME6202XAEV. The open boxes indicate the genomic inserts in ColE1-based plasmids
pME6200B, pME6200X, pME6202X, and pME6202XAEV. The lines indicate the fragments cloned into vector pME6000 to obtain pME6217,
PME6220, and pME6555 and into vector pME6010AB to obtain pME6219, pME6221, and pME6222.

pg/ml; chloramphenicol, 25 pg/ml; HgCl,, 20 pg/ml; gentamicin, 10 pg/ml; kana-
mycin sulfate, 25 pg/ml; rifampin, 100 pg/ml; and tetracycline hydrochloride, 25
wg/ml for E. coli and 125 pg/ml for P. fluorescens strains. When appropriate,
5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-Gal) was incorporated into solid
media to monitor B-galactosidase expression (51).

DNA manipulation and sequencing. Small-scale plasmid DNA preparations
were obtained from P. fluorescens strains and pME3049-, pME3087-, and
pME3088-based plasmids were isolated from E. coli by the alkaline lysis method
(51). All other plasmids were prepared from E. coli by the method of Del Sal et
al. (10). Qiagen-tip 100 columns (Qiagen Inc.) were used for large-scale plasmid
DNA preparation. Chromosomal DNA of P. fluorescens was isolated as de-
scribed by Schnider et al. (53). Standard techniques were used for restriction,
agarose gel electrophoresis, dephosphorylation, generation of blunt ends with
the Klenow fragment of E. coli DNA polymerase I or T4 DNA polymerase
(Roche), isolation of DNA fragments from low-melting-point agarose gels, and
ligation (51). Restriction fragments were purified from agarose gels with a Ge-
neclean II kit (Bio 101). Bacterial cells were transformed with plasmid DNA by
CaCl, treatment (51) or electroporation (15). Southern blotting with Hybond N
membranes (Amersham), random-primed DNA labeling with digoxigenin-11-
dUTP, hybridization, and detection (Roche) were performed by using the pro-
tocols of the suppliers. Subclones of pME6202XAEV (Table 1; Fig. 1) con-
structed in pBluescript II KS+ were used for nucleotide sequence determination.

Both strands of the 2,825-bp EcoRI-BamHI fragment of pME6202XAEV were
sequenced by the dideoxy chain termination method using a Sequenase 2.0 kit
(United States Biochemical, Cleveland, Ohio) and T7 polymerase from Phar-
macia. Nucleotide and deduced amino acid sequences were analyzed with pro-
grams of the University of Wisconsin Genetics Computer Group package (ver-
sion 9.1).

Plasmid mobilization and transposition. Derivatives of the suicide plasmids
pME3049, pME3087, and pME3088 were mobilized from E. coli to P. fluorescens
with helper plasmid pME497 in triparental matings as described by Schnider et
al. (53). Transposon mutagenesis in which E. coli W3110 containing Tn5 suicide
plasmid pLG221 (7) was used as the donor strain and P. fluorescens CHAQ was
used as the recipient strain was carried out as described previously (37).

Construction of P. fluorescens mutants by gene replacement. For construction
of the algU in-frame mutant CHA212 (Fig. 1), the 275-bp NorI-Clal fragment in
algU was replaced by the 56-bp NotI-Clal polylinker from pBluescript II KS+.
The flanking genomic DNA, consisting of the 1.2-kb HincII-NotI fragment and
the 1.4-kb Clal-BamHI fragment of pME6202XAEV (Fig. 1), was cloned into
suicide vector pME3087 (65). To obtain the mucA in-frame mutant CHA213M
(Fig. 1), the 309-bp Smal-Mcsl fragment in mucA was deleted. The flanking
genomic DNA, consisting of the 0.6-kb PvulI-Smal fragment and the 0.8-kb
Mecsl-BamHI fragment of pME6202XAEV, was cloned into suicide vector
pME3088 (65). The derivatives of the suicide plasmids, which carried a tetracy-
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cline resistance determinant, were mobilized with helper plasmid pME497 (66)
to wild-type strain CHAO. Cells with a chromosomally integrated plasmid were
selected for tetracycline resistance. Excision of the vector by a second homolo-
gous recombination event was observed after enrichment for tetracycline-sensi-
tive cells (53). The same approach was used to create an algU in-frame mutation
in rifampin-resistant strain CHAO-Rif. To obtain the mucA gacA double mutant
CHA213M gacA, plasmid pME3089Km, a derivative of suicide vector pME3088
carrying gacA disrupted by an Q-Km cassette (29), was mobilized into strain
CHA213M. Selection of cells with a chromosomally integrated plasmid and
excision of the vector by a second crossover were performed as described above.
Selection for kanamycin resistance ensured the presence of the (-Km insertion
in strain CHA213M.gacA. The algU, mucA, and gacA mutations were checked by
Southern blotting (data not shown).

Extraction and quantification of EPS from P. fluorescens. Aliquots (100 l) of
an overnight LB culture of strain CHAO or one of its derivatives were plated on
KMB agar plates. Three replicate plates per strain were prepared and incubated
for 24 h at 30°C. Extraction and quantification of EPS were performed by using
a procedure described by May and Chakrabarty (39). Briefly, cells were removed
from the medium and suspended in 0.9% NaCl. The suspensions were centri-
fuged for 30 min at 17,700 X g and 4°C to separate the cells from the EPS. The
cell pellets were kept for determinations of total cell protein contents. The EPS
was repeatedly precipitated and washed with ice-cold absolute ethanol. The
contents of uronic acid polymers (components of alginate) in the samples were
then assessed by performing the colorimetric carbazole assay (39), using D-
mannurolactone (Sigma Chemical Co., St. Louis, Mo.) and alginic acid from
seaweed (Macrocystis pyrifera; Sigma) as the standards. The uronic acid content
was expressed per milligram of total cell protein as determined by the Lowry
method, using bovine serum albumin as the standard.

Purification and biochemical analysis of EPS. Mucoid layers from five KMB
agar cultures of highly mucoid mutant strains CHA211 and CHA213M, culti-
vated under the conditions described above, were scraped off the plates with a
sterilized spatula, pooled, and suspended in 50 ml of phosphate-buffered saline
(pH 7.2). After vigorous stirring at 4°C for 1 h, the viscous solution was centri-
fuged at 17,700 X g and 4°C for 4 h to remove the bacterial cells. The remaining
proteins in the supernatant were denatured by heating at 80°C for 30 min and
removed by centrifugation at 17,700 X g for 30 min. Precipitation of EPS by the
addition of ice-cold absolute ethanol, washing, and removal of nucleic acids by
digestion with DNase I (type IV; Sigma) and RNase A (type 1A; Sigma) were
performed as described by Pedersen et al. (47). The EPS was then further
purified by ion-exchange chromatography. Samples were dissolved in 25 mM
ammonium carbonate, loaded onto a DEAE-Sepharose CL-6B column (1.6 by
20 cm; bed volume, 40 ml; Pharmacia), which had been equilibrated with the
same buffer, and eluted with a linear 25 mM to 1 M ammonium carbonate
gradient (39, 47). Fractions (5 ml) containing uronic acids were pooled, exten-
sively dialyzed against sterile water, and lyophilized.

The total carbohydrate of the purified EPS was quantified colorimetrically by
performing the phenol-sulfuric acid assay (13) with 3% (wt/vol) phenol, using
p-mannuronic acid lactone (Sigma) and seaweed alginate as the standards. The
degree of acetylation of uronic acids was assessed on the basis of a colorimetric
reaction with hydroxylamine hydrochloride (40), using B-D-glucose-pentaacetate
(Sigma) as the standard.

Effect of osmotic stress on algU’-'lacZ expression and growth. P. fluorescens
CHAO and its mutant derivatives carrying an algU’-'lacZ translational fusion on
plasmid pMEG6222 (Table 1; Fig. 1) were grown in 20 ml of KMB without
selective antibiotics in 100-ml Erlenmeyer flasks plugged with cotton. Plasmid
PMEG6222 carries the algU promoter region and the 5’ end of algU fused to 'lacZ
from pMN482 (43). To induce osmotic stress, KMB was supplemented with NaCl
(0.6, 0.8, 1.0, or 1.2 M) or sorbitol (1.2 or 1.6 M), a nonionic solute which cannot
be metabolized by strain CHAO. For inoculation, aliquots of exponential-growth-
phase LB cultures of the bacterial strains were used to adjust the cell concen-
trations to an optical density at 600 nm (ODy) of 0.05. Cultures were incubated
with rotational shaking (180 rpm) at 30°C. B-Galactosidase specific activities of
at least three independent cultures were monitored by the Miller method (51).

Doubling times of strain CHAO and its derivatives (cultivated as described
above) were calculated from ODg, values between 0.05 and 1.5 (i.e., during
exponential growth). After 24 h of incubation, bacterial survival was assessed by
plating serial dilutions of the cultures on NA and determining the ratio of CFU
from osmotically stressed cultures to CFU from nonstressed cultures.

Desiccation survival assay performed with filter disks. The sensitivity of P.
fluorescens to desiccation on filters was assessed by using a modification of the
procedure described by Ophir and Gutnick (46). Dilutions of overnight bacterial
cultures were vacuum filtered onto Millipore filters (no. HAWP04700; pore size,
0.45 wm; diameter, 3.5 cm) in order to obtain about 10 to 20 physically separated
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bacterial cells per filter. The filters were placed onto KMB agar plates and
incubated at 30°C for 24 h, which yielded about 5 X 107 CFU per colony that had
developed from the individual bacterial cells. Bacterial colonies were then slowly
dried by removing the filters from the agar plates, cutting the filters into small
pieces so that each piece contained a single bacterial colony, and incubating the
pieces in empty petri dishes at 30°C for 24 h. Colonies on filter pieces that were
placed on agar medium lacking nutrients (18 g of Serva agar per liter, 1.15 g of
K,HPO, per liter, 1.5 g of MgSO, - 7H,O per liter) and were incubated for the
same period served as controls. Cells from a single colony on each filter were
then suspended in 1 ml of a 0.85% NaCl solution by vigorous mixing with a
Vortex mixer for 15 min, and serial dilutions were plated on NA to determine the
number of CFU per colony. Washed filter pieces incubated on NA plates showed
that almost all cells were removed by this treatment. The level of survival was
calculated by determining the percentage of the number of CFU in desiccated
colonies relative to the number of CFU in control colonies. Each filter piece was
handled separately, and the numbers of CFU were determined for at least five
colonies per treatment. The experiment was repeated three times.

Desiccation survival assay performed with soil microcosms. Survival of bac-
terial strains was monitored in desiccating, sterile, artificial soil and in desiccat-
ing, nonsterile, natural soil. The artificial soil consisted of pure vermiculite
(expanded with 30% H,0,), quartz sand with different sizes of particles, and
quartz powder mixed at a ratio of 10:70:20 (by weight) and moistened with 10%
(wt/wt) distilled water (25). The artificial soil was autoclaved twice prior to
bacterial inoculation. Natural sandy loam soil was collected from the surface
horizon of a Swiss cambisol located at Eschikon near Zurich (45). The soil was
sieved through a 5-mm mesh screen prior to use, and stones and roots were
removed. The bacterial cell suspensions used in microcosms were prepared from
exponential-growth-phase cultures grown in LB at 24°C for 16 h. The cells were
washed twice in sterile distilled water, and the cell concentration was adjusted to
an ODg, of 0.2. For inoculation of the artificial or natural soil, 67 ml of the
bacterial suspension was thoroughly mixed into 1,000 g of soil with a sterilized
spoon to obtain about 107 CFU per g of soil. For natural soil microcosms,
rifampin-resistant derivatives of the bacterial strains were used as the inoculants.
Aliquots (20 g) of inoculated soil were placed into sterile 200-ml Erlenmeyer
flasks with wide openings. The openings were covered with one layer of sterilized
paper cloth, which allowed slow evaporation of the soil water. Control micro-
cosms kept at a constant soil moisture level were prepared by placing 200-g
portions of sterile, artificial soil or nonsterile, natural soil containing the bacterial
inoculum into 500-ml bottles, which then were sealed hermetically. The initial
water content of the artificial soil after addition of bacteria was 15.2% = 0.2%,
which corresponded to a soil water potential (W) of about —0.01 MPa. Natural
soil contained 26.9% * 0.2% water, which corresponded to a Wy, of about —0.02
MPa. The soil microcosms were incubated in the dark at 24°C with 65% relative
humidity. For sampling and enumeration of the bacterial inoculants, the entire
contents of a flask with desiccated soil or a 5-g sample from a control soil kept
at a constant humidity was suspended in sterile distilled water by vigorous
agitation on a shaker at 260 rpm for 20 min. At each time point, the number of
cultivable cells and the soil water content were determined for three replicate
flasks or soil samples per treatment. The numbers of CFU were determined by
plating serial dilutions of the soil suspensions on NA. Rifampin-resistant deriv-
atives were recovered from natural soil by plating samples on NA containing 100
wg of rifampin per ml. No rifampin-resistant background bacterial population
was present in the natural soil. CFU data were expressed per gram (dry weight)
of soil and were log transformed before means and standard deviations were
calculated. Water content was assessed by oven drying soil samples at 105°C to
constant weight. The iy, of soil was determined by using a filter paper method
described by Mclnnes et al. (41).

Susceptibility to oxidative stress. Sensitivity to paraquat (1,1'-dimethyl-4,4'-
bipyridinium dichloride; Sigma), hydrogen peroxide (H,O,), or sodium hypo-
chlorite (NaOCI) was examined as described by Martin et al. (32). Filter disks
(diameter, 6 mm; Millipore) were soaked with 10 pl of paraquat (1.9 or 3.8%,
wt/vol), H,O, (3 or 12%, vol/vol), or NaOCl (5 or 10%, vol/vol) and placed on
a layer of soft agar (2 ml of NYB with 0.8% agar) containing 100 pl of a P.
fluorescens or P. aeruginosa overnight culture covering NA. In another approach,
disks (diameter, 10 mm) were soaked with 50-pl portions of the agents men-
tioned above. The diameters of the inhibition zones surrounding the impreg-
nated disks were measured after overnight incubation at 30°C for P. fluorescens
strains and at 37°C for P. aeruginosa strains.

Sensitivity to high temperatures. P. fluorescens CHAO and mutant derivatives
of this strain were grown at 30°C in 20 ml of KMB or NYB in 100-ml Erlenmeyer
flasks sealed with cellulose stoppers. When the cultures reached an ODyg, of 0.5,
the flasks were transferred to a water bath and incubated for 0, 5, 10, 20, 30, 60,
and 90 min at 42 or 48°C with rotational shaking at 180 rpm. At each time point,
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three replicate cultures were sampled to determine the number of CFU on NA.
CFU were counted after incubation for 24 and 72 h at room temperature. Levels
of survival were expressed as percentages of the input number of CFU at time
Z€10.

Nucleotide sequence accession number. The nucleotide sequence of the
nadB', algU, mucA, and mucB’ genes of P. fluorescens CHAO has been deposited
in the GenBank database under accession no. AF399758.

RESULTS

Isolation and characterization of mucoid mutant CHA211.
Following Tn5 mutagenesis of P. fluorescens strain CHAOQ, 1 of
the 1,000 mutants tested had a highly mucoid colony pheno-
type when it was grown on KMB or NA. In contrast, wild-type
strain CHAO is naturally nonmucoid. The mucoid phenotype
of the mutant strain, CHA211, was stable, even when the strain
was repeatedly subcultured in nonselective media for more
than 1 week. Southern hybridization confirmed that mutant
CHAZ211 contained a single Tn5 insertion (data not shown).
The TnS insertion was located 550 bp downstream of the ini-
tiation codon of the mucA gene (Fig. 1 and see below).

Cloning and sequence analysis of the genes surrounding the
Tn5 insertion in strain CHA211. To localize the genomic re-
gion mediating mucoidy in strain CHA211, a two-step Tn5-
directed cloning strategy (53) was used to clone the wild-type
genes corresponding to the genes that were inactivated by the
Tn5 insertion in the mutant. Suicide vector pME3049 carrying
the kanamycin resistance determinant of Tn5 was mobilized
into strain CHA211. Integration of pME3049 into the chromo-
some occurred at a frequency of 7.2 X 10~7 per donor. Chro-
mosomal DNA of CHA211::pME3049 was digested with
BamHI or Xbal, ligated, and used to transform E. coli DH5a.
The resulting plasmids, pME6200B and pME6200X, carried
0.8- and 4.5-kb genomic DNA inserts, respectively, down-
stream of the TnS insertion site (Fig. 1). For isolation of
the wild-type genes, plasmid pME6200B was transferred
into wild-type strain CHAQ. Digestion of genomic DNA of
CHAO::pME6200B with Xhol, self-ligation, and transforma-
tion of E. coli resulted in plasmid pME6202X (Fig. 1) carrying
a 14.6-kb genomic fragment. To reduce the size of the insert in
PME6202X, the plasmid was digested with EcoRV and ligated.
The plasmid obtained, pME6202XAEV (Fig. 1), contained a
4.7-kb genomic DNA fragment.

The 2,825-bp nucleotide sequence of the EcoRI-BamHI
genomic fragment in pME6202XAEV (Fig. 1, expanded re-
gion) revealed that there were two complete and two partial
open reading frames, designated nadB’, algU, mucA, and
mucB’, by analogy with homologous genes in P. aeruginosa (12,
31, 33), P. syringae pv. syringae (26), and Azotobacter vinelandii
(35). The proposed start codons of nadB’, algU, mucA, and
mucB'of P. fluorescens CHAQ are preceded by plausible ribo-
some-binding sites. The deduced product (193 amino acids,
22.2 kDa) of the algU gene of P. fluorescens CHAO is very
similar to alternative sigma factor AlgU (0*?) of P. syringae pv.
syringae (accession no. AF190580; 97% identity), A. vinelandii
(accession no. U22895; 93% identity), and P. aeruginosa (ac-
cession no. L04794 and L36379; 91% identity) and is also
related to RpoE of E. coli (accession no. EC37089; 63% iden-
tity). The mucA gene is located downstream of algU, and its
product (195 amino acids, 20.9 kDa) is 82, 74, and 63% iden-
tical to the MucA anti-o** factor of P. syringae pv. syringae
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TABLE 2. EPS production by P. fluorescens CHAO
and derivatives of this strain

EPS produc-

Strain® Genotype Phenotype  tion (pg/mg
of protein)”
CHAO0 Wild type Nonmucoid 42d
CHAO0/pME6000 Wild type/—¢ Nonmucoid 54d
CHAO0/pME6220 Wild type/P,-algU"  Mucoid 4,602 ¢
CHAO/pMEG6217 Wild type/P,-algU"  Mucoid 6,365 ¢
mucA™
CHAO/pME6555 Wild type/P,,-algU*  Mucoid 14,802 b
mucA™
CHA212 AalgU Nonmucoid 77d
CHA212/pME6010AB AalgU/— Nonmucoid 70d
CHA212/pME6221 AalgUlalgU™ Nonmucoid 21d
CHA211 mucA::Tn5 Mucoid 28,143 a
CHA213M AmucA Mucoid 4123 ¢
CHA213M/pMEG010AB  AmucA/— Mucoid 4,464 c
CHA213M/pME6219 AmucAlmucA™ Nonmucoid 61d
CHA213M.89 AmucA gacA:Q-Km  Nonmucoid 54d
CHAS89 gacA::Q-Km Nonmucoid 43d

“ Bacteria were grown on KMB agar plates at 30°C for 24 h. Plasmid pME6221
was derived from the low-copy-number vector pME6010 (six copies per chro-
mosome equivalent) (21); plasmids pME6217, pME6220, and pME6555 were
derivatives of the multiple-copy-number vector pME6000 (18 copies per chro-
mosome equivalent) (38). P, and P, indicate control from the natural pro-
moter and the lac promoter, respectively.

? EPS production was measured in micrograms of uronic acid produced per
milligram of total cell protein. The data are means based on three individually
assessed cultures. Values followed by different letters are significantly different at
P = 0.05 (Student’s ¢ test).

~, empty vector.

(accession no. AF190580), P. aeruginosa (accession no. L14760
and L36379), and A. vinelandii (accession no. U22660), respec-
tively. The product of the adjacent, incompletely sequenced
mucB gene is 66, 61, and 65% identical to MucB (AlgN) of
P. syringae pv. syringae (accession no. AF190580), P. aerugi-
nosa (accession no. L14760), and A. vinelandii (accession no.
U22660), respectively. The intergenic region upstream of algU
of P. fluorescens comprises 558 nucleotides and exhibits only
48% nucleotide identity with the corresponding region of P.
aeruginosa. Two putative AlgU (RpoE) recognition sites were
found 60 bp (GAACTT-16 nucleotides-TCTAT) and 253 bp
(GAACTT-17 nucleotides-TCAAT) upstream of the transla-
tional start site of algU. Remarkably, the location and sequence
of the first AlgU recognition site (60 bp upstream of the ini-
tiation codon of algU) are conserved in P. fluorescens, P. syrin-
gae pv. syringae (26), and P. aeruginosa (56). The location and
sequence of the second AlgU recognition site are almost iden-
tical in P. fluorescens and P. syringae pv. syringae. The diver-
gently oriented nadB' gene upstream of algU was sequenced
only in its 5" region. The deduced product (117 amino acids)
exhibits similarities to N termini of the L-aspartate oxidase for
NAD biosynthesis of P. aeruginosa (accession no. U17232; 82%
identity) and E. coli (accession no. X12714; 56% identity).
Based on these sequence comparisons, it appears that the
arrangement of the nadB, algU, mucA, and mucB genes is
conserved in P. fluorescens, P. syringae, P. aeruginosa, and A.
vinelandii.

EPS production in P. fluorescens is controlled by the AlgU
regulon. Chromosomal a/gU and mucA in-frame deletion mu-
tations were created in strain CHAO (Fig. 1) as described in
Materials and Methods, and the mutants were tested for EPS
production by using the carbazole assay for uronic acids. The
nonmucoid strains CHAO (wild type) and CHA212 (algU mu-
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FIG. 2. Kinetics of expression of an algU’-'lacZ fusion in response to NaCl stress. B-Galactosidase activity was assayed in P. fluorescens CHAQ
(®) and AalgU mutant CHA212 (O), both carrying pME6222. Growth of CHAO (A) and growth of CHA212 (A) were determined by measuring
ODyg. Strains were grown at 30°C in KMB without (A) or with (B) 0.6 M NaCl. The data are means * standard deviations based on three

experiments. Some of the error bars were too small to be included.

tant) produced very low levels of EPS after incubation on
KMB agar for 24 h (Table 2). In contrast, mucA in-frame
deletion mutant CHA213M developed a mucoid phenotype on
KMB agar and produced copious amounts of EPS (Table 2).
The mucA::Tn5 mutant CHA211 (Fig. 1) produced even more
mucoid material than the mucA in-frame deletion mutant
CH213M produced (Table 2). This may have been due to a
polar effect of the Tn5 insertion on other AlgU regulatory
genes downstream of mucA, especially mucB (36, 50). The
level of EPS production in mucoid mutant CHA213M could be
restored to the low wild-type level by complementation with
mucA™ plasmid pME6219 (Fig. 1), whereas introduction of the
cloning vector pME6010AB alone had no effect (Table 2).
Complementation of the AalgU mutation in CHA212 by
PME6221 carrying intact algU" (Fig. 1) did not significantly
affect the nonmucoid phenotype of the strain (Table 2).
When AlgU was overexpressed from multicopy plasmids
PME6220 (algU*) and pME6217 (algU *mucA™) (Table 1; Fig.
1) in strain CHAO, the level of EPS production increased to the
level observed in mucA mutant CHA213M (Table 2). Interest-
ingly, the presence of multiple copies of mucA in CHAO car-
rying pME6217 did not interfere with the EPS-stimulating
effect of the algU amplification (Table 2), perhaps because
other regulators, such as MucB, were not present at titers that
were high enough. Constitutively high levels of expression of
algU and mucA from the lac promoter on plasmid pME6555
(Table 1; Fig. 1) in strain CHAO resulted in further increases in
the level of EPS production to levels that were about 3.5 times
greater than the level in mucA mutant CHA213M (Table 2).
Attempts to clone algU alone under the control of the lac
promoter failed, since E. coli and P. fluorescens transformants
carrying plasmid constructs with such an insert were not viable
and did not maintain the plasmid, respectively (unpublished
data). Similar problems have been reported for attempts to
overexpress algU in P. aeruginosa and were attributed to po-
tential toxicity of AlgU in the absence of its negative regula-
tors, MucA and MucB (22, 55). In conclusion, EPS biosynthe-
sis in strain CHAO is controlled by a fine-tuned balance
between AlgU and MucA, probably assisted by MucB.

Biochemical analysis of EPS from mucoid mutants of P.
Sfluorescens. EPS was extracted and purified from mucoid ma-
terial of KMB agar cultures of mucA mutants CHA211 and
CHAZ213M by using the procedure described by Pedersen et al.
(47). During DEAE-Sepharose ion-exchange chromatography,
EPS of both P. fluorescens mutants, like alginate of P. aerugi-
nosa (47), eluted between 0.4 and 0.7 M ammonium carbonate,
with a maximum peak at 0.53 M ammonium carbonate. The P.
fluorescens EPS preparations had total carbohydrate contents
of 62% * 9% and 87% * 12% (on a dry weight basis) when
seaweed alginate and p-mannuronic acid lactone, respectively,
were used as the standards. When either of these standards was
used, 46% = 5% of the dry weight could be attributed to
uronic acids, a value which is lower than the uronic acid con-
tent (70 to 100%) described for P. aeruginosa alginate (47).
Nevertheless, the degree of acetylation of P. fluorescens uronic
acids determined by a colorimetric assay was 16% * 2%, a
value identical to the value obtained for P. aeruginosa (47).
Acetylation of uronic acid polymers is a typical feature of
bacterial alginates, whereas algal alginates are not acetylated
(18). No contaminating proteins or nucleic acids were detected
in purified EPS from P. fluorescens. These results indicate that
mucoidy in mucA mutants of P. fluorescens CHAO is due to
overproduction of an acetylated EPS which may be related to
some extent to the EPS produced by P. aeruginosa. Fluorescent
pseudomonads have been shown to produce a wide variety of
EPS which may differ considerably in composition, and algi-
nate has been detected in only some of these EPS (16, 17).

Kinetics of algU expression in response to osmotic stress. To
test algU regulation in response to osmotic stress, we moni-
tored expression of an algU’-'lacZ reporter fusion carried by
pMEG6222 (Table 1; Fig. 1) in wild-type strain CHAO and mu-
tant derivatives of this strain in the presence of NaCl and the
nonionic solute sorbitol. In KMB without NaCl, algU was ex-
pressed at low, almost constant levels in strain CHAOQ and in
algU mutant CHA212 (Fig. 2A). Upon exposure to 0.6 M
NaCl, algU expression in wild-type cells was transiently in-
duced about two- to threefold in the early exponential growth
phase, whereas no induction occurred in the algU mutant (Fig.
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TABLE 3. Expression of an algU’-'lacZ fusion in P. fluorescens CHAO and mutant derivatives of strain CHAO in response to osmotic stress

B-Galactosidase activity (Miller units)”

Strain® Genotype

Induction factor®

Without stress 0.6 M NaCl 1.2 M Sorbitol NaCl Sorbitol
CHAO Wild type 174 b 448 b 469 b 2.6 2.7
CHA212 AalgU 104 ¢ 77 ¢ 124 b 0.7 1.2
CHAO/pME6555 P,.-algU " mucA™ 275 a 683 a 657 a 2.5 2.4
CHA213M AmucA 268 a 694 a ND 2.6 ND
CHAS89 gacA::Q-Km 147 b 381 b ND 2.6 ND
CHAS510 gacS:'Tn5 151 b 379 b ND 2.5 ND

¢ All bacterial strains carried the reporter construct pME6222 containing an algU*“lacZ fusion.

® The initial bacterial cell concentration was adjusted to an ODg of 0.05, and cells were grown for 12 h at 30°C in KMB broth with no supplement or amended with
0.6 M NaCl or 1.2 M sorbitol. The data are means based on three experiments, and three replicate cultures were used for each experiment. Values in the same column
followed by different letters are significantly different at P = 0.05 (Student’s ¢ test). ND, not determined.

¢ Expression of algU’-'lacZ in a bacterial strain grown in the presence of a stress relative to expression of the reporter construct in the absence of the stress.

2B). Similar results were obtained when an osmotically equiv-
alent concentration of sorbitol (1.2 M) was added to the
growth medium (Table 3). Overexpression of algU from
PME6555 or the lack of mucA in strain CHA213M led to
expression of the algU’-'lacZ reporter that was significantly
greater than the expression in the wild type in the nonsupple-
mented medium (Table 3). Expression of algU’-'lacZ was fur-
ther enhanced by exposure to osmotic stress (Table 3). In
summary, algU expression in P. fluorescens is induced in re-
sponse to osmotic stress, and moreover, as in P. aeruginosa (12,
22, 56, 69), AlgU in P. fluorescens positively regulates its own
expression.

In P. fluorescens CHAQ a conserved two-component regula-
tory system consisting of the sensor kinase GacS and the cog-
nate response regulator GacA globally controls the biosynthe-
sis of a range of extracellular products, including antimicrobial
compounds and exoenzymes (20, 29). EPS is another exoprod-
uct of strain CHAO controlled by the GacS-GacA system,
as disruption of the gacA gene in mucoid mucA mutant
CHAZ213M.gacA made the strain nonmucoid and reduced the
levels of EPS production to the levels in the wild type or gacA
mutant CHAS89 (Table 2). GacS-GacA also regulates alginate
production in P. syringae (67), Pseudomonas viridiflava (30),
and A. vinelandii (9). In P. fluorescens, algU expression in gacA
or gacS mutants was not significantly different from algU ex-
pression in the wild type in the absence or presence of osmotic
stress (Table 3), indicating that GacS-GacA control of EPS
production is not exerted via the sigma factor AlgU.

AlgU is required for tolerance of P. fluorescens towards os-
motic stress. We next tested how different levels of algU ex-

pression affect growth and survival of P. fluorescens in response
to osmotic stress. To do this, the doubling times of strain
CHAO and mutant derivatives of this strain were determined
during exponential growth of the bacteria in KMB supple-
mented with different concentrations of NaCl or sorbitol. The
algU mutant CHA212 was significantly more sensitive to os-
motic stress (0.6 or 0.8 M NaCl, 1.2 or 1.6 M sorbitol) than the
wild type and the algU mutant complemented with pME6221
(Table 4). After 24 h of incubation, the numbers of CFU
obtained from NaCl-stressed cultures of the algU mutant were
about 10 to 30 times lower than the numbers of CFU obtained
from cultures of the wild type and the complemented mutant
exposed to the same stress (data not shown). Constitutive
expression of algU from the lac promoter in CHAO/pME6555
made the strain hypersensitive to osmotic stress instead of
protecting it (Table 4). Since high levels of AlgU may be toxic
to bacterial cells (22, 55), this may have accounted for the
increased sensitivity of strain CHAO/pMEG6555 under stress
conditions. Mutant CHA213M lacking the anti-sigma factor
MucA exhibited stress tolerance similar to that of the wild type
(Table 4). Analogous results were obtained when bacterial
strains were exposed to 1.0 M NaCl (data not shown). None of
the strains tested was able to grow in medium supplemented
with 1.2 M NaCl. In conclusion, AlgU is essential for adapta-
tion of P. fluorescens to osmotic stress, but tolerance towards
this stress apparently cannot be improved by overexpression of
AlgU.

AlgU is essential for tolerance of P. fluorescens towards des-
iccation stress in vitro and in soil microcosms. To investigate
whether AlgU contributes to tolerance of P. fluorescens to-

TABLE 4. Effect of osmotic stress on the growth of P. fluorescens CHAOQ and derivatives of this strain

Doubling time (h)?

Strain® Genotype
Without stress 0.6 M NacCl 0.8 M NaCl 1.2 M Sorbitol 1.6 M Sorbitol
CHAO Wild type 0.72 a 1.63 ¢ 375¢ 1.88b 3.05b
CHA212 AalgU 0.72 a 201b 7.83 a 2.82a NG*
CHA212/pME6221 AalgUlalgU™ 0.72 a 171 ¢ 397 ¢ 1.92b 3.72b
CHAO/pMEG6555 Py-algU* mucA™ 0.73 a 253 a 6.23 b 1.94b 5.59a
CHA213M AmucA 0.75 a 1.73 ¢ 403 ¢ ND ND
CHA213M/pMEG6219 AmucA/mucA™ 0.73 a 1.72 ¢ 3.79 ¢ ND ND

“ Bacteria were grown at 30°C in KMB broth with and without NaCl or sorbitol.

® Doubling time was calculated from ODyg values determined during the exponential growth phase (six to eight measurements). During this time the relationship
of ODy values to CFU counts was linear (data not shown). The data are means based on three independent experiments, and three replicate cultures were used for
each experiment. Values in the same column followed by different letters are significantly different at P = 0.05 (Student’s # test). ND, not determined.

¢ NG, no measurable growth during 48 h.
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FIG. 3. Survival of P. fluorescens. Strain CHAO (wild type) (@) and its derivatives CHA212 (AalgU) (O), CHA212/pMEG6010AB (AalgU/—) (1),
and CHA212/pME6221 (AalgU/algU™) (A) were included in a desiccating sterile artificial soil consisting of a mixture of quartz sand and vermiculite
(A) and in a desiccating natural sandy loam soil (B). For microcosms containing natural soil, rifampin-resistant derivatives of the bacterial strains
were used as inoculants. The soil water content (¢) at different times is shown only for the treatment with wild-type strain CHAO since it did not
vary among the different treatments. In the artificial soil, water contents of 15, 10, 5, 1, and 0.5% corresponded to soil Wy, of about —0.01, —0.03,
—0.5, —2.7, and —40 MPa, respectively. In the natural soil, water contents of 20, 15, 10, and 1% corresponded to Wy of about —0.03, —1.5, —3.0,
and —9.5 MPa, respectively. The data are means *+ standard deviations based on three experiments. Some of the error bars were too small to be

included.

wards desiccation stress, strain CHAO and algU and mucA
mutants of this strain were exposed to desiccation stress under
various conditions. In the first series of experiments, bacterial
colonies grown on filter disks were slowly desiccated for 24 h or
were kept at a constant humidity (see Materials and Methods).
The numbers of CFU obtained from desiccated colonies of
wild-type strain CHAOQ were 7% of the numbers of CFU ob-
tained from nondesiccated control colonies. The algU mutant
CHAZ212 did not survive this treatment (<0.1% survival).
Complementation of strain CHA212 with algU" plasmid
PME6221 restored survival to wild-type levels (9%). mucA
mutant CHA213M had a wild-type level of survival (8%), sug-
gesting that a lack of AlgU inhibition and enhanced EPS pro-
duction do not improve survival in response to desiccation
stress.

In a second series of experiments, the contribution of AlgU
to the stress tolerance of P. fluorescens was examined in des-
iccating artificial and natural soil microcosms. The population
dynamics of wild-type strain CHAO and mutants of this strain
were monitored for several weeks and were related to the
decrease in the soil water content. In a sterile mixture of
vermiculite and quartz sand that mimicked formulation condi-
tions, the sizes of the populations of all bacterial strains started
to decline at soil water contents below 5% (Fig. 3A), which
corresponded to a soil Wy, of about —0.5 MPa. The decline in
the size of the population was much more rapid for algU
mutant CHA212, and the number of CFU per gram (dry
weight) of soil was up to 4 log units lower than the value
obtained for the wild type 10 days after bacteria were added to
the soil (Fig. 3A). From day 15, no cultivable cells of the algU
mutant were recovered from the soil (Fig. 3A). In contrast,
wild-type strain CHAOQ was detected for up to 60 days after
inoculation (Fig. 3A; data not shown). Interestingly, strain
CHAZ212 complemented with intact a/lgU carried by pME6221
appeared to be slightly more tolerant towards desiccation
stress than the wild type, whereas introduction of cloning vec-
tor pME6010AB alone had no effect on the sensitivity to stress
(Fig. 3A). No significant differences among the strains tested

were observed in control experiments in which the water con-
tent of the vermiculite-sand mixture was kept constant at 15%.
Under these conditions, the bacterial population densities re-
mained stable at about 0.6 X 107 to 1.1 X 107 CFU/g (dry
weight) of soil throughout the 6-week experiment.

Similar results were obtained when strain CHAO and algU
mutant CHA212 were exposed to desiccation stress in a natu-
ral, nonsterile, sandy loam soil (Fig. 3B). For this experiment,
the rifampin-resistant derivatives CHAO-Rif and CHA212-Rif
(Table 1) were used. These derivatives were indistinguishable
from their parent strains in terms of growth, EPS production,
and tolerance towards osmotic stress and desiccation on filter
disks (data not shown). The natural soil had a better water
retention capacity than the artificial soil, which resulted in a
lower desiccation rate and, consequently, in less rapid declines
in the sizes of the bacterial populations (Fig. 3B). However, as
soon as the soil water content dropped below a critical level,
about 5% (i.e., a ¥y, of about —4.9 MPa), the algU mutant
again was significantly more sensitive to desiccation stress than
the wild type or the complemented mutant (Fig. 3B). In nat-
ural soil kept at a constant moisture level, the sizes of the
populations of all bacterial strains remained at equally high
levels, and there was a slight decline from 107 to 10° CFU/g
(dry weight) of soil until the end of the 30-day experiment.
Taken together, these results demonstrate that the sigma fac-
tor AlgU is a crucial determinant in the adaptation of P.
fluorescens to desiccation stress.

AlgU is not required for tolerance of P. fluorescens towards
ROIs and heat. AlgU contributes to the tolerance of the patho-
gens P. aeruginosa and P. syringae towards certain agents that
generate ROIs and towards heat (26, 32). To determine
whether inactivation of algU or mucA affected the susceptibil-
ity of P. fluorescens to ROIs, wild-type strain CHAO, algU
mutant CHA212, and mucA mutant CHA213M were exposed
to 1.9% (wt/vol) paraquat, 3% (vol/vol) hydrogen peroxide, or
5% (volfvol) sodium hypochlorite. Table 5 shows that both
mutants displayed wild-type susceptibility to these agents.
Additional experiments in which the concentrations of the
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TABLE 5. Sensitivity to killing by ROIs in algU and mucA
mutants of P. fluorescens and P. aeruginosa

Mean diam of growth
inhibition zone (mm) with:

Strain Characteristics
Paraquat H,0, NaOCl

(19%)  G%)  (5%)

P. fluorescens strains

CHAO0 Nonmucoid, wild type  18.0 a 120a 65a

CHA212 Nonmucoid, AalgU 17.0a 120a 65a

CHA213M Mucoid, AmucA 19.0a 125a 65a
P. aeruginosa strains

PAO1 Nonmucoid, wild type ~ 14.0y 75x  7.0x

PAO6852 Nonmucoid, algU::Tc"  22.0x 9.5x 8.5x

PAO568 Mucoid, mucA2 14.0y 9.0x  8.0x

“ Sensitivities to paraquat, H,O,, and NaOCl are expressed as the diameters of
the growth inhibition zones surrounding filter disks impregnated with 10-ul
portions of the agents. The data are means based on three replicates. Values in
the same column followed by different letters (a for P. fluorescens, x and y for
P. aeruginosa) are significantly different at P = 0.05 (Student’s ¢ test).

ROI-generating agents were increased up to 10-fold gave anal-
ogous results (data not shown). In contrast, an algU mutant
(PAOG6852) of P. aeruginosa, which was included as a control in
the same experiment, was significantly more sensitive to para-
quat, but not to H,O, and NaOCI, than wild-type strain PAO1
and mucoid strain PAO568 were (Table 5), confirming previ-
ous data of Martin et al. (32). A series of experiments was then
performed to evaluate the role of AlgU in tolerance of P.
fluorescens towards heat killing. Exponential-growth-phase cul-
tures of strain CHAO and algU mutant CHA212 were exposed
to 42 or 48°C for 5 to 90 min. However, in none of the exper-
iments was there a significant difference in viability between
the wild type and the algU mutant (data not shown). In an
experiment in which we screened for additional factors that
may involve the AlgU-mediated stress response, we found no
differences in the tolerance of strain CHAO and its algU mutant
towards a series of other stresses, including exposure to the
strong reducing agent dithiothreitol (8 mM), which triggers
RpoE function in E. coli (44), exposure to a range of antibi-
otics, and exposure to pH extremes (data not shown). In sum-
mary, these results suggest that AlgU is not required for tol-
erance towards ROIs and heat in P. fluorescens, in marked
contrast to the role of this sigma factor in P. aeruginosa, P. sy-
ringae, and E. coli.

DISCUSSION

In the present study, we identified the algU-mucA-mucB
gene cluster in the plant-beneficial strain P. fluorescens CHAO;
this gene arrangement is conserved in P. aeruginosa (12, 31, 33)
and P. syringae (26). In P. aeruginosa, the algU, mucA, and
mucB genes are cotranscribed and encode (respectively) the
sigma factor AlgU and its main negative regulators, MucA and
MucB, which act in concert to control production of the EPS
alginate and the response to extreme environmental stress (19,
32, 50, 54, 57, 70). In P. syringae, AlgU is also a major deter-
minant in the regulation of alginate biosynthesis and stress
response (26). Here, we provide evidence that on the one
hand, AlgU of P. fluorescens is functionally equivalent to its
counterparts in pathogenic pseudomonads with respect to con-
trol of EPS production. On the other hand, the role of AlgU in
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the stress response of P. fluorescens is distinct from its role in
the stress responses of other bacteria.

Regulation of EPS production. In P. fluorescens CHAO, EPS
production was regulated by at least four mechanisms. First,
the level of algU expression was important. This was seen most
clearly in a strain with moderate algU overexpression, CHAO0/
pPMEG6220, which overproduced EPS (Table 2). The level of
algU expression is determined by AlgU itself: expression of an
algU'-"lacZ reporter was about 40% lower in an algU mutant
than in wild-type strain CHAO (Fig. 2A; Table 3). AlgU auto-
regulation has also been described for P. aeruginosa (12, 22).
The algU promoter region in P. fluorescens CHAOQ was found to
contain two putative AlgU/RpoE recognition sequences. In P.
aeruginosa, the corresponding promoters are designated P1
and P3, and they are absolutely dependent on AlgU (56).
Second, the anti-sigma factor MucA made a major contribu-
tion to EPS production. Without MucA the EPS levels were
100-fold higher than those in a MucA™ background (Table 2).
In contrast, the (indirect) effect of MucA on algU transcription
was relatively small (Table 3). Third, the GacS-GacA two-
component system was essential to sustain high EPS produc-
tivity in a mucA mutant (Table 2). This positive effect of the
transcriptional regulator GacA was not mediated by AlgU (Ta-
ble 3). Fourth, the hypermucoid phenotype of strains CHA211
(mucA:Tn5) and CHAO/pMEG6555 (P,,.-algU " "mucA™) points
to negative AlgU control by MucB, as in P. aeruginosa (36, 50).

Role of AlgU in tolerance towards environmental stress.
Little is known about the regulatory mechanisms that deter-
mine adaptation of plant-beneficial pseudomonads to environ-
mental stress. The present study established that AlgU is a
second sigma factor, in addition to RpoS (52), involved in the
response of P. fluorescens to extreme environmental stress. Our
work shows, for the first time, that AlgU is a key determinant
in the tolerance of P. fluorescens towards desiccation stress,
since the survival of an algU mutant was severely impaired
when the organism was exposed to desiccation in vitro, in a
vermiculite-sand mixture mimicking formulation conditions,
and in natural soil (Fig. 3). Furthermore, this sigma factor was
important in the adaptation of P. fluorescens to high-osmolarity
conditions (Table 4), and high concentrations of NaCl or sor-
bitol stimulated algU expression in both P. fluorescens (Table 3;
Fig. 2) and P. syringae (26). Since plant-associated pseudo-
monads may be exposed to dry and osmotically harsh condi-
tions in the rhizosphere and in the phyllosphere, the capacity
to adapt to these conditions is likely to be important for col-
onization of these plant surfaces (26, 42, 63).

High osmolarity and ethanol (as a dehydrating agent) en-
hance transcription of alginate biosynthesis genes in P. aerugi-
nosa (1, 11, 14, 71) and P. syringae (48). Osmotic stress and
dehydration stress also stimulate, to a limited extent, alginate
production in P. syringae and certain P. fluorescens strains (49,
58). However, exposure of nonmucoid P. aeruginosa (1, 56) or
P. fluorescens CHAO (unpublished data) to osmotic stress does
not fully induce EPS synthesis, indicating that other environ-
mental factors and cellular regulators are required for full
activation of the EPS biosynthesis genes. Remarkably, the
highly mucoid, algU-overexpressing or mucA mutants of P.
fluorescens CHAO did not display improved tolerance towards
osmotic stress (Table 4) and desiccation in vitro and in soil
microcosms (Table 5; unpublished data). This might argue
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against a protective role for EPS in P. fluorescens CHAOQ. Nev-
ertheless, we cannot rule out the possibility that the soil con-
ditions used were not conducive to enhanced EPS production
by the mucoid variants. In this context it is noteworthy that
mucoid mutants of P. fluorescens CHAOQ have exhibited an
improved ability to form biofilms on roots (2). However, it is
also possible that the (low) wild-type level of EPS production
was already sufficient for maximum EPS-mediated stress pro-
tection of the bacterium and that stress defense may not be
further optimized by EPS overproduction.

At present, it is difficult to explain the fact that the algU-
overexpressing mutants (i.e., CHA213M and CHAO/pME6555)
(Table 3) failed to be more stress tolerant than wild-type strain
CHADO, as we expected these mutants to overexpress defense-
related functions in addition to EPS overproduction. One pos-
sibility is that AlgU acts as an on-off switch which, when acti-
vated, drives the expression of stress defense-related genes.
This system may operate until a certain level of saturation of
available active AlgU is reached; beyond this level, AlgU may
even become toxic to the cell.

Interestingly, an algU mutant of P. fluorescens CHAO was not
hypersensitive to a high temperature (48°C) (data not shown)
or paraquat, H,O,, and NaClO (Table 5). This contrasts with
the demonstrated involvement of AlgU in tolerance towards
these stresses in P. aeruginosa (32, 54, 56, 70) and in P. syringae
(26). Activation of algU by ROIs may help these pathogens
withstand the oxidative burst associated with host defense re-
sponses (19, 26). This AlgU-mediated mechanism may not be
required in the nonpathogenic strain P. fluorescens CHAO, as
this bacterium may not be critically exposed to the plant de-
fense response. Alternatively, the sigma factor RpoS, which is
required for tolerance towards oxidative stress in the closely
related plant-beneficial bacterium P. fluorescens Pf-5 (52),
might ensure protection of strain CHAO from plant ROlIs.
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Pseudomonas fluorescens CHAO is an effective biocontrol
agent of root diseases caused by fungal pathogens. The
strain produces the antibiotics 2,4-diacetylphloroglucinol
(DAPG) and pyoluteorin (PLT) that make essential contri-
butions to pathogen suppression. This study focused on the
role of the sigma factor RpoN (c*) in regulation of antibi-
otic production and biocontrol activity in P. fluorescens. An
rpoN in-frame-deletion mutant of CHA(O had a delayed
growth, was impaired in the utilization of several carbon
and nitrogen sources, and was more sensitive to salt stress.
The rpoN mutant was defective for flagella and displayed
drastically reduced swimming and swarming motilities. In-
terestingly, the rpoN mutant showed a severalfold enhanced
production of DAPG and expression of the biosynthetic
gene phlA compared with the wild type and the mutant
complemented with monocopy rpoN*. By contrast, loss of
RpoN function resulted in markedly lowered PLT produc-
tion and plt gene expression, suggesting that RpoN controls
the balance of the two antibiotics in strain CHAOQ. In natu-
ral soil microcosms, the rpoN mutant was less effective in
protecting cucumber from a root rot caused by Pythium
ultimum. Remarkably, the mutant was not significantly im-
paired in its root colonization capacity, even at early stages
of root infection by Pythium spp. Taken together, our results
establish RpoN for the first time as a major regulator of
biocontrol activity in Pseudomonas fluorescens.

Additional keyword: rhizosphere.

Certain strains of fluorescent Pseudomonas spp. that are
closely associated with roots can protect crop plants from
soilborne diseases caused by pathogenic fungi, oomycetes,
and bacteria (Cook et al. 1995; Keel and Défago 1997). In
addition to their capacity to efficiently colonize plant roots,
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the production of metabolites that are inhibitory to plant-
pathogenic rhizosphere inhabitants is considered to be one of
the principal backbones of biocontrol activity in many of
these bacteria (Haas and Keel 2003; Raaijmakers et al. 2002;
Thomashow and Weller 1995). 2.,4-Diacetylphloroglucinol
(DAPG) and pyoluteorin (PLT) are two metabolites that have
received particular attention because of their broad-spectrum
antifungal and antibacterial activity (Haas and Keel 2003;
Keel et al. 1992; Maurhofer et al. 1992, 1995; Raaijmakers et
al. 2002; Thomashow and Weller 1995). Some effective bio-
control pseudomonads produce both DAPG and PLT (Keel et
al. 1996), among them the well-characterized Pseudomonas
fluorescens strain CHAOQ (Haas and Keel 2003; Keel and Déf-
ago 1997; Voisard et al. 1994) and the very closely related P.
fluorescens strain Pf-5 (Howell and Stipanovic 1980; Kraus
and Loper 1995; Sarniguet et al. 1995). DAPG and PLT
make major contributions to biocontrol activity in these
strains. DAPG has been shown to contribute to the protection
of wheat from take-all disease (Keel et al. 1992) and of to-
bacco from black root rot (Keel et al. 1990), whereas PLT
has been associated mainly with the suppression of root rot
and damping-off diseases caused by Pythium spp. (Howell
and Stipanovic 1980; Kraus and Loper 1995; Maurhofer et
al. 1994).

The DAPG and PLT biosynthetic genes are organized as
clusters, probably operons, and have been identified in several
Pseudomonas strains (Haas et al. 2000; Haas and Keel 2003).
The DAPG locus comprises the phIACBD biosynthetic genes
and the divergently transcribed phlF gene located upstream of
phlA and encoding a pathway-specific transcriptional repressor
(Bangera and Thomashow 1999; Delany et al. 2000; Schnider-
Keel et al. 2000). The PLT biosynthetic genes plt{LABCDEFG
are preceded by the divergently transcribed pltR gene, which
encodes a pathway-specific transcriptional activator (Haas and
Keel 2003; Nowak-Thompson et al. 1999). Remarkably, the
biosyntheses of both compounds, DAPG and PLT, are controlled
by positive autoregulatory circuits (Brodhagen et al. 2004;
Haas and Keel 2003; Schnider-Keel et al. 2000). There is evi-
dence for a molecular cross-talk between the DAGP and PLT
biosynthetic pathways, inasmuch as the two metabolites were
found to display an inverse relationship in which each metabo-
lite, besides activating its own biosynthesis, represses the syn-
thesis of the other metabolite (Brodhagen et al. 2004; Haas
and Keel 2003; Schnider-Keel et al. 2000). In addition, levels
of DAPG and PLT production may be modulated by other
phenolic metabolites released by microorganisms and plant
roots in the rhizosphere as well as in response to certain min-



eral and carbon sources (Duffy and Défago 1999; Haas and
Keel 2003; Maurhofer et al. 2004; Notz et al. 2001; Schnider-
Keel et al. 2000).

In addition to the pathway-specific regulatory mechanisms,
a series of global regulatory networks that respond to environ-
mental and cell density-dependent signals and probably also to
the physiological status of the bacterium contribute to the con-
trol of DAPG and PLT biosyntheses (Haas et al. 2000; Haas
and Keel 2003; Thomashow and Weller 1995). They include a
regulatory cascade controlled by a two-component system
composed of the sensor kinase GacS and the response regula-
tor GacA that positively controls antibiotic biosynthesis upon
activation by a yet unidentified quorum sensing-signal (Haas
and Keel 2003; Valverde et al. 2003; Zuber et al. 2003). An
additional level of control may be provided by the relative con-
centrations of the housekeeping ¢ factor RpoD and the stress
and stationary phase ¢ factor RpoS in the bacterial cell. In P.
fluorescens CHAOQ, overexpression of the housekeeping ¢ fac-
tor RpoD enhances DAPG and PLT production in vitro and in
the rhizosphere, resulting in improved biocontrol or phytotoxic
effects depending on the plant species (Maurhofer et al. 1992,
1995; Schnider et al. 1995). Likewise, an rpoS mutant of the
related strain Pf-5 shows strongly enhanced PLT and DAPG
production (Sarniguet et al. 1995), whereas rpoS overexpres-
sion in strain CHAO was found to shut off PLT production
(Haas and Keel 2003).

In recent years, the alternative ¢ factor RpoN (c>*) has
evolved as an important regulator of virulence in pathogenic
pseudomonads. RpoN works in concert with specialized tran-
scriptional activators (enhancer-binding proteins) to control the
expression of genes coding for very diverse functions in re-
sponse to environmental stimuli (Buck et al. 2000; Merrick
1993). Typical features that depend on RpoN function in pseu-
domonads and in a broad range of other bacteria include motil-
ity and diverse metabolic functions such as transport and me-
tabolism of various nitrogen and carbon sources (Cases et al.
2003; Kohler et al. 1989; Reitzer and Schneider 2001; Stud-
holme and Buck 2000). In the plant-pathogenic P. syringae
pvs. maculicola and glycinea, RpoN is required for the expres-
sion of the pathogenicity-related hrp genes, for the production
of the phytotoxin coronatine, and for full virulence on host
plants (Alarcén-Chaidez et al. 2003; Hendrickson et al.
2000a,b). Similarly, in the opportunistic human pathogen P.
aeruginosa, RpoN regulates the expression of a series of viru-
lence factors, including flagella, pili, alginate, rhamnolipid
biosurfactants, exotoxins, cyanide, and pyocyanin, and contrib-
utes to virulence in certain animal models (Boucher et al.
2000; Hendrickson et al. 2001; Heurlier et al. 2003; Ishimoto
and Lory 1989; Studholme and Buck 2000; Thompson et al.
2003; Totten et al. 1990). Recent evidence suggests that the
RpoN regulon in pathogenic pseudomonads may be interlinked
with other regulatory networks, in particular those controlled
by the GacS/GacA two-component system, by quorum-sensing
systems, and by other o factors, but the exact mechanisms
involved are not yet fully understood (Boucher et al. 2000;
Chatterjee et al. 2003; Hendrickson et al. 2000a; Heurlier et al.
2003; Thompson et al. 2003).

To our best knowledge, a regulatory role for RpoN in plant-
beneficial pseudomonads has not been described so far. To
address this issue, we have cloned and sequenced the rpoN locus
from P. fluorescens CHAO. In the present study, we show that
an rpoN in-frame-deletion mutant of strain CHAO displays
several phenotypes that typically are associated with loss of
RpoN function, including a drastically reduced motility and a
defect in the utilization of several nitrogen and carbon sources.
We report that rpoN mutation in strain CHAO entails increased
sensitivity to salt stress but does not affect tolerance to oxidative

stress. Finally, we demonstrate that deletion of rpoN in CHAO
results in an altered expression of the antifungal compounds
DAPG and PLT and in a strongly reduced capacity to control
Pythium root rot of cucumber, thus providing the first evidence
that RpoN is a further key regulator of biocontrol activity in
plant-beneficial pseudomonads.

RESULTS

Characterization of the chromosome region
containing rpoN in P. fluorescens CHAOQ.

We cloned and sequenced a 2.2-kb chromosomal region in
P. fluorescens strain CHAO containing rpoN and adjacent
genes (Fig. 1) in an arrangement identical to that described
for other Pseudomonas spp. (Alarcén-Chaidez and Bender
2001; Hértig and Zumft 1998; Jin et al. 1994; Kohler et al.
1994; Stover et al. 2000). The deduced product (497 amino
acids) of the rpoN gene of P. fluorescens CHAQ is very simi-
lar to & factor RpoN (c**) of P. syringae pv. maculicola (ac-
cession no. AF199600; 95% identity), P. syringae pv. glycinea
(AF283815; 93% identity), P. syringae pv. tomato (AE016872;
96% identity), P. syringae pv. syringae (ZP_00126321; 95%
identity), P. putida (M24916 and X16474; 91% identity); P.
aeruginosa (AE004860 and L26916; 86% identity), P. stutz-
eri MK21 (AJ223088; 85%), and Azotobacter vinelandii
(X05888; 80% identity). The predicted protein sequence of
RpoN of strain CHAO is in accordance with the highly con-
served domain structure identified in RpoN of other bacteria,
in particular with respect to the helix-turn-helix motif
(MKPLVLHDIAEAVGMHESTISRVTTQ) and the RpoN-
box motif (ARRTVAKYRE) in the C-terminus which are
identical to those in other pseudomonads and in Azotobacter
sp. (Alarc6n-Chaidez and Bender 2001; Buck et al. 2000; Jin
et al. 1994; Merrick 1993). RpoN recognizes an YTGGCAC
R-N4-TTGCW consensus sequence situated at positions —24
and —12 relative to the transcription start site (Barrios et al.
1999; Reitzer and Schneider 2001; Studholme and Buck
2000). A putative RpoN recognition site (CAGGCATATAAT
TTGCT) was found 89 bp upstream of the translational start
site of rpoN of strain CHAO. Remarkably, the sequence and
location of the RpoN recognition site appears to be highly
conserved in P. fluorescens, P. syringae (Alarc6n-Chaidez and
Bender 2001), P. putida (Kohler et al. 1994), and P. aerugi-
nosa (Jin et al. 1994).

As in other pseudomonads, rpoN in P. fluorescens CHAOQ is
flanked by an upstream open reading frame (ORF) coding for
the ATPase component of an ABC-type transport system
(ORFA; Fig. 1) and by two downstream ORFs (ORFB and
ORFC) encoding, respectively, a protein with putative c*-
modulating function and the enzyme IIA (PtsN) of the phos-
phoenolpyruvate/sugar phosphotransferase system (Alarcén-
Chaidez and Bender 2001; Cases et al. 1999; Hirtig and Zumft
1998; Jin et al. 1994; Kohler et al. 1994; Stover et al. 2000).
The amino acid sequences of the deduced products of ORFB
and the partially sequenced ORFA and ORFC were found to be
between 72 and 89% identical to the corresponding sequences
of their counterparts in P. syringae, P. aeruginosa, P. putida, P.
stutzeri, and A. vinelandii. Homologues of these ORFs also
have been found in an identical arrangement in the rpoN re-
gions of various other gram-negative bacterial species, but
their precise function and their relation to RpoN function is
not yet fully understood (Merrick 1993; Michiels et al. 1998).
It has been suggested that the products of the downstream
rpoN-linked genes might contribute to the modulation of
RpoN activity or might be involved in the coregulation of
some of the RpoN promoters (Cases et al. 1999; Jin et al.
1994; Merrick 1993; Michiels et al. 1998).
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Growth characteristics of an rpoN mutant of P. fluorescens.

A chromosomal rpoN in-frame mutation was created in P.
fluorescens CHAO (Fig. 1) as described below. The rpoN mu-
tant (CHA250) was complemented by a single copy of intact
rpoN* introduced into the chromosomal Tn7 attachment site,
resulting in strain CHA251. The constructs then were compared
with the wild type for changes in growth characteristics. In
nutrient-rich media, the rpoN mutant CHA250 had a markedly
longer doubling time (approximately 75 min in King’s medium
B [KMB] broth, 71 min in Luria-Bertani [LB] broth, and 133
min in glycerol-Casamino acids medium [GCM)]) than the wild-
type CHAO and the complemented mutant CHA251 (approxi-
mately 44 min in KMB broth, 38 min in LB broth, and 72 min
in GCM). However, in the stationary growth phase, all three
strains had reached similar final cell densities in these media
(data not shown). In the following, KMB broth was chosen as
the standard culture medium for most of the experiments be-
cause growth kinetics of the rpoN mutant most resembled
those of the wild type in this medium, except that the mutant
had an extended lag phase and a slightly slower growth during
the exponential phase.

Unlike wild-type CHAO (doubling time of 99 min), the rpoN
mutant CHA250 was unable to grow in the minimal glucose-
ammonium medium (OSG). Therefore, the capacity of the
mutant to utilize different nitrogen sources was tested in M9
minimal salt medium in which NH,Cl was replaced or sup-
plemented by an alternative nitrogen source. In contrast to
the wild type or the complemented mutant, the rpoN mutant
was unable to grow in M9 minimal medium when it con-
tained NH,Cl, histidine, or proline as the sole nitrogen
source. The growth of the mutant in M9 minimal medium
supplemented or not with NH,C1 could be restored largely by
addition of glutamine, glutamate, or aspartate to the medium
(data not shown). In addition, carbon source utilization pro-
files were determined for wild-type CHAO and the rpoN mu-
tant using Biolog GN2 and GP2 plates. Of the 128 carbon
sources tested, 53 were assimilated by strain CHAO and, of
these, the rpoN mutant could not utilize 18 (i.e., N-acetyl-D-
glucosamine, cis-aconitate, 2-aminoethanol, D-arabitol, DL-

carnitine, citrate, L-histidine, y-hydroxybutyrate, a-ketoglu-
tarate, D-mannitol, monomethylsuccinate, L-proline, L-serine,
succinamate, succinate, L-threonine, D-trehalose, and uroca-
nate). Moreover, CHA250 displayed poor growth on 15 addi-
tional carbon sources (data not shown).

Overexpression of rpoN from the multicopy plasmids
PMESO013 (P,yon-rpoN*) and pME8014 (Py,.-rpoN*) (Fig. 1) in
a CHAO background did not significantly affect growth charac-
teristics of the derivatives in rich and minimal media compared
with the wild-type strain (data not shown). In conclusion, loss
of RpoN function in P. fluorescens, as in other Pseudomonas
spp. (Alarcén-Chaidez et al. 2003; Kohler et al. 1989; Totten et
al. 1990), results in some growth defects, particularly with
respect to the utilization of certain C and N sources.

RpoN is required for motility in P. fluorescens.

For P. aeruginosa, three types of surface motility have been
described: i) swimming motility, which depends on the polar
flagellum and can be observed on low-agar medium; ii) swarm-
ing motility, which occurs as a coordinate cell movement on
semisolid agar surfaces and requires flagella, biosurfactants,
and, in some cases, also type IV pili; and iii) twitching motility,
which is mediated by type IV pili and takes place at surface
interfaces (Kohler et al. 2000; Rashid and Kornberg 2000).
Here, we report that these modes of surface translocation also
can be observed in P. fluorescens (Table 1; Fig. 2). As in P.
aeruginosa, swarming motility in P. fluorescens strain CHAO
was accompanied by a typical dendritic pattern of the swarm
colony (Fig. 2A). Loss of RpoN function had a dramatic impact
on the surface motility of P. fluorescens. Swimming and
swarming motilities in the rpoN mutant CHA250 were drasti-
cally reduced, whereas twitching motility appeared to be less
affected (Table 1; Fig. 2A and B). Motility could be restored to
wild-type levels by complementation of the mutant with a sin-
gle copy of intact rpoN* (Table 1). Overexpression of rpoN
from its natural promoter in CHAO/pMES8013 and from the
constitutive lac promoter in CHAO/pMES8014 had no statisti-
cally significant effect on motility (Table 1). Transmission
electron microscopy confirmed that cells of the rpoN mutant
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Fig. 1. Organization of the rpoN region in Pseudomonas fluorescens strain CHAQ; A = region deleted in strain CHA250 and in plasmid pME7066. The
shaded arrows show the genes sequenced or partly sequenced on the 2209-bp BamHI-Xbal fragment of pME7069. Open reading frame (ORF)A, ORFB, and
ORFC designate ORFs that are highly similar to PA4461, PA4463, and PA4464 (ptsN), respectively, of P. aeruginosa PAO1 (Stover et al. 2000). The bars
indicate the fragments cloned into the vectors pME6000, pME3087, pME6182, and pME6551 to give pME7069, pME7066, pME7070, and pME8014,
respectively. The fragment inserted in pME7070 was used to complement the rpoN mutation in CHA250 with single-copy rpoN* using the mini-Tn7 delivery

system. Artificial restriction sites are marked with an asterisk.
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were defective for flagella, whereas swarmer cells of the wild
type, the complemented mutant, and the rpoN-overexpressing
mutants possessed two to three, sometimes even more, polar
flagella (Fig. 2C; data not shown). However, at least under the
experimental conditions chosen here, we did not detect pili on
swarmer cells. On swim plates, P. fluorescens cells with intact
rpoN generally had one polar flagellum, although occasionally
cells with two flagella also could be observed (data not
shown). In summary, our results establish that RpoN, as in
other bacterial species, is essential for flagella formation and
thus for motility in P. fluorescens.

Contribution of RpoN to stress tolerance in P. fluorescens.

We next tested whether lack of RpoN affects growth of P.
fluorescens in response to osmotic stress. For this purpose, we
determined the doubling times of strain CHAO and its deriva-
tives during exponential growth of the bacteria in KMB broth
supplemented with NaCl or sorbitol. The rpoN mutant was sig-
nificantly more sensitive to high salinity than the wild type.
The doubling time of CHA250 cells quadrupled when they
were exposed to 0.6 M NaCl, whereas it was only threefold
longer in CHAO and the complemented rpoN mutant CHA251
(Table 2). This effect also could be observed at higher salt con-
centrations (0.8 M NaCl) (data not shown). No such difference
in stress sensitivity between the wild type and the rpoN mutant
could be noted when bacteria were exposed to 1.2 M sorbitol
(Table 2). The mutant complemented with monocopy rpoN*
and CHAO derivatives overxpressing rpoN from plasmids
PMES013 or pMES8014 exhibited stress tolerances largely simi-
lar to that of the wild type (Table 2).

To test the contribution of RpoN to bacterial survival in
response to osmotic stress, stationary-phase cells were exposed
to 1.2 M NaCl or 2.4 M sorbitol (i.e., conditions which no
longer allowed P. fluorescens to grow). In contrast to the wild-
type CHAO and the rpoN-overexpressing derivative
CHAO/pMES8014, culturability in the rpoN mutant CHA250
significantly dropped soon after exposure to salt stress (Fig. 3).
By contrast, no such differences could be observed when bac-
teria were exposed to 2.4 M sorbitol (data not shown).

To determine whether inactivation of rpoN affects the suscep-
tibility of P. fluorescens to agents generating reactive oxygen
intermediates (ROIs), wild-type strain CHAOQ, the rpoN dele-
tion mutant, and the rpoN-overexpressing derivatives were
exposed to paraquat, hydrogen peroxide, and sodium hypo-
chlorite. All mutant strains were found to display wild-type
susceptibility to various concentrations of these agents (data
not shown). In contrast, an rpoS mutant of strain CHAO (Heeb
et al. 2002) (Table 3) included as a control was significantly
more sensitive to oxidative stress than the parental strain (data
not shown), thus confirming previous findings of Sarniguet
and associates (1995) obtained with an rpoS mutant of P. fluo-
rescens Pf-5. In summary, these results suggest that RpoN con-
tributes to tolerance of P. fluorescens to conditions of high
salinity, but is not required for tolerance toward ROIs and os-
motic stress induced by sorbitol.

RpoN controls the production
of antifungal compounds in P. fluorescens.

We then evaluated the effect of the rpoN mutation on the
production of the antifungal compounds DAPG and PLT,
which make significant contributions to the biocontrol activity
of P. fluorescens CHAQ. For this purpose, we followed the ex-
pression of lacZ reporter fusions to the DAPG and PLT bio-
synthetic genes in bacterial cultures growing in KMB broth
and we determined the production of the two antifungal com-
pounds in parallel. Interestingly, the expression of a phlA-lacZ
transcriptional fusion carried by pME6710 (Schnider-Keel et
al. 2000) was enhanced severalfold in the rpoN mutant as of
the end of the exponential growth phase compared with the
wild-type CHAO and the complemented mutant CHA251 (Fig.

CHAO (wt)

CHA250 (ArpoN)

Fig. 2. Swarming and swimming motilities of Pseudomonas fluorescens
wild-type CHAO (left) and its rpoN mutant CHA250 (right) on A, swarm
plates (nutrient broth with 0.5% glucose and 0.5% agar) and B, swim
plates (tryptone broth with 0.3% agar), respectively, after a 48-h
incubation at room temperature. C, Electron micrographs showing
flagellated cells of strain CHAO (left) and nonflagellated cells of the rpoN
mutant CHA250 (right) taken from the edge of swarm colonies.

Table 1. Contribution of RpoN to swimming, swarming, and twitching motilities of Pseudomonas fluorescens CHA0”

Strain Relevant genotype Swim area, % wt Swarm area, % wt Twitch area, % wt
CHAO Wild type 100+ 12 100+ 8 100+ 6
CHA250 ArpoN 32+4 4+1 60 £ 12
CHA251 ArpoN attTn7::rpoN* 110+ 4 118 £27 100 £ 20
CHAO/pMEg8013 P,poN—rp(1N+ 122+ 17 105+ 12 88+ 19
CHAO/pMES8014 Pyy-rpoN* 110+ 8 79 +£24 128 £ 21

* Diameter of bacterial displacement on swim plates, swarm plates, and twitch plates after incubation for 24 h (swim and swarm plates) and 4 to 5 days
(twitch plates) at room temperature, assessed as described in the Materials and Methods section. Data are expressed as percentage of the diameters obtained
for the wild type which were arbitrarily set to 100%. Data represent the means + standard deviation from three experiments with 12 replicate plates per

treatment in each experiment.
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4A). In contrast, expression levels of a pltA-lacZ transcrip-
tional fusion carried by pME8007 (Table 3) were two- to
threefold lower in the rpoN mutant than in the rpoN" strains
CHAO and CHA251 (Fig. 4B). RpoN overexpression in strain
CHAO carrying the multicopy plasmids pMES8013 or
pMES8014 (Table 3) did not significantly alter phl or plt gene
expression (data not shown). The kinetics of DAPG and PLT
production paralleled the expression of the phlA-lacZ and pltA-
lacZ reporter constructs: DAPG levels were enhanced whereas
PLT levels were reduced in cultures of the rpoN mutant (Fig.
4C and D). The rpoN-overexpressing strains CHAO/pMES013
and CHAO/pME8014 produced wild-type levels of DAPG and
PLT (data not shown). The strong decrease of DAPG and PLT
levels at the end of the experiments may be due to degradation
of the two compounds by the producer strains (Schnider-Keel
et al. 2000; our unpublished observations). Experiments also
were carried out using a phlA“-7lacZ translational fusion on
pME6259 (Schnider-Keel et al. 2000) and a plfA “ lacZ transla-
tional fusion on pME6751 (Table 3), and kinetics of gene ex-
pression in the rpoN mutant, the wild type, and the comple-
mented rpoN mutant were found to be almost identical to those
obtained with the transcriptional reporter fusions described
above (data not shown). Glycerol is known to favor PLT pro-
duction in P. fluorescens (Duffy and Défago 1999; Schnider-
Keel et al. 2000); therefore, the influence of RpoN on phlA
expression also was tested in KMB broth in which glycerol
was replaced by glucose (0.89%, wt/vol). A similar upregula-
tion of phlA expression could be observed in the rpoN mutant
(data not shown), thus excluding a potential effect of the carbon
source. Taken together, these findings demonstrate that RpoN
may control the balance of antibiotic production in a
biocontrol strain of P. fluorescens.

RpoN is essential for biocontrol capacity of P. fluorescens.
The contribution of RpoN to the biocontrol ability of P. fluo-
rescens strain CHAOQ against a root rot and damping-off dis-
ease of cucumber caused by the pathogenic oomycete Pythium
ultimum was tested in natural soil microcosms. P. ultimum se-
verely reduced growth and survival of cucumber plants when
no biocontrol bacteria were applied to soil (Table 4). Addition
of strain CHAO to pathogen-infested soil enhanced plant sur-
vival by 29% and plant fresh weights were increased threefold
(Table 4). The rpoN mutant CHA250 was severely impaired in
its capacity to protect cucumber from the root disease; plant
survival and plant fresh weights were only marginally higher
than those of plants treated with the pathogen alone (Table 4).
Biocontrol activity of the rpoN mutant could be restored by
complementing the strain with monocopy rpoN* (Table 4).
Overexpression of rpoN from the natural promoter or from the
constitutive lac promoter in strains CHAO/pMES013 and
CHAO/pMES8014, respectively, did not result in a significantly
altered biocontrol activity (Table 4). In the absence of the patho-

gen, plant growth was not significantly affected by addition of
bacteria (Table 4). Remarkably, root colonization levels at the
end of the experiment were similar for all bacterial strains and
varied between 0.4 and 1.7 x 107 CFU/g of roots in the absence
of Pythium spp. and between 2.1 and 4.9 x 107 CFU/g of roots
in pathogen-infested soil. To check whether differences in bac-
terial root colonization levels occurred eventually at earlier
stages of Pythium spp. infection, we determined population
densities of the wild-type CHAO and the rpoN mutant
CHAZ250 on cucumber roots also at 2 and 3 days after bacterial
application to soil. However, in no case were population densi-
ties of the two strains on cucumber roots significantly different
in either the presence or absence of the pathogen (data not
shown).

DISCUSSION

In this study, we identified the rpoN locus in the plant-bene-
ficial Pseudomonas fluorescens strain CHAQ. The arrangement
of rpoN and adjacent genes in P. fluorescens (Fig. 1) is identi-
cal to that described for P. putida (Kohler et al. 1994), P. stutz-
eri (Hartig and Zumft 1998), P. aeruginosa (Jin et al. 1994;
Stover et al. 2000), and P. syringae (Alarcén-Chaidez and
Bender 2001), thus confirming that the gene alignment in this
chromosomal region is conserved in different Pseudomonas
spp. Our results demonstrate that RpoN of P. fluorescens is

Log,, (Survival ratio)

0 1 2 3 4 5 6
Time (h)

Fig. 3. Survival of Pseudomonas fluorescens wild-type CHAO (black
circle), the rpoN mutant CHA250 (open circle), and the rpoN-
overexpressing derivative CHAO/pMES014 (gray-shaded circle) during
exposure to 1.2 M NaCl. Survival was expressed as the log, of the ratio of
CFU in the exposed suspension to the CFU in the initial suspension
(Sarniguet et al. 1995). Means * standard deviation from three replicate
cultures are shown. The experiment was repeated, with similar results.
Some of the error bars were too small to be included.

Table 2. Effect of an rpoN mutation on tolerance of Pseudomonas fluorescens to osmotic stress

Doubling time (h)* Ratio¥
Strain” Relevant genotype Without stress 0.6 M NaCl 1.2 M Sorbitol 0.6 M NaCl 1.2 M Sorbitol
CHAO Wild type 0.74 c 2.28b 1.51c 3.1 2.0
CHA250 ArpoN 1.09 a 452a 242a 42 22
CHA251 ArpoN attTn7::rpoN* 0.75¢ 2.02b 1.62 be 2.7 2.2
CHAO/pMES8013 Prpon-rpoN* 0.82 be 1.92b 2.06b 2.3 2.5
CHAO/pMES014 Pyoc-rpoN* 0.86b 1.69b 2.07b 2.0 2.4

* Doubling time was calculated from optical density (OD) at 600 nm values determined during exponential growth phase (eight measurements). During this,
the relation of OD at 600 nm values to CFU counts was linear (data not shown). Data are means from two independent experiments, with three replicate
cultures per experiment. Values in the same column with different letters are significantly different at P = 0.05 (Fisher’s least significant difference test).

Y Ratio denotes the x-fold increase in doubling time of stressed (0.6 M NaCl or 1.2 M sorbitol) versus nonstressed cultures for each bacterial strain.

* Bacteria were grown at 30°C in King’s medium B broth with (and without) the addition of NaCl or sorbitol.
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functionally equivalent to its counterparts in other Pseudomo-
nas spp. with respect to its importance for motility and utiliza-
tion of various carbon and nitrogen sources (Alarcon-Chaidez
et al. 2003; Hendrickson et al. 2000b, 2001; Ishimoto and Lory
1989; Kohler et al. 1989; Merrick 1993; Totten et al. 1990).

We also tested whether RpoN, as well as RpoS (Sarniguet et
al. 1995) and AlgU (Schnider-Keel et al. 2001), may be an addi-
tional ¢ factor required for tolerance of P. fluorescens to envi-
ronmental stress. Indeed, the rpoN mutant of strain CHAO was
significantly more sensitive to hyperosmotic conditions induced
by NaCl (Table 2; Fig. 3), confirming previous results obtained
with an rpoN mutant of P. aeruginosa PAO1 (Sage et al.
1997). By contrast, the rpoN mutant of strain CHAO displayed
wild-type sensitivities to agents that generate ROIs. Similarly,
an rpoN mutant of P. putida KT2440 was reported not to be
impaired in its tolerance toward oxidative stress; however, this
mutant was not affected in its sensitivity to either salt stress or
high temperature (Cases and de Lorenzo 2001).

More intriguingly, our findings provide evidence for novel
roles of RpoN as a key regulator of antibiotic production and
biocontrol activity in P. fluorescens. On the one hand, RpoN was
found to positively control the expression of plt biosynthetic
genes (Fig. 4B) and PLT production (Fig. 4D) in strain CHAO.
Interestingly, RpoN has been reported previously to be essential
for the expression of the phytotoxin coronatine in the plant-
pathogenic bacteria P. syringae pv. maculicola (Hendrickson et
al. 2000b) and P. syringae pv. glycinea (Alarc6n-Chaidez et al.

Table 3. Bacterial strains and plasmids used in this study

2003). In the same vein, RpoN was required for the production
of the antibiotic and virulence factor pyocyanin in P. aeruginosa
(Hendrickson et al. 2001; Thompson et al. 2003). On the other
hand, RpoN exerted a strong negative effect on the expression of
phl biosynthetic genes (Fig. 4A) and DAPG production (Fig.
4C) in P. fluorescens CHAO. Recently, a negative effect of RpoN
has been reported by Heurlier and associates (2003), who found
that mutation of rpoN in P. aeruginosa leads to overexpression
of N-acyl homoserine lactones and some quorum-sensing-regu-
lated virulence factors such as the biocide hydrogen cyanide, but
the precise mechanisms involved remain unknown.

At the current stage, we can only speculate on how RpoN
might affect the balance of antibiotic production in P. fluores-
cens CHAO. We could not detect typical motifs recognized by
o> (i.e. YTGGCACR-N4-TTGCW) (Barrios et al. 1999;
Reitzer and Schneider 2001; Studholme and Buck 2000) in the
phlA and pltA leader regions, suggesting that RpoN does not
directly interact with the promoters of the DAPG and PLT bio-
synthetic genes. However, we could find a potential 6>*-binding
motif (ATGGCCCCAGCACTGCT) approximately 100 bp up-
stream of the translational start of pltR (M. Bottiglieri and C.
Keel, unpublished data). Because PItR functions as a pathway-
specific activator of PLT gene expression (Haas and Keel
2003; Nowak-Thompson et al. 1999), it seems possible that
the positive effect of RpoN on plfA expression is mediated by
c°*-dependent activation of pltR transcription. Using a tran-
scriptional pltR-lacZ fusion, we have obtained preliminary evi-

Strain or plasmid

Relevant characteristics®

Reference or source

Pseudomonas fluorescens

CHAO Wild type Voisard et al. 1994

CHA250 ArpoN This study

CHA251 CHA250::atfTn7-rpoN*; Gm" This study

CHAS15 ArpoS Heeb et al. 2002
Escherichia coli

DH5a, HB101 Laboratory strains Sambrook and Russell 2001
Plasmids

pBluescript II KS+ Cloning vector; ColE1 replicon; Ap" Stratagene

pME497 Mobilizing plasmid; IncP-1, Tra; RepA(Ts); Ap" Voisard et al. 1994

pPME3087 Suicide vector; ColE1 replicon; RK2-Mob; Tc" Voisard et al. 1994

pME3280a Carrier plasmid for Tn7; containing the mini Tn7-Gm transposon with translational and Schnider-Keel et al. 2000;

transcriptional signals; pUC19ori; Ap" Gm' Zuber et al. 2003

pME6000 Cloning vector, pPBBRIMCS derivative; Tc" Schnider-Keel et al. 2001

PME6001 Cloning vector, pPBBRIMCS derivative; Gm" Valverde et al. 2003

pME6010 Cloning vector; pACYC177-pVSI shuttle vector; Tc' Heeb et al. 2000

PME6014, pME6015

pPME6016 Cloning vector for construction of transcriptional lacZ fusions; derived from pME6010; Tc'

pME6182 Carrier plasmid for Tn7 containing the mini Tn7-Gm transposon; derived from pME3280a;
multiple cloning site flanked by transcription terminators; Ap" Gm"

pME6259 pPMEG6014 carrying a translational phlA’-’lacZ fusion; Tc'

PME6551 Cloning vector; derivative of pME6000; Gm"

pME6710 PMEG6016 carrying a transcriptional phlA-lacZ fusion; Tc"

PME6751 PMEG6015 with a 864-bp pltA upstream fragment and a translational pltA’-'lacZ fusion
containing the first 43 pitA codons; Tc"

pPME7066 pME3087 carrying a 867-bp BamHI-HindIll insert with a deletion in rpoN; Tc"

pME7069 pMEG6000 with a 2,199-bp BamHI-Xbal fragment containing rpoN and its flanking regions of
CHAO; Tc’

pME7070 pME6182 with the 1,952-bp BamHI-Ncol fragment of pME7069 containing rpoN; Ap" Gm"

pMEB007 PMEG6016 with a 798-bp pltA upstream fragment and a transcriptional pltA-lacZ fusion
containing the first 9 pltA codons; Tc"

pMES8013 pMEG6551 with a 2.2-kb HindIII-EcoRI fragment of pME7070 containing rpoN; Gm"

pMES014 pME6551 with a 1,515-bp fragment derived from pME7070 containing rpoN and a
21-bp upstream region placed under the control of the lac promoter; Gm"

pNABI pBluescript II KS+ with a 0.86-kb PstI-BamHI fragment encompassing the pltR-pltLA
intergenic region

pUK21 Cloning vector; lacZa; Km®

pUX-BF13 Helper plasmid for Tn7-based transposon mutagenesis containing the transposition functions;

Cloning vectors for construction of translational lacZ-fusions; derived from pME6010; Tc"

R6K-replicon; Ap"

Schnider-Keel et al. 2000;
this study
Schnider-Keel et al. 2000

C. Reimmann

Schnider-Keel et al. 2000
Schnider-Keel et al. 2001
Schnider-Keel et al. 2000

This study
This study

This study
This study

This study
This study

This study

This study
Vieira and Messing 1991

Bao et al. 1991

* Ap', ampicillin resistance; Gm', gentamicin resistance; Km', kanamycin resistance; Tc', tetracycline resistance.
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dence that RpoN may function as an activator of pltR tran-
scription (M. Bottiglieri and C. Keel, unpublished data). Analo-
gously, in P. syringae, putative 6> recognition motifs were lo-
calized upstream of the start codon of corR encoding a tran-
scriptional activator of coronatine gene expression, but were
not found in the promoter regions of the coronatine biosyn-
thetic genes (Alarc6n-Chaidez et al. 2003; Hendrickson et al.
2000b). Surprisingly, a similar plausible 6>* recognition motif
appears to lack in the leader region of phlF (M. Bottiglieri and
C. Keel, unpublished findings), which encodes a pathway-spe-
cific transcriptional repressor of DAPG gene expression in P.
fluorescens (Bangera and Thomashow 1999; Delany et al.
2000; Schnider-Keel et al. 2000). PLT is known to strongly re-
press DAPG gene expression in P fluorescens CHAO
(Schnider-Keel et al. 2000); therefore, it is tempting to specu-
late that the negative effect of RpoN on phl gene expression
may take place indirectly through enhanced production of PLT
following 5>*-dependent activation of plfR expression.
However, other regulatory elements might interfere with
RpoN-mediated control of antibiotic production as well. A po-

- 30
5 10
& 25
: £
o
‘8 20 %
> ' s
= 15 )
3 ]
® £
@ 10 =
[+ o
% 0,‘1(.5
o
;o &
[+
o
< 9 : ; ; —10.01
5 10 15 20 25
Incubation time (h)
150
10
3 E
_5100 =
B 1 9
_g (1]
)
& o
1] =
= O
<
0 . 0.01

5 10 15 20 25
Incubation time (h)

tential candidate is the alternative o factor RpoS, which is
known to exert an effect on PLT expression that is opposite to
that of RpoN. In rpoS mutants of P. fluorescens strains CHAO
and Pf-5, expression of plt biosynthetic genes and PLT produc-
tion is enhanced severalfold (Haas and Keel 2003; Sarniguet et
al. 1995), pointing to the possibility that cellular levels of RpoN
and RpoS could influence the relative amounts of this antifungal
compound produced by the bacterium. Future work also may
include investigations of the potential interactions of RpoN with
components of the GacS/GacA signal transduction cascade
(Haas and Keel 2003; Valverde et al. 2003; Zuber et al. 2003).
The rpoN mutant of P. fluorescens CHAQ had a drastically
reduced capacity to protect cucumber plants from Pythium root
rot and damping-off disease in natural soil (Table 4), thus estab-
lishing RpoN, in addition to RpoD and RpoS, as a further o
factor involved in the regulation of biocontrol activity in plant-
beneficial pseudomonads. Previous studies have shown that
RpoD overexpression or loss of RpoS function enhances the dis-
ease suppressive effect of P. fluorescens against Pythium spp. on
cucumber (Maurhofer et al. 1992; Sarniguet et al. 1995;
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Fig. 4. RpoN control of the biosynthesis of antifungal compounds in Pseudomonas fluorescens strain CHAOQ. Expression of the plasmid-borne transcriptional
reporter fusions A, phlA-lacZ (pME6710) and B, pltA’-lacZ (pME8007) and production of C, 2,4-diacetylphloroglucinol and D, pyoluteorin in growing
cultures of wild-type CHAO (black circle), the rpoN in-frame-deletion mutant CHA250 (open circle), and the rpoN mutant complemented with monocopy
rpoN" CHA251 (gray-shaded circle). Specific B-galactosidase activities and antibiotic production were determined for bacteria cultivated in King’s medium
B broth at 30°C. Growth (optical density [OD] at 600 nm) of strains CHAO, CHA250, and CHA251 are indicated by black, open, and gray-shaded triangles,
respectively. Means + standard deviation from three replicate cultures are shown. The experiment was repeated, with similar results. Some of the error bars

were too small to be included.
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Schnider et al. 1995), suggesting that a balance between the
three o factors may be important for calibrating levels of bio-
control activity. Due to the pleiotropic effects of the rpoN muta-
tion in Pseudomonas fluorescens CHAQ, it is difficult to assign
the defect in biocontrol efficacy to a certain phenotype of the
rpoN mutant. Reduced production of the antifungal compound
PLT (Fig. 4D), which has been associated with the suppression
of Pythium diseases by P. fluorescens (Howell and Stipanovic
1980; Kraus and Loper 1995; Maurhofer et al. 1994), may have
accounted, at least partly, for this effect. However, there is the
conflicting finding that the rpoN mutant excretes enhanced lev-
els of DAPG (Fig. 4C) and there is some evidence that DAPG
also may contribute to Pythium spp. suppression (Maurhofer et
al. 1992, 1995; Schnider et al. 1995; M. Péchy-Tarr and C. Keel,
unpublished data). However, the actual kinetics of DAPG and
PLT expression on plant roots might be significantly different
from those observed in vitro. Moreover, because the rpoN mu-
tant shows several defects in nitrogen and carbon source me-
tabolism, it also may be impaired in the utilization of certain
root exudates that may be required for effective production of
the two antifungal compounds. In pathogenic pseudomonads,
deletion of rpoN results in significantly reduced virulence in
some animal and plant models, but decreased pathogenicity also
could be only partly explained by lowered expression of viru-
lence factors (i.e., certain toxins) by the rpoN mutants (Alarcén-
Chaidez et al. 2003; Hendrickson et al. 2000a,b, 2001). In some
cases, decreased virulence of these mutants was associated with
defects in their host colonization ability. For instance, rpoN mu-
tants of Pseudomonas aeruginosa and P. syringae showed
strongly reduced proliferation in planta (Alarcén-Chaidez et al.
2003; Hendrickson et al. 2000b, 2001) and a P. aeruginosa rpoN
mutant was impaired in its capacity to form biofilms on the fun-
gal pathogen Candida albicans (Hogan and Kolter 2002). In
contrast, root colonization levels of the P. fluorescens rpoN
mutant used in the present study were not significantly different
from those of the wild type at different plant growth stages
(Table 4; data not shown). Nevertheless, it still is possible that
the rpoN mutation could have resulted in altered root coloni-
zation patterns at a microniche level, eventually leading to re-
duced biocontrol efficacy.

At present, it is difficult to explain our finding that overex-
pression of RpoN has no major effects on the expression of the
RpoN-dependent phenotypes described for P. fluorescens
CHAOQO in this study. One possibility is that higher intracellular

levels of o> also require higher levels of the different enhan-
cer-binding proteins that are necessary for activation of the
o°*RNAP complex and, thus, for efficient expression of
RpoN-dependent functions (Buck et al. 2000). Alternatively, it
is possible that wild-type levels of > in the cells are already
sufficient for effective expression of the RpoN-dependent phe-
notypes. In P. putida and Escherichia coli, intracellular levels
of > remain constant at relatively low levels (compared with
the housekeeping o factor 67°) throughout the different growth
stages (Jishage et al. 1996; Jurado et al. 2003). This is in agree-
ment with our recent finding that, in P. fluorescens wild-type
CHADO, an rpoN-lacZ reporter fusion was expressed at a very
low and constant level throughout bacterial growth (S. Mathys
and C. Keel, unpublished data). Remarkably, rpoN expression
was enhanced approximately fivefold in the rpoN mutant
CHAZ250, pointing to a mechanism of negative autoregulation
of rpoN expression. By contrast, in CHAO derivatives overex-
pressing RpoN from the vectors pME8013 and pMES014,
rpoN expression was reduced to levels below that of the wild
type (S. Mathys and C. Keel, unpublished findings), thus pro-
viding a possible explanation for the lack of a significant effect
of RpoN overexpression in P. fluorescens. Negative autoregu-
lation of rpoN expression has been reported previously in P,
putida (Kohler et al. 1994) and several other bacterial species
(Buck et al. 2000).

In conclusion, our results confirm the important role of
RpoN in bacterial motility and nitrogen and carbon metabo-
lism and establish this o factor for the first time as a major
regulator of antibiotic production and biocontrol activity in P.
fluorescens. However, due to the complex consequences of the
rpoN mutation, the exact mechanism of loss of biocontrol activ-
ity awaits further elucidation.

MATERIALS AND METHODS

Microorganisms, plasmids, and culture conditions.

The bacterial strains and plasmids used in this study are de-
scribed in Table 3. P. fluorescens strains were cultivated on
nutrient agar (NA) (Stanisich and Holloway 1972), on KMB
agar (King et al. 1954), in nutrient yeast broth (NYB)
(Stanisich and Holloway 1972), in KMB broth, and in LB
broth (Sambrook and Russell 2001) at 30°C with aeration. E.
coli strains were grown on NA and in NYB at 37°C. Antimi-
crobial compounds, when required, were added to the growth

Table 4. Contribution of RpoN to the suppression of Pythium damping-off and root rot of cucumber by Pseudomonas fluorescens CHAO in natural soil*

Pythium Surviving plants Shoot fresh weight Root fresh weight Colonization by P. fluorescens

Bacterial strain added* added per flask (%) per flask (g) per flask (g) (log;y CFU/g of roots)”
None - 100 a 2.09 a 0.46 a ND

CHADO (wild type) - 99 a 2.12a 045a 6.67 £0.37
CHA250 (ArpoN) - 100 a 1.92a 040b 6.55+0.15
CHA251 (ArpoN attTn7::rpoN*) - 98 ab 1.96 a 0.42 ab 7.19+£0.24
CHAO/pMES013 (Pyon-1poN™) - 97 ab 1.92a 0.41 ab 6.62+0.10
CHAO/pMES8014 (P),.-rpoN™) - 100 a 2.16 a 049 a 6.53+0.02

None + 63 ¢ 0.52d 0.13d ND

CHAO + 92 ab 1.54b 0.33¢ 7.56 £0.43
CHA250 + T3¢ 0.75¢ 0.18d 7.20£0.73
CHA251 + 90b 1.43b 031c 7.30£0.15
CHAO/pMES013 + 95 ab 1.61b 0.38 be 7.44 £0.16
CHAO/pMES8014 + 93 ab 1.65b 0.33¢ 7.57+£0.48

X Data represent the means from six individual repetitions of the same experimental setup, with 5 to 10 replicates (flasks containing three cucumber plants)
per treatment in each experiment. Means within the same column followed by different letters differ significantly at P = 0.05, according to Fisher’s least

significant difference test; ND = not detected.

Y P. fluorescens strains were added at 10’ CFU/g of natural soil contained within 200-ml flasks (60 g of soil per flask), after planting three 72-h-old, sterile-
grown cucumber seedlings per flask. Pythium ultimum was added as a millet-seed inoculum at 2.5 g/kg of soil before planting. Plants were harvested after

7 days.

* A derivative of the rhizosphere-stable plasmid pME6010 (Heeb et al. 2000) was introduced into Pseudomonas fluorescens strains to determine their root

colonization capacity.
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media at the following concentrations: ampicillin sodium salt,
100 pg/ml; chloramphenicol, 25 pg/ml; gentamicin sulphate,
10 pg/ml; kanamycin sulphate, 25 pg/ml; and tetracycline hy-
drochloride, 25 pg/ml for E. coli and 125 pg/ml for P. fluores-
cens strains. When appropriate, 5-bromo-4-chloro-3-indolyl-p3-
D-galactoside was incorporated into solid media to monitor [3-
galactosidase expression (Sambrook and Russell 2001). P. ulti-
mum strain 67-1 was cultured on malt agar and, for use in
plant disease suppression assays, on autoclaved millet seed as
described previously (Maurhofer et al. 1992).

DNA manipulations and sequencing.

Chromosomal DNA of P. fluorescens was prepared as de-
scribed elsewhere (Schnider-Keel et al. 2000). Isolation of
PME3087-based plasmids from E. coli was done by alkaline
lysis (Sambrook and Russel 2001). All other small- and large-
scale plasmid preparations were performed with the cetyl-
trimethylammonium bromide method (Sambrook and Russel
2001) and the Jetstar 2.0 kit (Genomed, Basel, Switzerland),
respectively. Standard techniques were used for restriction,
agarose gel electrophoresis, generation of blunt ends with T4
DNA polymerase (Roche Diagnostics, Rotkreuz, Switzerland),
isolation of DNA fragments from low-melting-point agarose
gels, and ligation (Sambrook and Russell 2001; Schnider-Keel
et al. 2000, 2001). Restriction fragments were purified from
agarose gels using the Qiagen Gel extraction kit (Qiagen,
Hombrechtikon, Switzerland). Bacterial cells were transformed
with plasmid DNA by electroporation (Schnider-Keel et al.
2000). Southern blotting with Hybond N membranes (Amer-
sham Biosciences, Otelfingen, Switzerland), random-primed
DNA labeling with digoxygenin-11-dUTP, hybridization, and
detection (Roche Diagnostics) were performed according to
the protocols of the suppliers.

Polymerase chain reactions (PCRs) typically were carried
out with 1 to 2 U of thermostable DNA polymerase (Expand
High Fidelity PCR System, Roche Diagnostics) in a reaction
mixture containing 100 to 200 ng of target DNA, 200 uM each
of the four dNTPs (Roche Diagnostics), 0.5 uM each primer, 1
to 3 mM MgCl,, and 1x PCR buffer (Roche Diagnostics) in a
final volume of 20 pl. For the amplification reaction, an initial
denaturation step of 5 min at 95°C was followed by 25 to 30
thermal cycles (1 min at 95°C, 30 s at 55 to 60°C, and 1 to 2
min at 72°C) and a final elongation step of 5 min at 72°C.

Nucleotide sequences of PCR-derived constructs were deter-
mined on both strands with the Big Dye Terminator Cycle se-
quencing kit 1.1 (Perkin Elmer, Fremont, CA, U.S.A.) and an
ABI Prism 3100 automatic sequencer (Applied Biosystems,
Foster City, CA, U.S.A.), and, in part, by Microsynth (Bal-
gach, Switzerland). Nucleotide and deduced amino acid se-
quences were analyzed with programs of the European Mo-
lecular Biology Open Software Suite.

Cloning of the rpoN gene from P. fluorescens.

To amplify the rpoN gene and its surroundings from P. fluo-
rescens CHAO, the degenerate primers CK-P1 (5'-CGGGAT
CCCGGAAGTBTAYCTGGGBCACGARTTCCG-3") and CK-
P2 (5'-GCTCTAGAGCTTCACVAGGGAACGGCCGGGGGT
CAGG-3') containing artificial restriction sites (underlined) for
BamHI and Xbal, respectively, were used. Primers were de-
signed based on the alignment of genomic sequences of strains
P, fluorescens PfO-1, P. syringae pv. glycinea PG4180 (accession
number AF283815), P. syringae pv. maculicola ES4326 (acces-
sion number AF199600), P. putida KT2440 (accession number
X16474), P. putida TN2100 (accession number M24916), P.
aeruginosa PAO1 (accession number AE004860), P. stutzeri
MK?21 (accession number AJ223088), and A. vinelandii OP (ac-
cession number X05888). The PCR amplification yielded a 2.2-
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kb band with an annealing temperature of 59°C. The PCR prod-
uct was digested with BamHI and Xbal and cloned into vector
PME6000 to give pME7069 (Fig. 1; Table 3). The inserts of
three of the clones obtained were sequenced to confirm the iden-
tity of the cloned fragment.

Construction of an rpoN in-frame-deletion mutant
of P. fluorescens.

For the construction of the rpoN mutant CHA250, a 1,212-bp
fragment, including the XLINK motif, the helix-turn-helix motif,
the RpoN box, and associated motifs (Buck et al. 2000; Merrick
1993) was deleted in-frame in the rpoN gene (Fig. 1) as follows.
A 487-bp BamHI-Xhol fragment, including the first 88 codons
of rpoN, was isolated from pME7069. A 510-bp fragment from
PME7069, including the last six codons of rpoN, ORF1, and the
start of ptsN (Fig. 1), then was amplified by PCR with primers
CK-P3 (5'-GCGCCTTCCCTCGAGCGTAAGCGG-3'), which
created an artificial Xhol site (underlined), and CK-P2 (dis-
cussed above). The PCR product was trimmed to 380 bp with
Xhol-HindlIl (Fig. 1). The 487-bp BamHI-Xhol and 380-bp
Xhol-HindIIl fragments were cloned by a triple ligation into the
suicide plasmid pME3087 digested with BamHI-HindIll, giving
plasmid pME7066 (Fig. 1). In parallel, the two fragments also
were cloned into pUK21 and the insert was checked by sequenc-
ing. Plasmid pME6077 then was integrated into the chromo-
some of strain CHAOQ by triparental mating using E. coli HB101/
PMEA497 as the mobilizing strain (Schnider-Keel et al. 2000,
2001), with selection for tetracycline- and chloramphenicol-
resistant recombinants. Excision of the vector by a second cross-
ing-over occurred after enrichment for tetracycline-sensitive
cells (Schnider-Keel et al. 2000, 2001). The rpoN mutation was
verified by PCR and Southern blotting (data not shown).

Complementation of the rpoN mutation
by monocopy rpoN*.

To complement strain CHA250 (ArpoN), the rpoN gene was
introduced as a single copy into the chromosome using a mini-
Tn7 delivery system described previously (Bao et al. 1991;
Schnider-Keel et al. 2000; Zuber et al. 2003). For this purpose,
the 1,952-bp BamHI-Ncol fragment of pME7069 (Fig. 1) was
cloned into the mini-Tn7-Gm carrier plasmid pME6182, a de-
rivative of pME3280a (Schnider-Keel et al. 2000; Zuber et al.
2003) in which the multiple cloning site is flanked on both sides
by transcriptional termination signals. The construct obtained,
pME7070 (Fig. 1), and the Tn7 transposition helper plasmid
pUX-BF13 (Bao et al. 1991) were co-electroporated into the
recipient strain CHA250. The single Tn7-rpoN+ insertion in
strain CHA251 was checked by PCR using primers PTn7Gm
(5'-GGCGGTAGTTGGGTCGATAT-3") and PTn7glmS (5'-AA
CATGGCCAAGTCGGTCACC-3") and by Southern blotting
(data not shown).

Overexpression of rpoN in P. fluorescens.

For rpoN overexpression, the CHAO rpoN gene was cloned
into the multicopy vector pME6551 (18 copies per chromo-
some equivalent in P. fluorescens) (Schnider-Keel et al. 2001)
and expressed from its natural promoter or the constitutive lac
promoter. Plasmid pMES8013 (Table 3) was constructed by
cloning a 2.2-kb HindIII-EcoRI fragment of pME7070 (Fig. 1)
containing rpoN under the control of its own promoter into
PMEG6551. For the construction of pME8014 (Fig. 1), a 1,515-
bp fragment derived from pME7070 containing the entire
rpoN gene and a 21-bp region upstream of its start codon was
PCR amplified with primers SM-P1 (5'-CCGGAATTCATA
AGGTGTTAAGCCCCTGCC-3") and SM-P2 (5'-CGCGGA
TCCCTACATCAACCGCTTACGTTC-3') containing artificial
restriction sites (underlined) for EcoRI and BamHI, respect-



tively. The PCR product was digested with EcoRI and BamHI,
ligated in pME6001 cut with the same enzymes, and verified
by sequencing. A 1.6-kb Kpnl-BamHI fragment from the re-
sulting plasmid then was placed under the control of the lac
promoter in pME6551 to give pME8014 (Fig. 1).

Construction of transcriptional and
translational lacZ fusions to the pltA gene.

A pltA'-'lacZ translational fusion was constructed as fol-
lows. Sequence information available from the very closely re-
lated strain P. fluorescens Pf-5 (GenBank accession number
AF081920) was used to PCR amplify the pltR'-pltL-pltA’ chro-
mosomal region of CHAQ encompassing the promoter region
of the pyoluteorin biosynthetic genes, which is located in the
intergenic region between pltR and pl/tL (Nowak-Thompson et
al. 1999). Primers CGB-P1 (5'-AACTGCAGAGGTGGGATG
CCAAGTAGTC-3") and CGB-P2 (5'-CGGGATCCCATGCTC
GCGCTCGAACAGTT-3'), containing artificial restriction sites
(underlined) for Pstl and BamHI, respectively, served to amplify
an 864-bp upstream region and the first 43 codons of the pitA
gene. The PCR product was cloned into pBluescript II KS+
giving pNAB1 and the insert was sequenced on both strands.
The nucleotide sequence (accession number AY459536)
showed 99.8% identity to the corresponding sequence of P.
fluorescens Pf-5. A 994-bp EcoRI-BamHI fragment from
pNABI then was fused in-frame with the 'lacZ gene in vector
pPMEG6015 (Table 3), to give the pltA’-'lacZ reporter pME6751
(Table 3). The fusion was checked by sequencing.

For the construction of the pltA-lacZ transcriptional fusion,
a fragment encompassing a 798-bp upstream region and the
first nine codons of the pltA gene was amplified by PCR with
primers MB-P14 (5'GGAATTCGTCTATGTCATTGACAACG
CCTAGCGCCTTCATTC-3'; artificial EcoRI site underlined)
and MB-P15 (5'-CGGGATCCTTACACTACATCATCATAAT
CATGATCGCTCATTGCC-3'; artificial BamHI site under-
lined). The PCR product was cloned into the vector pUK21
and the construct was sequenced on both strands. The 825-bp
EcoRI-BamHI fragment from the pUK21 derivative carrying
PItR'-pltL-pltA’ then was fused to lacZ in plasmid pME6016
(Schnider-Keel et al. 2000), producing the pltA-lacZ reporter
PpMESO007 (Table 3).

Assessment of growth characteristics
of the P. fluorescens rpoN mutant.

Growth rates for P. fluorescens CHAO and its mutant deriva-
tives were assessed by growing the strains at 30°C in different
rich media, including NYB, LB broth, KMB broth, and GCM
(Schnider-Keel et al. 2000), as well as in OSG (Schnider-Keel et
al. 2000). Nitrogen source utilization tests were performed in
tubes containing 2 ml of M9 salts minimal medium (Sambrook
and Russell 2001) with 0.4% glucose (wt/vol) by replacing or
complementing NH,C1 with an alternative nitrogen source at 10
mM when required. After inoculation of the media with aliquots
of 20 pl of a suspension of washed bacterial cells adjusted to an
optical density (OD) of 1.0, cultures were incubated for 24 h at
30°C with shaking at 180 rpm and growth was determined by
recording OD at 600 nm values. In addition, carbon source utili-
zation profiles of wild-type CHAO and its rpoN mutant were
compared by growing the strains in Biolog GN2 and Biolog
GP2 microplates (Biolog Inc., Hayward, CA) containing 128
different carbon sources, including sugars, amino acids, and or-
ganic acids (Wang et al. 2001). Bacterial cell suspensions were
prepared from LB overnight cultures grown at 30°C. Cells were
washed twice in sterile distilled water and cell density was ad-
justed to an OD at 600 nm of 0.25. The Biolog GN2 and GP2
plates were inoculated with aliquots of 150 pl of the bacterial
suspension per well and were incubated at 30°C for 24 h with

shaking (500 rpm) in a Thermostar incubator (BMG Labtech-
nologies, Offenburg, Germany). Bacterial growth was deter-
mined by measuring OD at 595 nm with a Fluostar Galaxy mi-
croplate reader (BMG Labtechnologies) and wells were scored
positive for growth when OD readings exceeded those of control
wells that did not contain a carbon source by at least 0.35. The
experiment was repeated twice.

Motility assays.

Swimming, swarming, and twitching motility of P. fluores-
cens CHAO and its derivatives was tested following the proce-
dures described by Rashid and Kornberg (2000). Flagellar
swimming was tested on plates containing 0.3% agar (Serva,
Heidleberg, Germany), yeast extract at 10 g/liter (Difco, Detroit),
tryptone at 10 g/liter (Difco), and NaCl at 12.5 g/liter. Swarm-
ing motility was examined on plates containing 0.5% agar, nu-
trient broth at 8 g/liter (Difco), and glucose at 5 g/liter. Twitch-
ing motility was assayed on LB broth solidified with 1% agar.
Cells from bacterial overnight cultures on NA were inoculated
into the center of the swim and swarm plates using a sterile
toothpick. Plates were incubated for 24 h at room temperature
prior to the assessment of the diameter of bacterial displace-
ment. For twitch plates, cells were stab inoculated with a tooth-
pick to the bottom of the petri dish. After incubation for 4 to 5
days at room temperature, the agar was carefully removed and
the bacterial cells attached to the bottom of the petri dish were
stained with crystal violet (1%, wt/vol). In all assays, motility
was scored as the diameter of bacterial displacement from the
point of inoculation.

Transmission electron microscopy.

Cells from the edge of a colony grown on swarm plates were
deposited with a toothpick on a drop of water. Carbon-film-
coated transmission electron microscopy grids were placed on
top of the drop for 15 to 20 s to allow for adhesion of bacterial
cells. Grids then were stained with 2% (wt/vol) potassium phos-
photungstic acid (pH 3.0) for 20 to 30 s and washed for 20 s in
a drop of water. The grids were allowed to air dry and then
were examined with a Philips CM12 transmission electron mi-
croscope (Heindoven, The Netherlands) at 60 to 80 keV. Elec-
tron micrographs were taken at a magnification of x10,000. At
least 15 fields of view were analyzed for each sample.

Assays for sensitivity
of P. fluorescens to osmotic and oxidative stress.

P. fluorescens CHAO and its mutant derivatives were grown in
20 ml of KMB broth without selective antibiotics in 100-ml
Erlenmeyer flasks plugged with cotton stoppers. To induce con-
ditions of osmotic stress which still allow growth of P. fluores-
cens, KMB was supplemented with 0.6 M NaCl, 0.8 M NaCl, or
1.2 M sorbitol, a nonionic solute which cannot be metabolized
by strain CHAO. For inoculation, aliquots of exponential-
growth-phase LB cultures of the bacterial strains were used to
adjust the cell density to an OD at 600 nm of 0.05. Cultures
were incubated with rotational shaking (180 rpm) at 30°C. Dou-
bling times of strain CHAO and its derivatives were calculated
from OD at 600 nm values between 0.05 and 1.5 (i.e. during ex-
ponential growth) (Schnider-Keel et al. 2001).

Susceptibility to oxidative stress was tested by exposing
bacterial cells to paraquat, hydrogen peroxide (H,0,), or sodium
hypochlorite (NaOCl) as described previously (Schnider-Keel
et al. 2001). Sterile filter disks (6-mm diameter; Millipore,
Volketswil, Switzerland) were soaked with 10 ul of paraquat
(1.9 or 3.8%; wt/vol), H,O, (3 or 12%; vol/vol), or NaOCl (5
or 10%; vol/vol) and placed on a layer of soft agar (2 ml of
NYB with 0.8% agar) containing 100 ul of an LB overnight
culture covering NA. The diameter of the inhibition zone sur-
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rounding the impregnated disks was measured after overnight
incubation at 30°C.

To assess survival in response to osmotic or oxidative stress,
stationary-phase cells were washed and suspended in 10 ml of
distilled H,O to obtain an OD at 600 nm of 1.0. Suspended
cells were exposed to 1.2 M NaCl, 2.4 M sorbitol, or 30 mM
H,0, (i.e., conditions which no longer allowed growth of P.
fluorescens) and incubated at 30°C with shaking. Cell cultura-
bility was determined at different intervals by plating serial di-
lutions of the cultures on NA.

Assay for expression of DAPG and PLT biosynthetic genes.

P. fluorescens CHAO and its mutant derivatives carrying a
transcriptional phlA-lacZ fusion on plasmid pME6710, a transla-
tional phlA -7TacZ fusion on pME6259, a transcriptional pitA-
lacZ fusion on pMES007, or a translational pltA “ TacZ fusion on
PMEG6715 (Table 3) were grown in 20 ml of KMB broth without
selective antibiotics using 100-ml Erlenmeyer flasks sealed with
cellulose stoppers. For inoculation, 200 pl of a suspension of
washed cells (OD at 600 nm adjusted to 2) from overnight KMB
broth cultures of the bacterial strains were used. Cultures were
incubated at 30°C with rotational shaking at 180 rpm, and -ga-
lactosidase-specific activities of at least three independent cul-
tures were determined by the method of Miller (Sambrook and
Russell 2001). The experiment was done twice.

Quantification of DAPG and PLT production.

Production of DAPG and PLT was assessed for bacteria
grown in 500-ml Erlenmeyer flasks with 100 ml of KMB broth.
For inoculation, 1-ml aliquots of overnight cultures of the bacte-
rial strains grown in KMB broth at 30°C and adjusted to an OD
at 600 nm of 2.0 were used. Cultures were incubated at 30°C
with rotational shaking at 180 rpm. DAPG and PLT were ex-
tracted with ethyl acetate from acidified culture supernatants and
quantified by established high-performance liquid chromatogra-
phy procedures as described before (Keel et al. 1992; Maurhofer
et al. 1992, 1994). The experiment was repeated twice.

Plant disease suppression and root colonization assays.

For the plant assays, aliquots of 60 g of natural sandy loam
soil from Eschikon, Switzerland (Keel et al. 2002) were dis-
tributed into 200-ml Erlenmeyer flasks with wide openings.
When appropriate, the soil was artificially infested with the
pathogenic oomycete P. ultimum 67-1 by adding 2.5 g of a 5-
day-old millet-seed inoculum (Maurhofer et al. 1992; Keel et
al. 2002) of the pathogen per kilogram of soil. Three sterile-
grown, 72-h-old cucumber seedlings (Cucumis sativus cv. Chi-
nese Snake) then were placed in each flask as previously de-
scribed (Keel et al. 2002). P. fluorescens strains were added to
soil as a suspension (5 ml per flask) of cells washed twice in
sterile distilled water to give 1 x 10" CFU/g of soil. Control
flasks received the same amount of sterile water. Seedlings
were covered with 10 g of nontreated soil and flasks were
sealed with cotton stoppers. The microcosms were incubated
in a randomized block design in a growth chamber containing
80% relative humidity and 22°C with light (200 umol sec™! m~
Z; ratio of 1.37 of light at 660 to 730 nm) for 16 h, followed by
an 8-h dark period at 15°C. No watering was necessary. At 6
days after inoculation, the percentage of surviving plants was
determined. Plants were removed from the flasks, washed,
briefly dried with paper towels, and weighed. Roots from each
flask were pooled and transferred into 50-ml plastic tubes con-
taining 20 ml of sterile distilled water. Tubes were vigorously
shaken at 240 rpm for 30 min and the resulting suspensions
were used to determine CFU numbers. In a subset of experi-
ments, root colonization also was determined at 2 and 3 days
after bacterial inoculation. Data represent the means from six
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individual repetitions of the same experiment with 5 to 10 rep-
licates per treatment in each experiment (1 replicate corre-
sponds to one flask containing three cucumber plants). Data
were analyzed for significance with variance analysis, followed
by Fisher’s least significant difference test. Data for CFU counts
were logo-transformed prior to statistical analysis.
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Biological control is a potential alternative to chemically based disease
control. Among bacteria especially pseudomonads have been found

to be prospective candidates for biological control against root patho-
genic fungi. However, the environment in which the protection must
take place is complex, and a major problem for practical application
of pseudomonad biocontrol agents is variable biocontrol activity and
poor survival after addition to soil due to variable biotic and abiotic
factors. The aim of this thesis is to investigate factors and mechanisms
controlling the activity and viability of pseudomonads intended for
biological control of plant pathogenic fungi. The well-characterized
soil bacterium Pseudomonas fluorescens CHAOQ was used as model
strain throughout the work.
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