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SUMMARY

Pseudomonas fluorescens strain CHAO is an effective biocontrol agent of take-all

of wheat caused by Gaeumannomyces graminis var. tritici in the field and of various

other diseases caused by soilborne pathogens in greenhouse experiments. Strain CHAO

produces the siderophores pyoverdine, pyochelin and salicylic acid as well as the

antibiotic metabolites hydrogen cyanide, 2,4-diacetylphloroglucinol (Phi) and

pyoluteorin (Pit). Previous studies have shown that in strain CHAO, the production of

HCN and Phi, but not of pyoverdine is of importance in the suppression of some

diseases caused by soilborne pathogens. The purpose of this study was (i) to test

whether improvement of antibiotic production by strain CHAO can improve its disease

suppressive capacity, (ii) to investigate the role of pyoluteorin in disease suppression
and (iii) to test whether strain CHAO is able to induce systemic resistance against leaf

pathogens in plants.
A cosmid (pME3090) carrying a 22-kb insert of CHAO DNA was found which,

introduced in strain CHAO, enhanced the production of Phi and Pit in vitro and also in

the rhizosphere of wheat. The antibiotic overproducing derivative CHA0/pME3090

showed, compared with the wild-type, improved inhibition of several plant pathogenic

fungi on agar plates. The disease suppressive capacity of the recombinant strain was

tested in different plant-pathogen systems under gnotobiotic conditions. Strain

CHA0/pME3090 showed improved protection of cucumber against Pythium ultimum,

Fusarium oxysporum f. sp. cucumerinum and Phomopsis sclerotioides but protected
wheat to the same degree against G. g. var. tritici and P. ultimum as did the wild-type
strain. The recombinant strain protected tobacco roots better against Thielaviopsis
basicola than the wild-type but reduced plant growth. Strain CHA0/pME3090 was also

toxic to the growth of cress and sweet corn. The toxicity of the recombinant strain to

some plant species is suggested to be due to the enhanced production of Phi and Pit.

Tests with synthetic Phi and Pit showed that these antibiotics are as toxic to plants as to

fungal pathogens. In conclusion, whether the introduction of cosmid pME3090 into

strain CHAO leads to improved disease suppression or not, seems to be dependent on

the plant species. The reason that different results were obtained with different plant

species is probably that bacterial antibiotic production varies in the rhizosphere of

different plants species due to differences in root exudates. The phytotoxicity of strain

CHA0/pME3090 is suggested to be dependent on the sensitivity of a plant to Pit and

Phi as well as on the amounts of antibiotics produced in the plant rhizosphere.
To investigate the role of Pit in disease suppression, Tn5 insertion mutants of strain

CHAO were screened for loss of Pit production. Two mutants, CHA660 and CHA661,

were found which have lost the capacity to produce Pit, and partially also the capacity
to inhibit P. ultimum on King's B agar. In a gnotobiotic system, strains CHA660 and

CHA661 also had partially lost the capacity to protect cress against P. ultimum but were

as efficient in the protection of cucumber against this pathogen as was the wild-type
strain. Pit therefore plays a role in the protection of cress, but not of cucumber against
P. ultimum, probably because in the rhizosphere of cress but not in that of cucumber,

amounts of Pit are produced which are high enough to be effective against the

pathogen.
The ability of strain CHAO to induce resistance in plants was investigated using

Nicotiana glutinosa and two different varieties of Nicotiana tabacum with tobacco
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necrosis virus (TNV) as the pathogen. Tobacco plants were grown in autoclaved natural

soil previously inoculated with strain CHAO. After six weeks, one leaf of the plants was

challenge inoculated with TNV. Development of leaf necrosis after inoculation with

TNV and the production of pathogenesis related (PR) proteins before inoculation with

TNV were investigated and compared with control plants in which systemic resistance

had been induced in the classical way by first, TNV inoculation on a lower leaf, seven

days prior to challenge inoculation. In the leaves of all plants grown in soil inoculated

with strain CHAO, the same increase of PR-proteins and the same level of resistance to

TNV were found as in the leaves of plants which had previously been immunized with

TNV. Strain CHAO could be reisolated only from the roots and is therefore suggested to

be able to induce systemic resistance against leaf pathogens in tobacco plants. Strain

CHA96, a gacA mutant of strain CHAO which has lost the capacity to produce
antibiotics and to protect tobacco from black root rot, induced resistance in tobacco

leaves to the same degree as did the wild-type strain. In contrast, the pyoverdine-

negative strain CHA400 which is as effective in the biocontrol of black root rot of

tobacco as the wild-type, had lost most its capacity to induce leaf resistance but still

induced the same amount of PR proteins as did the wild-type strain.

In conclusion, the results presented show that the role of pyoluteorin in disease

suppression by strain CHAO as well as an improvement of disease suppression by
introduction of cosmid pME3090 into strain CHAO, mainly depends on the plant

species and not on the pathogen. Antibiotic overproduction in strain CHAO may result

in improved disease suppression, or in contrast, in phytotoxicity. Strain CHAO, when

colonizing tobacco roots, is able to induce, in the leaves, (i) resistance to tobacco

necrosis virus and (ii) the production of proteins which are suggested to be associated

with systemically induced resistance. The induction of resistance against pathogens can

therefore be considered as a further mechanism of disease suppression by strain CHAO.

The gacA gene which is involved in the protection of tobacco roots, is not involved in

the induction of leaf resistance and pyoverdine production, which has no role in the

protection of the roots seems to be of importance in the induction of resistance in the

leaves.
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ZUSAMMENFASSUNG

Pseudomonas fluorescens Stamm CHAO unterdruckt die Schwarzbeinigkeit des

Weizens, verursacht durch Gaeumannomyces graminis var. tritici in Feldversuchen und

verschiedene andere bodenburtige Pflanzenkrankheiten in Gewachshausversuchen.

Stamm CHAO produziert die Siderophoren Pyoverdin, Pyochelin und Salicylsaure,
sowie die antibiotisch wirksamen Metaboliten Cyanid, 2,4-Diacetylphloroglucinol (Phi)
und Pyoluteorin (Pit). In fruheren Studien ist bereits gezeigt worden, dass die

Produktion von Cyanid und Phi, aber nicht diejenige von Pyoverdin eine wichtige RoUe

bei der Unterdruckung einiger bodenbiirtigen Krankheiten durch diesen Stamm spielt.
Das Ziel der vorliegenden Arbeit war es a) abzuklaren, ob eine Erhohung der

Antibiotikaproduktion des Stammes CHAO eine Verbesserung der Krankheits¬

unterdruckung bewirken kann, b) die Rolle von Pyoluteorin in der Suppression von

bodenbiirtigen Krankheiten zu untersuchen und c) zu untersuchen, ob Stamm CHAO in

der Lage ist, in Pflanzen systemische Resistenz gegen Blattpathogene zu induzieren.

Es wurde ein Cosmid (pME3090) gefunden, welches nach Einfuhrung in Stamm

CHAO die Produktion von Pit und Phi in vitro und auch in der Rhizosphare von Weizen

erhohte. Dieses Cosmid beinhaltet ein 22 KB Stuck von CHAO-DNA. Verglichen mit

dem Wildstamm zeigte der antibiotikauberproduzierende Stamm CHA0/pME3090 auf

Agarplatten eine erhohte Hemmung von verschiedenen pflanzenpathogenen Pilzen. Die

Krankheitsunterdruckung durch diesen rekombinanten Stamm wurde unter gnoto-

biotischen Bedingungen in verschiedenen Pflanzen-Pathogen-Systemen getestet. Stamm

CHA0/pME3090 vermochte Weizen gleich gut vor Pythium ultimum und G. graminis
var. tritici zu schutzen wie der Wildstamm. Gurkenpflanzen wurden jedoch durch den

Antibiotikauberproduzenten deutlich besser vor P. ultimum, Fusarium oxysporum f. sp.

cucumerinum und Phomopsis sclerotioides geschutzt als durch Stamm CHAO. Der

rekombinante Stamm zeigte auch einen verbesserten Schutz von Tabak gegen

Thielaviopsis basicola, reduzierte jedoch das Wachstum von Tabakpflanzen. Stamm

CHA0/pME3090 war ebenfalls toxisch fiir das Wachstum von Kresse und Zuckermais.

Es ist zu vermuten, dass die Toxizitat des rekombinanten Stammes gegenuber einigen
Pflanzenarten auf die erhohte Produktion von Pit und Phi zuriickzuftihren ist.

Toxizitatstests mit synthetischem Pit und Phi zeigten, dass diese Antibiotika genauso

toxisch fiir Pflanzen sind wie fiir pilzliche Pflanzenpathogene. Zusammengefasst kann

gesagt werden, dass es von der Spezies der Pflanze abhangt, ob eine Erhohung der

Antibiotikaproduktion des Stammes CHAO zu einer verbesserten Krankheits¬

unterdruckung fiihrt. Die unterschiedlichen Resultate, die mit verschiedenen

Pflanzenarten erhalten wurden, kamen vermutlich dadurch zustande, dass die Menge
der durch Stamm CHAO in der Rhizosphare produzierten Antibiotika von der Menge
und Beschaffenheit der Wurzelexsudate abhangt, die je nach Planzenspezies variieren.

Die Phytotoxizitat von Stamm CHA0/pME3090 ist wahrscheinlich sowohl von der

Empfindlichkeit einer Pflanze auf Pit und Phi abhangig als auch von der Menge an

Antibiotika, die in der Rhizosphare einer Pflanze produziert wird
.

Um die Rolle von Pit in der Krankheitsunterdruckung zu untersuchen, wurde unter

Transposoninsertionsmutanten von Stamm CHAO nach solchen gesucht, welche die

Fahigkeit, Pit zu produzieren, verloren haben. Es wurden zwei Pit-negative Mutanten

(Stamm CHA660 und Stamm CHA661) gefunden, die teilweise auch die Fahigkeit
verloren haben, P. ultimum auf King's B Agar zu hemmen. In einem gnotobiotischen
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System schutzten die Stamme CHA660 und CHA661 Gurkenpflanzen gleich gut vor P.

ultimum wie der Wildstamm, zeigten jedoch eine deutlich verminderte Fahigkeit,
Kresse vor demselben Pathogen zu schiitzen. Pit scheint deshalb eine Rolle im Schutz

von Kresse, nicht aber im Schutz von Gurke gegen P. ultimum zu spielen. Dieser

Unterschied ist vermutlich darauf zuruckzufiihren, dass in der Rhizosphare von Kresse,
nicht aber in derjenigen von Gurke, geniigend Pit produziert wird, um gegen P. ultimum

wirksam zu sein.

Die Fahigkeit von Stamm CHAO, Resistenz in Pflanzen zu induzieren, wurde im

Pflanzen-Pathogen-System Tabak-Tabak Nekrosis Virus (TNV) mit Nicotiana

glutinosa und zwei Varietaten von Nicotiana tabacum untersucht. Tabakpflanzen
wurden in autoklavierter natiirlicher Erde angezogen, welche zuvor mit Stamm CHAO

inokuliert worden war. Nach sechs Wochen wurde ein Blatt von jeder Pflanze mit TNV

inokuliert (C7ia//enge-Inokulation). Die Enwicklung von Blattnekrosen nach der

Inokulation und die Produktion von PR (Pathogenesis-Related)-Proteinen vor der

Inokulation mit TNV wurden untersucht und mit denjenigen von Pflanzen verglichen,
in denen systemische Resistenz mit einer ersten TNV-Inokulation sieben Tage vor der

Challenge-Inokulation induziert worden war. In den Blattern von alien Pflanzen, die in

Gegenwart von CHAO gewachsen waren, wurde dasselbe Mass an Resistenz gegen

TNV und dieselbe Menge an PR-Proteinen gefunden wie in Pflanzen, die zuvor mit

TNV immunisiert worden waren. Stamm CHAO konnte nur von den Wurzeln, aber nie

von den Blattern oder vom Stengel riickisoliert werden. Es kann deshalb angenommen

werden, dass Stamm CHAO fahig ist, in Tabakpflanzen systemische Resistenz gegen

Blattpathogene zu induzieren. Stamm CHA96, eine gacA Mutante von Stamm CHAO,
welche die Fahigkeit verloren hat, Antibiotika zu produzieren und Tabak vor der

schwarzen Wurzelfaule zu schiitzen, verhielt sich beziiglich der Induktion von Resistenz

und PR-Proteinen gleich wie der Wildstamm. Stamm CHA400 hingegen, eine

Pyoverdin-negative Mutante von Stamm CHAO, welche dieselbe Fahigkeit hat, die

schwarze Wurzelfaule von Tabak zu unterdriicken wie der Wildstamm, konnte im

Vergleich zu Stamm CHAO nur eine geringe Resistenz gegen TNV induzieren, obwohl

er die gleiche Menge an PR-Proteinen induzierte.

Die vorliegende Arbeit zeigt, dass sowohl die Rolle von Pyoluteorin in der

Krankheitsunterdruckung als auch eine Verbesserung der Krankheitsunterdruckung
durch Einfuhrung des Cosmids pME3090 in Stamm CHAO hauptsachlich von der

Pflanzenspezies und weniger vom Pathogen abhangig sind. Antibiotikauberproduktion
kann in Stamm CHAO einerseits zu einer verbesserten Kontrolle von

Pflanzenkrankheiten fiihren, andererseits aber auch zu Phytotoxizitat. Stamm CHAO

war fahig, in Tabakblattern sowohl Resistenz gegen TNV als auch die mit der Induktion

von systemischer Resistenz korrelierenden PR-Proteine zu induzieren. Die Induktion

von Resistenz gegen Pathogene kann deshalb als ein weiterer Mechanismus der

Krankheitsunterdruckung durch Stamm CHAO betrachtet werden. Das gacA Gen,
welches wichtig ist fiir den Schutz von Tabakwurzeln, scheint beim Schutz der Blatter

keine Bedeutung zu haben. Die Produktion von Pyoverdin hingegen, die in der

Unterdriickung von Wurzelkrankheiten keine Rolle spielt, scheint fiir die Induktion von

Resistenz in den Blattern wichtig zu sein.
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INTRODUCTION

Fluorescent pseudomonads as biocontrol agents of soilborne pathogens

The development of chemical control of plant diseases has been successful in the

twentieth century. Soilborne pathogens, however, are still very difficult to control

because application of pesticides to soil is not always effective and growing concern for

the environment restricts their use. Furthermore, resistant cultivars are seldom

available. Biological control of soilborne pathogens is therefore considered increasingly

to be an alternative for the future. Root colonizing bacteria, especially fluorescent

pseudomonads, are an example of organisms with promising properties for the control

of fungal root pathogens.

Resident populations of pseudomonads are part of the natural suppressiveness of

some soils for soilborne pathogens and of suppressiveness induced by monoculture or

solarization (5,6,10,14,59-61). Application of plant-beneficial Pseudomonas strains to

seeds, plants or soil can significantly improve crop yield in greenhouse and field

experiments (8-10,13,29,30,56-58,70,72). Pseudomonads that exert beneficial effects

on plant development are included among Plant Growth-Promoting Rhizobacteria

(PGPR). Mostly, PGPR increase plant growth by suppression of well-known diseases

caused by major pathogens or by reducing deleterious effects of minor pathogens

(microorganisms which reduce plant growth but without disease symptoms being

obvious).

An advantage for the use of pseudomonads as biocontrol agents is their well

documented disease suppressive capacity. In general, Pseudomonas strains for

biocontrol suppress more than one disease, i.e. they are not specific for particular plants

or pathogens. Furthermore, they can be cultivated conveniently under laboratory

conditions and analyzed by molecular genetic methods.

The problem with the use of pseudomonads is that under field conditions, i.e. in

different locations and/or different years, the performance of the same biocontrol strains

tends to be variable and this problem has hampered commercial applications (30,70).

The reasons for inconsistent performance in the field are largely a matter of speculation

because our knowledge of the interactions between the biocontrol agent, the pathogen,

the plant and the soil are still insufficient. Before Pseudomonas strains can be produced

industrially and applied as biocontrol agents in the field, it is therefore important to

have a precise knowledge of the mechanisms by which they suppress disease, of their

performance and survival under field conditions and of their genetic stability. In this

study the main interest was to investigate mechanisms of disease suppression.
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Mechanisms of disease suppression

Effective root colonization seems to be a prerequisite for biocontrol activity

(43,70). To be a good root colonizer is, however, not sufficient for a Pseudomonas

strain to be an effective biocontrol agent. It is generally assumed that Pseudomonas

strains with biocontrol ability use root exudates to synthesize metabolites, some of

which are suggested to play a key role in disease suppression. In batch cultures,

pseudomonads can produce several extracellular compounds such as siderophores,

antibiotic metabolites, extracellular enzymes and plant growth-promoting compounds

(10,28,35,52). These compounds can be chemically characterized and their role in

disease suppression can be investigated by the use of molecular genetics and

biochemical methods.

The first approach to investigate the importance of a bacterial compound in disease

suppression is in general to isolate mutants of a wild-type Pseudomonas strain (obtained

by Tn5 insertion mutagenesis, chemical mutagenesis or UV treatment) affected in the

production of this compound and to compare their disease suppressive capacity with

that of the wild-type strain. If a mutant shows a reduced disease suppressive capacity,

the attempt is then made to restore production of the compound and the ability to

suppress disease by complementation of the mutant with the corresponding wild-type

genes. This is generally done by mobilisation of different plasmids containing

fragments of the genomic bank of the wild-type strain into the mutant and subsequent

screening for restored metabolite production. The complemented mutant should show

the same level of disease suppression as the wild-type strain. If a complementing

fragment is found, a further step is to identify and sequence the gene(s) which are

involved in the production of the compound, and to study their regulation.

The diversity of compounds secreted by fluorescent pseudomonads is the major

reason why disease suppression by these bacteria is considered to be the product of

several mechanisms which vary from strain to strain. Even for a single strain of

Pseudomonas different mechanisms may be important in the suppression of different

plant diseases.

Siderophore-mediated competition for iron: Under iron limiting conditions

fluorescent pseudomonads produce siderophores, such as pseudobactin and pyoverdine

which function as high-affinity iron chelators. According to the siderophore hypothesis,

pseudomonads suppress disease by sequestering the limited supply of iron in the

rhizosphere and thereby limiting the availability of the iron necessary for the growth of

pathogens (29,39,58,70). The evidence for a role of pyoverdine in biocontrol of

pathogens has been reviewed by Loper and Buyer (42). The importance of siderophores



7;-

in disease suppression seems to be dependent on the composition of the soil, the type of

clay present in soil, iron availability and pH (4,26,45,54). Most of the experiments

which support the siderophore hypothesis, have been conducted in the Netherlands and

on the west coast of the USA in iron-poor soils. Campbell et al. (4) suggest that the

siderophores of fluorescent pseudomonads do not play a role in iron-rich soils. For

example, for Pseudomonas. fluorescens biocontrol strain CHAO isolated from a iron-

rich suppressive soil in Switzerland, the production of the siderophore pyoverdine was

not of importance in the suppression of diseases caused by soilborne pathogens (26).

Several recent reports indicate that bacterial metabolites other than siderophores play a

key role in the suppression of diseases caused by soilborne pathogens (17,18,26,31).

Antibiosis: In the last years, an important role in disease suppression was attributed

to the production of antimicrobial metabolites (9,17,18,25,31). HCN, phenazine-1-

carboxylic acid (PCA), pyrrolnitrin, 2,4-diacetylphloroglucinol (Phi), pyoluteorin (Pit)

and oomycin A are examples of antibiotic metabolites produced by pseudomonads with

biocontrol activity (1,9,15,20,21,23). For several of theses compounds a role in disease

suppression could be demonstrated by the use of the methods described above. Mutants

defective in the production of oomycin A and pyrrolnitrin showed diminished disease

suppression (7,16,19,22). PCA-negative Tn5 insertion mutants of P. fluorescens 2-79

had a reduced capacity to suppress take-all of wheat (63). A Phi-negative Tn5 insertion

mutant of P. fluorescens CHAO had lost most of its capacity to protect tobacco from

black root rot and to suppress take-all of wheat (24,25,27). Furthermore, an HCN-

negative mutant of P. fluorescens CHAO, obtained by gene replacement, showed

reduced suppression of black root rot of tobacco (68). In the case of PCA, Phi and

HCN, antibiotic production and disease suppressive capacity of the antibiotic-negative

mutants could be restored by complementation with the corresponding wild-type genes

(24,25,27,63,68).

Induction of plant defence mechanisms: In addition to the mechanisms

mentioned above there is another topic of growing interest. What effects do beneficial

pseudomonads have on the plant itself? Can they, for example, somehow activate plant

defence mechanisms? Systemic resistance can be induced in plants by certain

microorganisms which cause necrotic lesions, or by some stress-inducing chemicals

applied to plants (32). Several groups recently investigated the ability of pseudomonads

to induce resistance in plants. Wei et al. (69) have adapted the classical cucumber-

Colletotrichum orbiculare system used by Kuc et al. (33) for investigations of induced

systemic resistance. Cucumber seeds were treated with beneficial bacterial strains; later

the second leaf was inoculated with a conidial suspension of Colletotrichum. Six strains
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were found, which, though colonizing only the roots, were able to reduce leaf necrosis.

Van Peer et al. (65) have investigated the possible involvement of induced resistance in

control of F. oxysporum f. sp. dianthi by fluorescent Pseudomonas sp. WCS417. Roots

of carnation were bacterized prior to stem-inoculation with Fusarium. The lesions on

the stems were smaller when the roots of the plant were bacterized (65). Alstrom (2)

demonstrated the resistance of bean plants to halo blight after application of a

Pseudomonas strain to the seeds.

Although the studies described above provide evidence for an involvement of

induced resistance, they cannot rule out the possibility that bacterial metabolites, e.g.

antibiotics, could be taken up and translocated in the plant and directly antagonize the

pathogen, exerting systemic protection comparable to the action of certain pesticides.

One approach to support the hypothesis of induced resistance would be to study the

physiological changes in plants protected by pseudomonads. If it can be demonstrated

that pseudomonads are able to induce pathogenesis-related (PR) proteins in plants that

are suggested to be correlated with the induction of systemic resistance in classical

systems, this would be strong evidence that disease suppressive pseudomonads can

activate plant defence mechanisms.

Inhibition of pathogens by extracellular enzymes and degradation of pathogen

toxins: Some Pseudomonas strains produce extracellular enzymes such as chitinase and

laminarase which may inhibit the pathogen (41). Fluorescent pseudomonads can also

produce extracellular proteases (52,53) some of which might inactivate hydrolases and

phytotoxins of Fusarium spp. (3,52). A non-pathogenic mutant of P. solanacearum is

able to detoxify fusaric acid, the wilt toxin of F. oxysporum f. sp. lycopersici, and to

protect tomato against this pathogen (64).

Plant growth promotion: Some pseudomonads can promote plant growth under

gnotobiotic conditions. The enhanced plant growth response may be caused by an

increased availability of phosphate (40) or by the production of plant growth

stimulating compounds, e.g. indole-3-acetic acid (IAA) (30). Although P. fluorescens

strain CHAO produces IAA in vitro, an involvement of this compound in disease

suppression under gnotobiotic conditions has not been demonstrated (46). Up to now, in

the field, it has not been possible to ascribe plant growth promotion by beneficial

rhizobacteria to bacterial production of plant growth stimulating compounds.

Competition: Superiority in the competition for nutrients or infection sites is also

suggested to be a property of good biocontrol strains (47,62).
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Improvement of disease suppression

Many reports concerning disease suppressive capacity of fluorescent pseudomonads

and mechanisms of disease suppression, demonstrate that the performance of

Pseudomonas strains as biocontrol agents is dependent on factors such as soil type,

plant species, pathogen, temperature, clay minerals, pH, availability of iron etc.

(26,45,54,55,70). This strong dependence on a variety of factors is the major reason for

the inconsistent performance of pseudomonads in the field. There are several

approaches to overcome the inconsistency of biocontrol strains; two of them are: (i) to

improve biocontrol strains by classical or genetic engineering methods and (ii) to apply

mixtures of beneficial microorganisms.

Strain improvement: Since the production of antibiotic metabolites has been

shown to be of importance in disease suppression for several pseudomonads, one

approach to improve the performance of a biocontrol strain would be to improve its

antibiotic production. Some genes coding for biosynthesis or regulation of antibiotic

metabolites have already been identified and partially sequenced (11,16,22,25,34,48,50,

63,66,68). One approach to construct biocontrol agents which have a better disease

suppressive capacity than their parental strains, is to alter the production of antibiotic

metabolites by gene manipulation at the level of regulation. Oomycin A production of

P. fluorescens Hv37a is regulated by glucose (23). Gutterson (16) constructed a

derivative of Hv37a which expresses the antibiotic oomycin A constitutively, by

placing an Escherichia coli tac promoter upstream of the afuE locus which is required

for oomycin A biosynthesis. A recombinant strain carrying the tac-afuE construct

showed an increased, glucose independent oomycin A production and an improved

protection of cotton seedlings against P. ultimum (16). Another possibility to improve a

biocontrol strain is to introduce genes required for the biosynthesis of an antibiotic

metabolite in a strain which does not normally produce this metabolite. Voisard et al.

(68), for example, showed that the introduction of the genes required for the synthesis

of hydrogen cyanide into the HCN-negative P. fluorescens strain P3 improved its

capacity to protect tobacco from black root rot.

For an eventual application of new strains improved by genetical alterations,

however, their ecological impact and the potential risks from their release have to be

evaluated.

Combination of beneficial microorganisms: Application of mixtures of

Pseudomonas strains or of Pseudomonas strains and non-pathogenic fungi, respectively,

can improve biocontrol in the field (12,36,37,49,51). It is possible to improve the
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suppression of take-all of wheat (70,71) or of Fusarium wilt of carnation and tomato

(12,37,38) by combination of different Pseudomonas strains or by combination of a

fluorescent Pseudomonas strain with a non-pathogenic Fusarium strain. This empirical

method, however, will have a better chance of success, and new strains with superior

biocontrol properties may be isolated more easily, when we have a better insight into

the molecular mechanisms involved in disease suppression and into their regulation by

environmental factors.

Background of the present study

P. fluorescens strain CHAO is used as a model organism to investigate the

mechanisms of disease suppression. Strain CHAO, isolated from a soil, naturally

suppressive to black root rot of tobacco (61), suppresses various soilborne diseases such

as black root rot of tobacco, Fusarium wilt of tomato and flax and Rhizoctonia solani

induced disease of cotton in greenhouse experiments and take-all of wheat also in the

field (9,72). This strain produces the siderophores pyoverdine (1), pyochelin (67) and

salicylic acid (44), the antimicrobial metabolites hydrogen cyanide (1), 2,4-

diacetylphloroglucinol (Phi; 9), and pyoluteorin (Pit; 9), the phytohormone indole-3-

acetic acid (17) and extracellular enzymes e.g. a protease and a phospholipase (53). The

role of some of these metabolites in disease suppression has already been investigated.

Keel et al. (24,25,27) demonstrated the importance of Phi in the suppression of black

root rot of tobacco and of take-all of wheat. Voisard et al. (68) isolated the genes

required for the biosynthesis of HCN and showed that HCN plays an important role in

the suppression of black root rot of tobacco. For pyoverdine, however, no role in the

suppression of diseases caused by soilborne pathogens was found. Strain CHA400, a

pyoverdine-negative Tn5 insertion mutant of strain CHAO has the same capacity to

suppress black root rot of tobacco as the wild-type strain (26). Involvement in disease

suppression could not be demonstrated either for indole-3-acetic acid (46). In strain

CHAO, a gene named gacA, which controls the production of several secondary

metabolites, has been identified, cloned and sequenced (34). GacA mutants of strain

CHAO have lost their capacity to produce HCN, Phi, Pit, protease and phospholipase C

and to protect tobacco against black root rot (34,53).

The purpose of this study was (i) to investigate the role of Pit in disease

suppression by strain CHAO, (ii) to test whether the disease suppressive capacity of

strain CHAO can be improved by enhancing its antibiotic production, and (iii) to test

whether strain CHAO is able to induce, in tobacco, defence mechanisms and resistance
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against tobacco necrosis virus and whether the gacA gene and pyoverdine production

are of importance in the induction of resistance.
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Influence of Enhanced Antibiotic Production in Pseudomonas

fluorescens Strain CHAO on its Disease Suppressive Capacity

Abstract

Pseudomonasfluorescens strain CHAO suppresses various plant diseases caused by

soilborne fungi and produces several antibiotic metabolites, two of which have been

identified as pyoluteorin (Pit) and 2,4-diacetylphloroglucinol (Phi). A cosmid

(pME3090) carrying a 22-kb insert of strain CHAO DNA enhanced, in a CHAO

background, the production of Pit in vitro. The production of Phi was also increased but

to a smaller extent. In a gnotobiotic system the recombinant strain protected cucumber

plants against disease caused by Pythium ultimum more than did wild-type CHAO. In

the absence of the pathogen, strains CHAO and CHA0/pME3090 had no influence on

cucumber. Both strains protected cress and sweet corn from P. ultimum. However, in

the presence of P. ultimum, fresh weights of cress and sweet corn plants protected by

strain CHA0/pME3090 were lower compared to those of plants protected by strain

CHAO. Strain CHA0/pME3090 (but not strain CHAO) strongly reduced the growth of

cress and sweet corn in the absence of the pathogen. In vitro, Pit was much more toxic

to the growth of P. ultimum than was Phi. Sweet corn, cress and cucumber were all

inhibited by Pit and Phi; cucumber, however, was less sensitive to Phi than were cress

and sweet corn. These results suggest that enhanced pyoluteorin production might be

responsible for the increased capacity of strain CHA0/pME3090 to suppress damping-

off of cucumber and that the strain's deleterious effect on cress and sweet corn might be

due to the phytotoxic properties of both antibiotics. We conclude that, depending on the

host-pathogen system, enhanced antibiotic production by P. fluorescens may result in

improved disease suppression or, in contrast, in a toxic effect on the plant.

Published 1992 in Phytopathology 82, pages 190-195.

Introduction

Fluorescent pseudomonads suppress a variety of diseases caused by soilborne

pathogens (1,5,17,24,31). One of the mechanisms involved in disease suppression is the

production of antifungal metabolites by Pseudomonas strains as demonstrated for

phenazine-1-carboxylic acid, hydrogen cyanide and 2,4-diacetylphloroglucinol
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(13,15,28-30). Oomycin, pyrrolnitrin and pyoluteorin are additional metabolites of

Pseudomonas for which a role in disease suppression has been suggested (9-12). One

approach to improve the biocontrol capacity of the Pseudomonas strains might be to

enhance their antibiotic production. Gutterson and collaborators have constructed a

derivative of Pseudomonas fluorescens strain Hv37a which overproduces oomycin A in

vitro and shows improved protection of cotton seedlings against Pythium ultimum (6,7).

P. fluorescens strain CHAO is an effective biocontrol agent of take-all disease in

the field and of various other diseases in greenhouse experiments (4,32). This strain

synthesizes 2,4-diacetylphloroglucinol (Phi) and hydrogen cyanide; both have been

shown to contribute to the suppression of black root rot of tobacco (8,15,30); Phi also is

involved in the suppression of take-all of wheat (13). Furthermore, strain CHAO

produces pyoluteorin (Pit), a substance highly toxic to P. ultimum in vitro (4,10). The

purpose of this study was to determine whether increased production of Pit by strain

CHAO could improve suppression of damping-off, caused by P. ultimum. Preliminary

results have been presented (8).

Materials and methods

Microorganisms and culture conditions. Pseudomonas fluorescens (Trevisan)

Migula strain CHAO (27) and a derivative carrying cosmid pME3090 were cultivated in

media described previously (14,30). Cultures of strain CHA0/pME3090 contained 125

ug tetracycline per milliliter medium. For disease suppression tests bacteria were grown

and added to soil as described earlier (14). Pythium ultimum Trow strain 67-1 (obtained

from Allelix Agriculture, Mississauga, Canada) was cultivated on malt agar plates at 20

°C for 7 days. For the disease suppression assay a 0.6-cm plug of a P. ultimum culture

was placed in a sterilized 300-ml Erlenmeyer flask containing 25 g of autoclaved millet

seeds (1.2 mm in diameter, Biofarm, Kleindietwil, Switzerland) and 12 ml of sterilized

double-distilled water. After incubating the flask at 20 °C for 2 wk the mycelium

covered millet was reduced to small pieces and mixed with a sterile spatula and added

to the soil.

Mobilization of the cosmids. Recombinant cosmids representing a genomic

library of P. fluorescens strain CHAO were mobilized from Escherichia coli strain

HB101 to strain CHAO by triparental mating, using the helper plasmid pME497 as

described earlier (30). The resulting transconjugants were screened for enhanced

inhibition of P. ultimum as described below.

Screening for enhanced inhibition of P. ultimum in vitro. Bacterial colonies

were grown on King's B (16) agar at 27 °C for 2 days. Then four colonies were picked
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with sterile toothpicks and inoculated onto a malt or King's B agar plate 1 cm from the

edge. After incubating the agar plates at 18 °C for 2 days, a 0.6-cm plug of a culture of

P. ultimum was placed in the center of the plates. King's B agar plates were incubated

for an additional 4 days and malt agar plates for 3 more days at 18 °C. Inhibition was

scored by measuring the distance between the fungal mycelium and the bacterial

colony.

Southern hybridization of the CHAO genome. Total DNA of strain CHAO was

digested by Hindlll, separated on a 0.7% agarose gel (70 V, 12 h), transferred onto a

nitrocellulose membrane, and hybridized with a 35S-labelled pME3090 probe,

according to the procedures of Maniatis et al. (20).

Extraction of antibiotics. Strains CHAO and CHA0/pME3090 were cultivated on

malt or King's B agar at 18 °C for 3 days. Two agar plates were cut into pieces of 1 cm2

and extracted with 50 ml of 80% aqueous acetone (10) The agar that failed to dissolve

in the acetone was removed from the extract by filtration through glass wool. After the

acetone was evaporated in vacuo the remaining extract was acidified with HC1 to pH 2

and extracted with 50 ml ethyl acetate. The organic phase was separated from the

aqueous phase by filtering through silicone-coated filter paper (Macherey and Nagel)

and brought to dryness in vacuo. The pellet was dissolved in methanol.

Detection and quantification of antibiotics. Aliquots of the extracts were

analyzed in a Hewlett Packard 1090 Liquid Chromatograph equipped with a diode-

array-detector, using a column (100 x 4 mm) packed with Nucleosil 120-5-C18

(Macherey and Nagel). The samples (10 pi) were eluted with a three step linear

methanol gradient from 18 to 23% (0 to 5 min), from 23 to 53% (5 to 6 min) and from

53 to 68% (6 to 15 min) in 0.43% o-phosphoric acid. The flow rate was 1 ml/min. Pit

and Phi were detected by UV-absorption at 313 nm and 270 nm, respectively. The

retention time of authentic pyoluteorin, synthesized according to Cue et al. (3), and

authentic 2,4-diacetylphloroglucinol, synthesized according to Campbell and Coppinger

(2), were 12.2 min and 9.6 min, respectively. The purity grade of synthetic Pit was 86

to 87%, that of synthetic Phi was more than 97%. Stock solutions of Pit and Phi were

prepared in methanol and ethanol, respectively. The detection limit was 0.2 nmol for Pit

and 0.02 nmol for Phi. Pit and Phi produced were quantified according to a standard

curve prepared by injecting known amounts of synthetic antibiotics.

Suppression of P. ultimum under gnotobiotic conditions. Disease suppression by

P. fluorescens strain CHAO and its antibiotic-overproducing derivative

CHA0/pME3090 was tested in a sterile flask containing a pure vermiculitic clay

mineral mixed with quartz sand of different sizes (14). Known amounts of the pathogen

and biocontrol agent were added and then the plants were planted and moistened with

modified Knop solution (14) as briefly described here.
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For cress, flat-bottomed flasks (100 ml) with an opening of 3 cm (diameter) were

filled with 60 g of artificial soil. The flasks were plugged with cotton wool and

autoclaved at 121 °C for 30 min. Bacteria were added to the soil with a sterile syringe

to a final concentration of 107 colony forming units (cfu) per gram of soil. Four days

later 0.05 g of millet covered with P. ultimum was mixed into the soil. Control flasks

without P. ultimum contained 0.05 g of autoclaved millet. On the same day 0.2 g of

cress seeds (Lepidium sativum L., cultivar "Gartenkresse einfach", Altorfer Samen,

Zurich, Switzerland) were placed on the soil and 2 ml modified Knop nutrient solution

was added. Cress seeds showed practically no evidence for contamination with

microorganisms when placed on nutrient agar for 3 days. We were therefore able to

avoid surface sterilization with sodium hypochlorite because this causes an extensive

swelling of the seeds. The flasks were placed in randomized blocks in a growth

chamber with 70% relative humidity and incubated at 22 °C with light (80 umol x nr2

x sec-1) for 16 h, followed by an 8-h dark period at 15 °C. After seven days, plants

were removed from the flasks by flushing with tap water. Roots were separated from

adhering soil by washing. Roots and shoots were briefly dried with paper tissues, and

weighed separately.

For cucumber, seeds (Cucumis sativus, L. cultivar "Chinesische Schlange", Altorfer

Samen, Zurich, Switzerland) were surface-disinfected for 30 min with 1% sodium

hypochlorite (v/v), rinsed with sterilized double-distilled water, and then grown on

0.6% water agar in the dark for 3 days. For sweet corn, seeds (Zea mays L. saccharata,

cultivar meritosa, Samen Mauser, Diibendorf, Switzerland) were surface-disinfected in

5% sodium hypochlorite (v/v) for 10 min, rinsed with sterilized double-distilled water,

and then grown on 0.6% water agar in the dark for 3 days. Erlenmeyer flasks (1000 ml)

with an opening of 5 cm (diameter) were filled with 400 g of artificial soil, plugged and

autoclaved. Bacteria were added as described above. Four days later, millet covered

with P. ultimum (0.2 g for cucumber, 1.5 g for sweet corn) was mixed into the soil.

Control flasks without the pathogen received the same amount of autoclaved millet. On

the same day three seedlings of cucumber or five seedlings of sweet corn were planted

per flask and 15 ml of sterile modified Knop nutrient solution was added. After 2 wk in

a growth chamber with 70% relative humidity and 16 h of light (160 umol x nr2 x sec"

*) at 22 °C and a 8-h dark period at 18 °C, the plants were removed from the flasks by

flushing with tap water, briefly dried with paper tissues and weighed.

Bacterial root colonization. After being weighed, plants were assessed for

bacterial root colonization as described earlier (14). Colonies of strain CHA0/pME3090

growing on King's B agar were transferred by replica plating onto nutrient agar (26)

containing 125 ug tetracycline per milliliter medium. After 48 h at 27 °C, the

percentage of tetracycline resistant colonies indicative of pME3090 was evaluated.
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Fungitoxicity of Pit and Phi. Plugs (6 mm in diameter) of P. ultimum were placed

on malt agar plates containing different amounts of synthetic Pit or synthetic Phi. The

plates were incubated at 27 °C for 7 days. Toxicity was scored by measuring the radial

growth of the fungal mycelium.

Phytotoxicity of Pit and Phi. Cucumber and sweet corn seeds were surface-

disinfected as described above and grown on 0.6% water agar for 4 days. Four

cucumber seedlings, four sweet corn seedlings or 0.2 g cress seeds were placed into

sterile plant tissue culture containers (Flow Laboratories, Inc., Virginia, USA)

containing Knop nutrient solution agar, with or without different amounts of synthetic

Pit or Phi. After 7 days in a growth chamber with 70% relative humidity and 16 h of

light (80 x umol x nr2 sec-1) at 22 °C and a dark period of 8 h at 15 °C the plants were

carefully taken out from the agar, briefly dried with paper tissues and weighed.

Statistics. Each experiment was repeated at different times; means of at least three

experiments are presented. Each mean was compared with all other means by the

Student t test, considering one independent experiment as a repetition. An analysis of

variance could not be performed because the variation among the treatments was not

homogenous (Bartlett test) due to the erratic loss of the plasmid by the transconjugant

CHA0/pME3090.

Results

Screening for increased inhibition of P. ultimum in vitro. The sensitivity of P.

ultimum to Pit prompted us to construct a derivative of P. fluorescens strain CHAO

overproducing this antibiotic. In order to screen for such a strain we mobilized a

genomic library of strain CHAO (established in the cosmid pVKlOO) from Escherichia

coli to strain CHAO and tested the 2112 transconjugants for increased inhibition of P.

ultimum on King's B agar. One recombinant cosmid (pME3090) was identified which in

strain CHAO caused an inhibition zone of 11 mm on King's B agar whereas the wild-

type CHAO showed an inhibition zone of 4 mm. In similar tests on malt agar, strain

CHA0/pME3090 gave an inhibition zone of 3 mm, the inhibition zone produced by the

wild-type strain being 2 mm. Six other transconjugants also showed an increased

inhibition on King' s B agar but not to the same extent as strain CHA0/pME3090. None

of the transconjugant strains showed less fungal inhibition compared to strain CHAO.

Southern hybridization of the CHAO genome. Plasmid pME3090 contained an

insert of ca. 22 kb of P. fluorescens DNA composed of 2 Hindlll fragments (data not

shown). Southern hybridization of the CHAO genome with pME3090 as the probe
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showed that both Hindlll fragments in the insert consisted of P. fluorescens DNA (data

not shown).

Antibiotic production. Strains CHAO and CHA0/pME3090 and the other six

transconjugant strains which showed increased inhibition of P. ultimum were grown on

malt and King's B agar. Cosmid pME3090 enhanced the production of both antibiotic

compounds, in particular that of Pit (Table 1). On malt agar cosmid pME3090 rendered

strain CHAO capable of producing Pit and increased the production of Phi by 50%. On

King's B agar strain CHA0/pME3090 produced about three times more Pit compared to

the wild-type strain (Table 1). Both strains did not produce Phi on King's B agar (Table

1). Strain CHA0/pME3090 produced pyoverdine and hydrogen cyanide to the same

extent as did the wild-type strain (data not shown). The six other transconjugants did

not differ from the wild-type strain in the amounts of Pit and Phi they produced.

Table 1. Production of pyoluteorin (Pit) and 2,4-diacetylphloroglucinol (Phi) by Pseudomonas

fluorescens strain CHAO and CHA0/pME3090 on malt and King's B agar plates

Malt agar?* King's B agar?2

Bacteriax Pit Phi Pit Phi

CHAO

CHA0/pME3090

<0.1a

2.8 b

9.3 a

14.0 b

8.3 a <0.1 a

26.4 b <0.1a

* CHAO = wild-type strain of P fluorescens, and CHAO/pME3090 = Pit and Phi overproducing transconjugant of CHAO. Bacteria

were grown on agar plates at 18 °C for 3 days. The agar plates were extracted as described in Materials and methods.

y Antibiotic production in micrograms per milliliter medium

z Means within the same column followed by the same letter are not significantly different at P = 0 05 according to the Student t

test. Each value is the mean of six experiments with one replicate per treatment and one extraction per replicate.

Disease suppression. In the presence of P. ultimum the fresh weight of cucumber

plants was drastically reduced (Table 2). Fifty percent of the plants were dead. Strain

CHAO provided partial protection against the pathogen. Fresh weights were five times

higher compared to plants grown in the presence of P. ultimum alone, however, reached

only 40% of the fresh weights of plants grown in absence of microorganisms (Table 2).

Strain CHA0/pME3090 provided better protection with plant weights twice as high as

those found after treatment with wild-type CHAO (Table 2). These results show that in

this host-pathogen-system cosmid pME3090 improves the disease suppressive capacity

of strain CHAO. In the absence of P. ultimum, cucumber plants which had been treated

with either CHAO or CHA0/pME3090 had the same root and total weights as had plants

grown without bacteria (Table 2). In treatments with strain CHAO and P. ultimum the

bacterial root colonization was 2x10^ colony forming units per gram of roots (Table
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2). In all other treatments the bacterial root colonization was significantly lower (4 x

107 - 2 x 108 cfu per gram of roots).

Table 2. Influence of increased pyoluteorm (Pit) and 2,4-diacetylphloroglucinol (Phi) production in

Pseudomonas fluorescens strain CHAO on the suppression of damping-off of cucumber, cress, and

sweet com caused by Pythium ultimum

Root fresh Plant fresh Fluorescent

Microorganisms added weight"?

(mg)

weights

(mg)

pseudomonadsxy

Plant tested Bactenav P ultimumw (108 cfu/g)z

Cucumber None , 547 a 1,147 ab 0.0 a

CHAO - 544 a 1,175 a 1.0 b

CHA0/pME3090 - 498 a 1,138 ab 0.4 b

None + 71 d 91 d 0.0 a

CHAO + 158 c 471c 18.0 c

CHA0/pME3090 + 394 b 948 b 1.8 b

Cress None - 1,032 a 2,696 a 0.0 a

CHAO - 1,045 a 2,627 a 14.0 b

CHA0/pME3090 - 462 b 1,317 b 30.0 b

None + 47 d 176 d 0.0 a

CHAO + 618 b 1,578 b 23.0 b

CHA0/pME3090 + 247 c 751c 49.0 b

Sweet corn None - 1,489 a 2,111a 0.0 a

CHAO - 1,317 a 1,917 a Lib

CHA0/pME3090 - 982 b 1,430 b 1.2 b

None + 576 d 929 c 0.0 a

CHAO + 952 b 1,471 b 1.2 b

CHA0/pME3090 + 665 c 1,010 c 1.7 b

v CHAO = wild-type strain of P fluorescens, and CHA0/pME3090 = Pit and Phi overproducing transconjugant of strain CHAO

Bacteria were added as described in Materials and methods

w P ultimum was added as described in Materials and methods

x Fresh weight per plant for cucumber and sweet com, fresh weight per flask for cress

y Means for the same host plant within the same column followed by the same letter are not significantly different at P = 0 05

according to the Student t test comparing each mean with all other means considering one independent expenment as a repetition

Cucumber each value is the mean of three experiments with three replicates per expenment and one flask with three plants per

replicate Cress each value is the mean of six experiments with five replicates per expenment and one flask with plants grown

from 0 2 g of seeds per replicate Sweet com each value is the mean of six experiments with three replicates per expenment and

one flask with five plants per replicate
z

Colony-forming units per gram of roots

In the absence of the pathogen, the antibiotic overproducing recombinant strain was

toxic to cress and sweet corn in that it reduced plant fresh weight by 51% on cress and

32% on sweet corn, whereas strain CHAO had no influence on plant growth in either

case (Table 2). Both strains CHA0/pME3090 and CHAO protected cress and sweet corn

against P. ultimum disease but root and total fresh weights of plants protected with

strain CHA0/pME3090 were 50% lower for cress or 30% lower for sweet corn,

compared to plants protected by the wild-type strain (Table 2). Within the system cress-
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P. ultimum and within the system sweet corn-/0, ultimum strain CHAO and strain

CHA0/pME3090 colonized the roots to the same extent (Table 2).

In the three plant-pathogen systems tested 70 to 80% of the bacteria reisolated from

the roots still contained cosmid pME3090.

10 20 40 80 160 320 640 1280 10 20 40 80 160 320 640 1280

Pyoluteorin 2,4-Diacetylphloroglucinol
concentration (uM) concentration (uM)

Figure 1. Influence of increasing concentrations of A, synthetic pyoluteorin (Pit) and B, synthetic 2,4-

diacetylphloroglucinol (Phi) on the growth of cress, sweet corn and cucumber (plant fresh weights).
Plants were grown for 7 days on Knop agar plates supplemented with different amounts of Pit or Phi.

Each value is the mean of three experiments with three replicates per experiment and four plants

(cucumber, sweet corn) or plants grown from 0.2 g of seeds (cress) per replicate. Error bars give the

standard deviations of the means.

Fungi- and phytotoxicity of Pit and Phi. Since enhanced antibiotic production in

strain CHAO resulted in a toxic effect on cress and sweet corn but not on cucumber, the

toxicity of synthetic Pit and Phi on these plants and on P. ultimum was tested on Knop

and malt agar plates, respectively, containing different amounts of either of the two

antibiotics. The first visible inhibitory effect of Pit on P. ultimum and the plants tested

could be observed at concentrations between 16 and 32 uM (Fig. 1 A; Fig. 2). At a

concentration of 128 pM Pit, the growth of P. ultimum was completely inhibited, the

growth of cucumber, cress and sweet corn in terms of plant fresh weight was lowered

by 72%, 90% and 95%, respectively (Fig. 1 A; Fig. 2). Phi was much less toxic to

growth of P. ultimum than was Pit and slightly less for the plants (Fig. 1 A and 1 B;

Fig. 2). Substantial growth reduction of the three plant species tested could be observed

at 80 pM Phi, a concentration which had no effect on the growth of the pathogen (Fig. 1

B, Fig. 2). A concentration of 320 uM Phi was necessary to reduce the growth of P.

ultimum (Fig. 2). Cucumber was less sensitive to concentrations between 80 and 640
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pM Phi compared to cress and sweet corn. At a concentration of 640 pM the growth of

P. ultimum and cress was completely inhibited by Phi, whereas the growth of sweet

corn and cucumber was lowered by 80% and 63% respectively (Fig. 1 B; Fig. 2).
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Figure 2. Inhibition of Pythium ultimum by synthetic

pyoluteorin (Pit) and synthetic 2,4-diacetylphloroglucinol (Phi).

P. ultimum was grown on malt agar plates supplemented with

different amounts of Pit or Phi at 27 °C for 7 days. Each value

is the mean of three experiments with three replicates per

experiment. Error bars give the standard deviations of the

means.

Discussion

Cosmid pME3090 in P. fluorescens strain CHAO enhanced the in vitro production

of Pit strongly and that of Phi weakly (Table 1). Enhanced Pit production could explain

increased inhibition of P. ultimum on King's B agar, since neither strain CHAO nor

strain CHA0/pME3090 produced Phi on this medium. On malt agar, Phi production by

strain CHA0/pME3090 was probably not high enough to inhibit the growth of P.

ultimum (Table 1; Fig. 2). Therefore, the ability of the mutant to produce Pit on malt

agar may account for the slightly improved antibiosis on this medium. The reason for

the small inhibition zone strain CHAO was able to cause on malt agar was probably the

production of hydrogen cyanide by strain CHAO.

The mechanism by which pME3090 enhances antibiotic production in strain CHAO

is not clear since the genes carried by the insert of this plasmid have not been identified.



-28-

The vector used for the construction of pME3090 has several copies. Hence, a gene

dosage effect of some sort can be envisaged. There are different possibilities, for

example, that pME3090 carries either structural genes for Pit and Phi synthesis or a

gene or genes for positive regulation of Pit and Phi synthesis, or that it permits the

production of increased amounts of precursor molecules which are converted to Pit and

Phi.

In the gnotobiotic system, strain CHA0/pME3090 was superior to its parent in the

protection of cucumber against P. ultimum (Table 2). We suggest that the improved

production of Pit rather than that of Phi may be responsible for this beneficial effect, for

the following reasons: P. ultimum was found to be much more sensitive to Pit than to

Phi (Fig. 2). Moreover, a Phi negative Tn5 insertion mutant of strain CHAO showed no

reduction in the capacity to protect cucumber against P. ultimum (M. Maurhofer,

unpublished results), indicating that Phi has no role in the suppression of damping-off

of cucumber by strain CHAO. Kraus and Loper investigated the role of Pit in the

suppression of Pythium damping-off of cucumber and cotton (18,19). Two Pit negative

Tn5 mutants of P. fluorescens strain Pf-5 also suppressed Pythium damping-off of

cucumber, but one of these was less suppressive than the parental strain. Kraus and

Loper suggest that Pit may have contributed to the biocontrol activity of Pf-5, but it did

not wholly determine this activity (19). However, in a Willamette sandy loam

containing indigenous Pythium spp. Pf-5 and Pit negative Tn5 mutants of Pf-5 were

statistically indistinguishable with respect to biocontrol of cotton damping-off (18). The

role of Pit in disease suppression may depend on the plant-pathogen system.

In the system described here the improvement of the antibiotic production resulting

in improvement of disease suppression was due to a gene dosage effect. Gutterson and

collaborators also have constructed an antibiotic overproducing strain of P. fluorescens.

These authors fused the E. coli tac promoter to a chromosomal gene cluster essential for

the biosynthesis of the antibiotic oomycin A in P. fluorescens Hv37a, and observed

enhanced production of oomycin A and improved suppression of damping-off of cotton

(6,7). Control of P. ultimum by this strain was improved by 20 to 25% in field soil (6)

whereas the disease suppression of strain CHA0/pME3090 under gnotobiotic conditions

was two fold more effective compared to that of strain CHAO (Table 2).

Cosmid pME3090 could not improve the protection of cress and sweet corn against

P. ultimum. Moreover, in the absence of the pathogen, strain CHA0/pME3090 reduced

the growth of cress and corn. In the presence of the pathogen, fresh weights of cress and

sweet corn plants protected by strain CHA0/pME3090 were lower than those of plants

protected by strain CHAO (Table 2); the reason for this may have been that strain

CHA0/pME3090 was deleterious to the plants rather than that it was less efficient in

disease suppression. Although we have not determined the amounts of Pit and Phi
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produced in the rhizosphere of cress and sweet corn and we have not tested the

phytotoxic effects of combinations of Pit and Phi, we suggest that in the rhizosphere the

recombinant strain CHA0/pME3090 synthesized Pit and Phi in sufficient quantities to

inhibit the growth of cress and sweet corn. In contrast, cucumber was not affected,

either because too low an amount of these compounds was produced in the rhizosphere

or because this plant was more resistant to the combination of Pit and Phi. Cucumber

was less sensitive to Phi than were cress and sweet corn at concentrations between 80

and 640 pM (Fig. 1). It is known that the phytotoxic effect of Pit and Phi depends on

the plant species tested (13,15,21,23). In seed germination tests Reddi et al. (23) also

found cucumber to be less sensitive to Phi compared to other plants tested.

Increased inhibition of a pathogen in vitro or increased antibiotic production does

not necessarily lead to improved disease suppression; this has been shown previously.

Two Tn5 mutants of P. fluorescens strain NRRL B-15135 which were selected for

increased antibiosis against Gaeumannomyces graminis var. tritici in vitro had a

reduced capacity to suppress take-all disease (22). Shim and collaborators showed that

overproduction of agrocin 84 in Agrobacterium radiobacter strain K84 does not lead to

improved control of crown gall; in one case it even reduces drastically the biocontrol

capacity of strain K84 (25).

In conclusion, genetic alteration of Pseudomonas fluorescens strains in order to

increase their antibiosis capacity in vitro can, depending on the host-pathogen system,

either improve their disease suppressive capacity or render them deleterious to the plant.
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Introduction

Pseudomonas fluorescens strain CHAO is an effective biocontrol agent of various

diseases caused by soilborne pathogens (Defago et al., 1990). When a cosmid

(pME3090) carrying a 22-kb insert of CHAO DNA is introduced in this strain, the

production of two antibiotics, pyoluteorin (Pit) and 2,4-diacetylphloroglucinol (Phi), is

enhanced in vitro three to five times (Maurhofer et al., 1992). The production of Phi by

strain CHAO has been shown to be of importance in the suppression of take-all of wheat

caused by Gaeumannomyces graminis var. tritici (Keel et al., 1991; Keel et al., 1992)

and in the suppression of black root rot of tobacco (Keel et al., 1990; Keel et al., 1992).

Pit is a compound for which a role in the suppression of Pythium damping-off has been

suggested (Howell & Stipanovic, 1980; Maurhofer et al., 1992). The mechanisms by

which pME3090 enhances antibiotic production are not clear at present as the genes

carried by the insert on this plasmid have not been identified. Plasmid pME3090

enhances the production of Pit more strongly than that of Phi (Maurhofer et al., 1992).

Therefore we decided to test the capacity of strain CHA0/pME3090 to suppress

damping-off diseases caused by Pythium ultimum, which is a fungus very sensitive to

Pit (Defago et al., 1990; Howell & Stipanovic, 1980). The antibiotic overproducing

strain has an improved capacity to suppress Pythium damping-off of cucumber but is

toxic to the growth of cress and sweet corn (Maurhofer et al, 1992).

The purpose of this study was to test the performance of strain CHA0/pME3090 in

a variety of plant-pathogen systems and to investigate whether correlations exist

between the in vitro sensitivity of plants and pathogens to synthetic Pit and Phi and the

in vivo effects of strain CHA0/pME3090 on plants and disease severity.

Materials and methods

Organisms and culture conditions. Pseudomonas fluorescens (Trevisan) Migula

strain CHAO (Stutz et al., 1986) and its derivative carrying the recombinant cosmid

pME3090 (Maurhofer et al., 1992) were cultivated in media described previously (Keel

et al, 1992). Cultures of strain CHA0/pME3090 contained 125 pg tetracycline

hydrochloride (Sigma)/ml medium. Bacteria were added to artificial soil as described

earlier (Keel etal., 1989).

Pythium ultimum Trow strain 67-1 (obtained from Allelix Agriculture,

Mississauga, Canada), Thielaviopsis basicola (Berk. & Br.) Ferraris strain ETH D127

and Gaeumannomyces graminis Arx & Olivier var. tritici Walker strain ETH 1000 were

cultivated and added to artificial soil as described elsewhere (Keel et al, 1989; Keel et
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al., 1992; Maurhofer et al., 1992). Rhizoctonia solani Kiihn strain 160 (obtained from

Ciba Geigy, Basel, Switzerland) and Phomopsis sclerotioides Kest strain L3 (obtained

from the Federal Research Station, Wadenswil, Switzerland) were cultivated on potato

dextrose agar (PDA; Difco) at 24 °C for 7 days and 21 days, respectively. For disease

suppression assays three 0.6-cm plugs of a R. solani or P. sclerotioides culture were

placed in a sterilized 300-ml Erlenmeyer flask containing 25 g of autoclaved millet

seeds (1.2 mm in diameter, Biofarm, Kleindietwil, Switzerland) and 12 ml of sterilized

double-distilled water. After incubating the flask at 24 °C for 3 weeks the colonized

millet was reduced to small pieces with a sterile spatula and mixed into the soil.

Fusarium oxysporum Schlecht f. sp. cucumerinum strain CBS 680.89 (obtained from

the Centraalbureau voor Schimmelkulturen, Baarn, The Netherlands) was cultivated on

PDA at 27 °C for 2 weeks. For soil inoculation, the mycelium was scratched from the

agar, suspended in 20 ml sterile double-distilled water and filtered through glass wool

to separate conidia and mycelium. The conidia suspension was brought to the

appropriate concentration by dilution with sterile double-distilled water and was used

for soil inoculation immediately.

Surface disinfection of seeds (Nicotiana glutinosa L., Triticum aestivum L. 'Arina',

Zea mays L. var. saccharata 'Meritosa' and Cucumis sativus L. 'Chinesische Schlange')

and cultivation of seedlings were described previously (for tobacco: Keel et al., 1989;

for wheat: Keel et al, 1992; for cucumber and sweet corn: Maurhofer et al., 1992).

Plants were grown in growth chambers containing 70% relative humidity with light (80

u,E x nr2 x sec-1 for tobacco or 160 p.E x nr2 x sec-1 for wheat, cucumber and sweet

corn) for 16 h, followed by an 8-h dark period. Temperatures in the light and the dark,

respectively, were 22 °C and 15 °C for tobacco and sweet corn, 18 °C and 13 °C for

wheat, 24 °C and 20 °C for cucumber and F. o. f. sp. cucumerinum and 22 °C and 20

°C for cucumber and P. sclerotioides.

Disease suppression assays in the gnotobiotic system. Disease suppression by P.

fluorescens strain CHAO and its antibiotic overproducing derivative CHA0/pME3090

was tested in a gnotobiotic system previously described in detail (Keel et al., 1989).

The artificial soil contained a pure vermiculitic clay (expanded with 30% H2O2), quartz

powder and quartz sand of different sizes (10/20/70, w/w) and was moistened with

double-distilled water (10% w/w; Keel et al., 1989). For the plant-pathogen systems

tobacco-r. basicola and wheat-G. g. var. tritici the disease suppression assay has been

described in detail, elsewhere (Keel et al, 1989; Keel et al, 1992). Take-all incidence

was calculated for each plant as the percentage of root surface infected and assessed on

an nine-class scale in which 0% = no disease, 2.5% = 0% < x < 5% roots infected, 12.5

= 5% < x < 20% roots infected, 30% = 20% < x < 40% roots infected, 50% = 40% < x <

60% roots infected, 70% = 60% < x < 80% roots infected, 87.5% = 80% < x < 95%
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roots infected, 97.5% = 95% < x < 100% roots infected, and 100% = plant dead. The

letter x represents the midpoint of each class intervall. Experiments were repeated three

(tobacco-F. basicola) or four times (wheat-G. g. var. tritici) with eight (tobacco-F.

basicola) or three (wheat-G. g. var. tritici) replicates per treatment and one (tobacco-T.

basicola) or five (wheat-G. g. var. tritici) plants per replicate.

For assays involving wheat-F. ultimum, sweet corn-/?, solani, cucumber-F.

sclerotioides and cucumber-F. o. f. sp. cucumerinum, 1-1 Erlenmeyer flasks were filled

with 400 g of artificial soil, closed with cotton wool stoppers and autoclaved at 121 °C

for 30 min. Bacterial suspensions were added to the soil to give 107 colony forming

units (c.f.u.) of P. fluorescenslcvc?. Control treatments received the same volume (12

ml) of sterile double-distilled water.

For cucumber systems, three days after soil inoculation with bacteria, 104

microconidia of F. o. f. sp. cucumerinum per cm3 of soil or 1.5 g of millet covered with

P. sclerotioides per flask were mixed into the soil. Control flasks were amended with

the same amount of sterile millet seeds (cucumber-F. sclerotioides). Three days later,

three cucumber seedlings were planted per flask and 15 ml of sterile modified Knop

nutrient solution (Keel et al, 1989) was added. The flasks were placed in randomized

complete blocks in growth chambers under the conditions described above. After 3

weeks, an additional 10 ml of Knop nutrient solution was added to the flasks. Another 2

weeks later, plants were removed from the flasks by flushing with tap water, briefly

dried with paper tissues, weighed, and assessed for disease and bacterial root

colonization. Fusarium-m\t severity was calculated for each plant as the percentage of

foliage wilted and assessed on an six-class scale in which 0% = no disease, 12.5% = 0%

< x < 25% foliage wilted, 37.5 = 25% < x < 50% foliage wilted, 62.5% = 50% < x <

75% foliage wilted, 87.5% = 75% < x < 100% foliage wilted, and 100% = plant dead.

The letter x represents the midpoint of each class intervall. Phomopsis incidence was

calculated for each plant as the percentage of roots covered with lesions and assessed on

an nine-class scale in which 0% = no disease, 2.5% = 0% < x < 5% roots covered with

lesions, 12.5 = 5% < x < 20% roots covered with lesions, 30% = 20% < x < 40% roots

covered with lesions, 50% = 40% < x < 60% roots covered with lesions, 70% = 60% < x

< 80% roots covered with lesions, 87.5% = 80% < x < 95% roots covered with lesions,

97.5% = 95% < x < 100% roots covered with lesions, and 100% = plant dead.

Experiments were repeated three times with three (cucumber-F. o. f. sp. cucumerinum)

or four (cucumber-F. sclerotioides) replicates per treatment and one flask with three

plants per replicate.

For sweet corn, 1 week after soil inoculation with bacteria, 1.5 g of millet

colonized with R. solani per flask was mixed into the soil. Control flasks were amended

with the same amount of sterile millet seeds. The same day, five seedlings were planted
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per flask and 15 ml of Knop nutrient solution was added. The flasks were placed in a

growth chamber under the conditions described above. After 2 weeks plants were

washed, weighed and assessed for bacterial root colonization. The experiment was

repeated four times with three replicates per treatment and one flask with five plants per

replicate.

Wheat-P. ultimum bioassay and extraction of Pit and Phi from the rhizosphere

of wheat. One week after inoculation of the artificial soil with bacteria, 1.5 g of millet

colonized with F. ultimum per flask was mixed into the soil. Control flasks were

amended with the same amount of sterile millet seeds. The same day, five seedlings

were planted per flask and 15 ml of Knop nutrient solution was added. The flasks were

placed in growth chambers under the conditions described above. One experiment

consisted of 150 plants per treatment. After 3 weeks of growth, wheat plants were

pulled out of the flasks. The plants from three flasks per treatment were washed,

weighed and assessed for root colonization. All other plants (135 per treatment) were

used for antibiotic extraction. The extraction of antibiotics from the rhizosphere of

wheat is described in detail by Keel et al, (1992). Excess and loosely adhering soil was

removed by gently shaking the roots. Shoots were cut off and weighed. Roots and

adhering soil from 25 plants were placed in 500 ml of ethyl acetate (acidified to pH 2.0

with 2 M HC1) and were vigorously shaken for 30 min. Roots and soil were removed by

filtering the extract through filter paper. Afterward the roots were washed and weighed.

The extracts of each treatment were pooled and brought to dryness in vacuo. The

residues were redissolved in methanol and analyzed by HPLC as described in

Maurhofer et al. (1992) with the exception of using a Nucleosil 120-5-C8 column (4 x

250 mm) and eluting the samples with a gradient of methanol from 20 to 42% (0-8

min), 42 to 45% (8-14 min) and 45 to 100% (14-25 min). The retention time for

authentic Pit, synthesized according to Cue et al. (1981) was 15.7 min; the retention

time for authentic Phi synthesized according to Campbell & Coppinger (1951) was 20.6

min. The efficiency of recovery by this procedure was 40-50% on the basis of samples

to which different amounts of Pit and Phi (10-100 \xg) had been added per g of artificial

soil (data not shown). The experiment was carried out twice.

Bacterial root colonization. After being weighed, plants were assessed for

bacterial root colonization as described earlier (Keel et al, 1989). Colonies of strain

CHA0/pME3090 growing on King's B agar (King et al, 1954) were transferred by

replica plating onto nutrient agar (Stanisich & Holloway, 1972) containing 125 pg

tetracycline hydrochloride/ml medium. After 48 h at 27 °C, the percentage of

tetracycline resistant colonies (still containing the cosmid pME3090) was evaluated.

Phytotoxicity of Pit and Phi. Cucumber and sweet corn seedlings (each 4 days

old), or wheat seedlings (2 days old) were placed in sterile plant tissue culture
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containers (Flow Laboratories, Inc., Virginia, USA) whereas tobacco seedlings (7 days

old) were incubated in Petri dishes containing modified Knop nutrient solution agar

amended with different amounts of synthetic Pit or Phi. The concentrations were varied

by two-fold dilutions. After 7 days (wheat, sweet corn and cucumber) or 21 days

(tobacco) in a growth chamber under the conditions described above for tobacco, plants

were carefully taken out from the agar, briefly dried with paper tissues and weighed.

The experiment was repeated three times with three replicates per plant species and

antibiotic concentration and five plants per container (cucumber, sweet corn and wheat)

or agar plate (tobacco).

Fungitoxicity of Pit and Phi. Plugs (6 mm in diameter) of fungal cultures grown

as described above, were placed on malt agar plates containing synthetic Pit or Phi in

different concentrations varied by two-fold dilutions. The plates were incubated at 27

°C for 7 days. Toxicity was scored by measuring the radial growth of the fungal

mycelium. The experiment was repeated three times with three replicates per fungi and

antibiotic concentration and one agar plate per replicate.

Fungal inhibition assay. Inhibition of F. ultimum, T. basicola, G. g. var. tritici, R.

solani, and F. o. f. sp. cucumerinum by strains CHAO and CHA0/pME3090 was

assayed on malt and King's B agar according to the method of Thomashow and Weller

(1988). Samples (5 pi, containing approximately 5 x 106c.f.u.) from overnight bacterial

cultures in nutrient yeast broth (Stanisich & Holloway, 1972) were spotted on agar

plates at 1 cm from the edge (four spots per plate). After incubating the plates at 22 °C

for 1 day, a 0.6-cm plug from the fungal culture grown as described above was placed

in the centre of the plate. Plates were incubated at 18 °C and inhibition was scored after

4 days (F. ultimum and R. solani), 10 days (G. g. var. tritici and F. o. f. sp.

cucumerinum) or 17 days (F. basicola) by measuring the distance between the edges of

the fungal mycelium and the bacterial colony. The experiment was repeated three times

with three replicates per treatment and one agar plate per replicate.

Statistics. Biocontrol assays: each column in Figure 1 represents the mean of all

means of the individual experiments. Each mean in Figure 1 was compared with all

other means using the Student t test, considering one independent experiment as a

repetition. The base ten-logarithmic transformation was applied to individual

estimations of root colonization prior to statistical analysis. Values describing disease

severity (estimations of percentage of infected roots or wilted leaves) were transformed

to arc sines prior to statistical analysis. The Duncan multiple range test was applied to

treatment means presented in Table 1. Each independent experiment was analyzed

separately.

In fungal inhibition assays (Table 3) the means of the means of the individual

experiments were calculated. Each mean presented in Table 3 was compared with all
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other means by the Student t test considering one independent experiment as a

repetition.

Results

Production of Pit and Phi in the rhizosphere of wheat and influence of

enhanced Pit and Phi production on disease suppression under gnotobiotic

condidtions. Wheat-P. ultimum: From 135 plants per treatment, roots with adhering

artificial soil were extracted with ethyl acetate. In the extracts Pit and Phi could be

identified and quantified by HPLC using synthetic Pit and Phi as standards. Strain

CHAO produced 0.1-0.2 nmol Pit and 0.3-1.2 nmol Phi per g of roots with adhering

rhizosphere soil (Table 1). Strain CHA0/pME3090 produced 0.3-1.2 nmol Pit and 0.5-

1.7 nmol Phi per g of roots with adhering rhizosphere soil. The presence of F. ultimum

had no influence on the amounts of antibiotics produced by the wild-type, but enhanced

the antibiotic production of strain CHA0/pME3090 three to seven times for Pit and two

to six times for Phi (Table 1). The presence of F. ultimum reduced the plant fresh

weight of wheat by 40% (Table 1). Plants protected by strain CHAO reached about

95%, plants protected by strain CHA0/pME3090 about 80% of the fresh weight of

untreated control plants. The differences between fresh weights of plants protected by

the two strains was not significant (Table 1). In the absence of the pathogen, neither of

the two strains had an influence on plant growth (Table 1). Strains CHAO and

CHA0/pME3090 were recovered from plant roots at a mean population density of 8.7-

8.9 log c.f.u./g roots in absence of the pathogen and of 9.0-9.6 log c.f.u./g roots in the

presence of the pathogen. In all the treatments 79-85% of the bacteria still contained

cosmid pME3090.

Wheat-G. graminis var. tritici: Soil inoculation with G. g. var. tritici reduced the

fresh weight of wheat by 50% and 90% of the roots were infected (Fig. 1A). Strains

CHAO and CHA0/pME3090 provided good protection against this pathogen; plant fresh

weights reached 95 and 91%, respectively, of those of control plants and only 13 and

15%, respectively, of the roots were black (Fig. 1A). Both strains were recovered from

plant roots at a mean population density of 7.9-log 8.0 c.f.u./g roots and per se had no

effect on plant growth. In all the treatments 61 - 75% of the bacteria still contained

cosmid pME3090.

Cucumber-P. sclerotioides, cucumber-F. o. f. sp. cucumerinum: Neither bacterial

strain had an influence on plant growth in the absence of the pathogens (Fig. IB). In the

presence of F. sclerotioides fresh weights were reduced to 14% of those of untreated

plants and 93% of the roots were covered with lesions (Fig. IB). Plants protected by
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strain CHAO reached 90% of the fresh weight of untreated plants; only 10% of the roots

were infected. Strain CHA0/pME3090 provided a significantly better protection (Fig.

IB). There was no difference in the fresh weights of plants protected by the

recombinant strain and the fresh weights of untreated control plants (Fig. IB). Most of

the protected plants showed no disease at all. Strains CHAO and CHA0/pME3090 were

recovered from plant roots at a mean population density of 8.2-8.4 log c.f.u./g roots. In

all the treatments 72-80% of the bacteria still contained cosmid pME3090. Similar

results were obtained with F. o. f. sp. cucumerinum (Fig. IE). Infection of cucumber

plants with this pathogen resulted in 46% wilted foliage. Soil inoculation with strain

CHAO reduced the disease to 9% wilted leaves, whereas plants protected with the

recombinant strain showed practically no disease at all (Fig. IE). Both strains were

recovered from plant roots at a mean population density of 7.9-8.0 log c.f.u./g roots in

the absence of the pathogen and of 8.4-8.8 log c.f.u./g roots in the presence of the

pathogen. In all the treatments 71-75% still contained cosmid pME3090.

Tobacco-T. basicola: The presence of T. basicola drastically reduced the fresh

weight of tobacco plants and 86% of the roots were darkened by the presence of

chlamydospores (Fig. 1C). Plants protected by strain CHAO did not differ from control

plants in their fresh weight. Only 15% of the roots were infected. Strain

CHA0/pME3090 provided significant better protection (7% roots infected) but, in

contrast to the wild-type, reduced plant fresh weight by 43% as observed in the absence

of the pathogen (Fig. 1C). In the presence of the pathogen the fresh weight of plants

protected by CHA0/pME3090 was reduced by 30% compared to those of plants

protected by the wild-type strain. Strains CHAO and CHA0/pME3090 were recovered

from plant roots at a mean population density of 8.2-8.4 log c.f.u./g roots in the absence

of the pathogen and at 8.8-8.9 c.f.u./g roots in the presence of the pathogen. In all the

treatments between 69-78% of the bacteria still contained cosmid pME3090.

Sweet corn-R. solani: Plants infected with R. solani were heavily diseased, the total

plant fresh weight was reduced to 39% of the weight of untreated control plants (Fig.

ID). Strain CHAO provided good protection; protected plants reached 80% of the fresh

weights of control plants. Plants protected by strain CHA0/pME3090, however, reached

only 56% of the fresh weight of control plants. In the absence of the pathogen, strain

CHA0/pME3090, but not strain CHAO, was toxic to the growth of sweet corn and

reduced plant fresh weight by 33% (Fig ID). Strains CHAO and CHA0/pME3090 were

recovered from plant roots at a mean population density of 7.9-8.3 log c.f.u./g roots in

the presence and in the absence of the pathogen. In all the treatments 78-87% of the

bacteria still contained cosmid pME3090.
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Figure 1. Influence of increased pyoluteorin (Pit) and 2,4-diacetylphloroglucinol (Phi)

production in Pseudomonas fluorescens strain CHAO on the protection of A) wheat

against Gaeumannomyces graminis var. tritici, B) cucumber against Phomopsis

sclerotioides, C) tobacco against Thielaviopsis basicola, D) sweet com against

Rhizoctonia solani, and E) cucumber against Fusarium oxysporum f. sp. cucumerinum.

Plants were grown under gnotobiotic conditions as described in Materials and

methods. C = plants grown in absence of pseudomonads, CHAO = plants grown in soil

previously inoculated with strain CHAO (wild-type strain of P. fluorescens),

CHA0/pME3090 = plants grown in soil previously inoculated with strain

CHA0/pME3090 (Pit and Phi overproducing transconjugant of strain CHAO). Columns

in the same graph marked with the same letter are not significantly different at P =

0.05 according to the Student t test comparing each mean with each other mean

considering one independent experiment as a repetition. Each column represents the

mean of three (cucumber and tobacco), four (wheat) or six (sweet corn) independent

experiments with three (cucumber, sweet corn and wheat) or eight (tobacco) replicates

per treatment and one flask with five (wheat and sweet corn), three (cucumber) or one

(tobacco) plants per replicate.

Antifungal and phytotoxic activity of synthetic Pit and Phi. Among the plants

tested (tobacco, sweet corn, cucumber and wheat), tobacco was the most sensitive to Pit

and Phi followed by sweet corn (Table 2).

Among the fungi tested (P. ultimum, G. g. var. tritici, T. basicola, R. solani and F.

o. f. sp. cucumerinum), P. ultimum and G. g. var. tritici were the most sensitive to Pit

and G. g. var. tritici and F. o. f. sp. cucumerinum were the most sensitive to Phi (Table

2).
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Table 2. Phytotoxic (A) and antifungal (B) activity of synthetic pyoluteorin (Pit) and 2,4-

diacetylphloroglucinol (Phi)

MICs Pit (uM)y MICs Phi (uM)?z

Test organism 50
I
100

I,

50 100

A) Plants

Tobacco 25 400 25 400

Sweet corn 25 - 50 >800 50 - 100 >800

Cucumber 50 - 100 >800 100 >800

Wheat 25 - 50 >3200 100 - 200 >3200

B) Fungi

Pythium ultimum 25 - 50 100 200 400

Gaeumannomyces graminis var. tritici 25 - 50 200 50 -100 200

Thielaviopsis basicola 100 800 100 - 200 400

Rhizoctonia solani 200 - 400 1600 100 - 200 400

Fusarium oxysporum f. sp. cucumerinum 400 3200 50 400

y MICs are defined as the mimmal amount of antibiotic causing 50% (I50) or total Ojoq) inhibition of plant growth (in terms of

plant fresh weight) on Knop nutrient solution agar within 7 days (wheat, sweet com, cucumber) or 21 days (tobacco) or of fungal

growth (in terms of mycelium diameter) on malt agar within 7 days. Concentrations of antibiotics were varied by two-fold

dilutions.

z Data already published (Keel et al, 1992).

Table 3. Inhibition of plant pathogenic fungi by Pseudomonas fluorescens strain CHAO and its

pyoluteorin and 2,4-diacetylphloroglucinol overproducing derivative CHA0/pME3090 on agar plates

Test fungus

Inhibition on King's B agary Inhibition on malt agar^

by strain by strain

CHAO CHAO/ CHAO CHAO/

pME3090 pME3090

3.2 a 10.8 b 1.7 a 4.2 b

10.4 a 11.3 a 13.5 a 16.8 b

ndz nd 10.4 a 13.6 b

3.6 a 5.6 b 3.7 a 5.7 b

0.7 a 1.2 b 4.5 a 8.8 b

Pythium ultimum

Geaumannomyces graminis var. tritici

Thielaviopsis basicola

Rhizoctonia solani

Fusarium oxysporum f. sp. cucumerinum

y Inhibition of fungal growth on King's B or malt agar at 18 °C was measured after 4 days (P ultimum and R solani) or 10 days ((!

graminis and F oxysporum) or 17 days (T basicola) as described in Materials and methods and is expressed as the distance (mm)

between the edge of the fungal mycelium and the bacterial colony. Each value is the mean of three independent experiments with

three plates per expenment. Values in the same row for the same culture medium followed by the same letter are no significantly

different at P = 0.05 according to the Student t test, comparing each mean with all other means considering one independent

expenment as a repetition.
2 nd = not determined because T basicola grows very poorly on King' B agar.
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Fungal inhibition assay. On King's B agar which favours the production of Pit,

strain CHA0/pME3090 showed, in comparison with the wild-type, increased inhibition

off. ultimum by 240%, of R. solani by 60% and of F. o. f. sp. cucumerinum by 70%,

but not of G. g. var. tritici (Table 3). On malt agar which favours the production of Phi,

strain CHA0/pME3090 was more inhibitory to P. ultimum by 150% and to the other

fungi tested by 20 -50%, than strain CHAO (Table 3).

Discussion

Pit and Phi could both be extracted from the rhizosphere of wheat grown in

presence of strain CHAO (Table 1). This is the first report of isolation of Pit produced

by root colonizing bacteria from the rhizosphere. Phi has already been shown to be

produced in the rhizosphere of wheat by P. fluorescens strain CHAO (Keel et al, 1992).

Phenazine-1-carboxylie acid is another antibiotic compound for which the production

by a P. fluorescens strain in the rhizosphere of wheat has been demonstrated

(Thomashow et al, 1990). The production of a fourth antibiotic, oomycin A, has been

shown in the spermosphere of cotton by monitoring the expression of the afuE gene

which is required for the production of oomycin A by P. fluorescens strain Hv37aR2,

using an afuE-lacZ transcriptional fusion (Howie & Suslow, 1991).

The introduction of cosmid pME3090 carrying 22 kb of CHAO DNA into strain

CHAO, does not only enhance antibiotic production in vitro (Maurhofer et al, 1992),

but also enhanced the production of Pit and Phi in the rhizosphere of wheat (Table 1).

The difference between the amounts of Pit and Phi produced by the two strains was

greater in the presence than in the absence of P. ultimum. We hypothesize that in the

presence of P. ultimum more nutrients are released from the roots and can be used by

the bacteria. This nutritional environment might stimulate strain CHA0/pME3090 to

overproduce antibiotics.

Strain CHA0/pME3090 did not show improved protection of wheat against P.

ultimum and take-all caused by G. g. var. tritici (Table 1; Fig. 1A). Previous results of

Keel et al. (1991; 1992) indicated that Phi is of importance in the suppression of take-

all in that a Phi-negative mutant gave reduced protection of wheat. We suggest that in

the rhizosphere of wheat the enhanced production of Pit and Phi by strain

CHA0/pME3090 was not sufficient to have an impact on disease suppression.

Strain CHA0/pME3090 protected cucumber better against infection with F. o. f. sp.

cucumerinum and P. sclerotioides than did the parental strain (Fig. IB + IE). This is in

agreement with our earlier results (Maurhofer et al, 1992) showing that strain

CHA0/pME3090 has an improved capacity to protect cucumber against P. ultimum. We
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suggest that in the rhizosphere of cucumber, antibiotic overproduction by strain

CHA0/pME3090 might be stronger than in the rhizosphere of wheat. This might be the

reason why plasmid pME3090 in strain CHAO leads to improved protection of

cucumber but not to that of wheat. We suggest that enhanced Phi production is

responsible for improved protection of cucumber against F. o. f. sp. cucumerinum

because this pathogen is much more sensitive to Phi than to Pit. The improved ability of

strain CHA0/pME3090 to suppress Pythium damping-off of cucumber was attributed to

an enhanced production of pyoluteorin because P. ultimum is much more sensitive to

Pit than to Phi (Maurhofer et al, 1992).

Strain CHA0/pME3090 also showed an improved capacity to reduce the severity of

T. basicola infection on tobacco roots compared with the wild-type strain (Fig. IC) but

the antibiotic overproducing strain reduced plant fresh weight in the presence and in the

absence of the pathogen (Fig. IC). This reduction of plant growth occurred probably

because the amounts of Pit and Phi produced in the rhizosphere of tobacco were high

enough to be toxic to the plants. The antibiotic overproducing strain was also toxic to

the growth of sweet corn (Fig. ID). The phytotoxicity of strain CHA0/pME3090 on

sweet corn and on cress was reported in an earlier study (Maurhofer et al, 1992). We

suggest that strain CHA0/pME3090 is toxic to sweet corn and tobacco, but not to wheat

and cucumber, because sweet corn and tobacco are more sensitive to synthetic Pit and

Phi than were the other two plants tested (Table 2). We could find a correlation between

the sensitivity of the plants to the two antibiotics and the phytotoxicity of strain

CHA0/pME3090 (Table 2; Fig. 1). In contrast, the sensitivity of the pathogens to the

two antibiotics and the degree of disease suppression by strain CHA0/pME3090 were

not correlated (Table 2; Fig. 1). Strain CHA0/pME3090 showed an improved capacity

to inhibit all pathogens tested on King's B agar which favours the production of Pit, and

on malt agar which favours the production of Phi (Table 3). Thus, in strain CHAO,

enhanced antibiotic production in vitro (Maurhofer et al, 1992) is correlated with

enhanced pathogen inhibition in vitro. In general, slowly growing fungi like T. basicola

and G. g. var. tritici were more strongly inhibited by the wild-type strain and the

recombinant than were fast growing fungi like P. ultimum, F.o.f.sp. cucumerinum and

R. solani. Perhaps fast growing fungi are less inhibited because their mycelium can

cover most of the agar plates before the bacteria have secreted enough antibiotics in the

medium to inhibit their growth.

For the tobacco pathogen T. basicola and all the cucumber pathogens tested,

improved pathogen inhibition in vitro did correlate with improved disease suppression

in vivo (Table 3; Fig. 1). In the study of Kraus & Loper (1992), however, increased

inhibition of P. ultimum in vitro by Pit overproducing mutants of P. fluorescens strain

Pf-5 did not correlate with improved suppression of damping-off of cucumber
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seedlings. The differences in the results found with strain CHA0/pME3090 and the Pit

overproducing mutants of Pf-5 might be due to differences in the strains, the soils and

the condidtions used in the biocontrol tests.

In conclusion, strain CHA0/pME3090 showed improved suppression of three

different cucumber diseases but protected wheat to the same degree against two

different pathogens as did the wild-type strain. Cucumber infected with P. ultimum was

protected better by strain CHA0/pME3090 whereas wheat infected with the same

pathogen was not. Thus, whether the recombinant cosmid pME3090 in strain CHAO

leads to improved disease suppression or not, seems to depend on the plant species. We

hypothesize that bacterial antibiotic production varies in the rhizosphere of different

plants due to differences in root exudates. Furthermore, we suggest that phytotoxicity of

strain CHA0/pME3090 is dependent on the sensitivity of a plant to Pit and Phi as well

as on the amounts of antibiotics produced in the plant's rhizosphere.
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Pyoluteorin Production by Pseudomonasfluorescens
Strain CHAO is Involved in the Suppression of Pythium

Damping-off of Cress but not of Cucumber

Abstract

Pseudomonas fluorescens strain CHAO is an effective biocontrol agent of various

soilborne pathogens. It controls damping-off or root rot caused by Pythium ultimum on

cucumber, wheat and cress. Strain CHAO synthezises several antibiotic metabolites such

as hydrogen cyanide, 2,4-diacetylphloroglucinol, and pyoluteorin. The role of

pyoluteorin in the suppression of damping-off was investigated. Two Tn5 mutants

(CHA660 and CHA661) of strain CHAO were isolated which had lost the capacity to

produce pyoluteorin but still produced 2,4-diacteylphloroglucinol and HCN. These

mutants still inhibited P. ultimum on malt agar (which favours the production of 2,4-

diacetylphloroglucinol) but had partially lost the ability to inhibit this pathogen on

King's B agar (which favours the production of pyoluteorin). The two pyoluteorin-

negative mutants showed a reduced capacity to suppress damping-off of cress caused by

P. ultimum but were as effective in the protection of cucumber against this pathogen as

the wild-type strain.

These results indicate that, depending on the plant, pyoluteorin production plays a role

in the suppression of damping-off by strain CHAO without being a major mechanism in

disease suppression. We suggest that the contribution of pyoluteorin to the biocontrol

activity of strain CHAO is determined by the quantity of this antibiotic produced in the

rhizosphere, which might depend on the root exudates of the host plant.

Submitted to the European Journal of Plant Pathology, October 1993.

Introduction

Fluorescent pseudomonads produce a wide array of antibiotic metabolites, some of

which are involved in the biocontrol of soilborne pathogens. An important role in

disease suppression has been demonstrated for phenazine-l-carboxylie acid, hydrogen

cyanide and 2,4-diacetylphloroglucinol (Keel et al, 1990; Keel et al, 1991; Keel et al,

1992; Thomashow and Weller, 1988; Thomashow et al, 1990; Voisard et al, 1989).

For oomycin A there is also evidence that this compound is involved in biocontrol
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(Gutterson, 1990; Howie and Suslow, 1991; James and Gutterson, 1986). Pyrrolnitrin

and pyoluteorin are further metabolites of Pseudomonas strains for which a role in

disease suppression has been suggested (Homma and Suzui, 1989; Howell and

Stipanovic, 1979; Howell and Stipanovic, 1980; Jayaswal et al, 1992; Maurhofer et al,

1992).

Pseudomonas fluorescens strain CHAO, which was isolated from a soil suppressive

to black root rot of tobacco, is an effective biocontrol agent of various soilborne

diseases in greenhouse experiments (Defago et al, 1990) and reduces take-all severity

in the field (Wiithrich and Defago, 1991). This strain produces the antifungal

metabolites hydrogen cyanide, pyoluteorin (Pit), 2,4-diacetylphloroglucinol (Phi), and

monoacetylphloroglucinol (mPhl, Defago et al, 1990). mPhl is suggested to be a

precursor of Phi (Fenton et al, Fourth International Symposium on Pseudomonas,

Vancouver 1993, Book of abstracts, page 49). Phi and HCN contribute to the

suppression of black root rot of tobacco (Keel et al, 1990; Keel et al, 1992; Voisard et

al, 1989). Phi is also involved in the suppression of take-all of wheat (Keel et al,

1991). Pit is highly toxic to Pythium ultimum in vitro (Howell and Stipanovic, 1980;

Maurhofer et al, 1992) and also to some plants (Maurhofer et al, 1992; Ohmori et al,

1978). Strain CHA0/pME3090, a derivative of strain CHAO overproducing Pit and Phi

shows an improved capacity to suppress P. ultimum induced damping-off of cucumber,

compared with the wild-type strain (Maurhofer et al, 1992). This improved disease

suppressive capacity is suggested to be due to enhanced production of Pit, since Pit is

much more toxic to P. ultimum than is Phi (Maurhofer et al, 1992). Furthermore,

treatment of cotton seeds with Pit suppresses damping-off caused by P. ultimum

(Howell and Stipanovic, 1980). These findings suggest that Pit might contribute to the

suppression of damping-off by fluorescent pseudomonads. However, Pit-negative Tn5-

induced mutants of P. fluorescens strain Pf-5 do not have a reduced capacity to protect

cucumber from P. ultimum, indicating that Pit production by strain Pf-5 does not play a

role in the suppression of damping-off of this plant species (Kraus and Loper, 1991;

Kraus and Loper, 1992).

The purpose of this study was to determine whether Pit production by P.

fluorescens CHAO affects the suppression of P. ultimum infecting two different host

plants. To this end, the protective effects of the wild-type strain CHAO were compared

with those of Tn5-induced, Pit-deficient mutants.
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Materials and methods

Microorganisms and culture conditions. Pseudomonas fluorescens (Trevisan)

Migula strain CHAO (Stutz et al, 1986) and its derivatives were cultivated routinely on

nutrient agar (NA; Stanisich and Holloway, 1972) at 27 °C. Cultures of Tn5 insertion

mutants were amended with 25 ug kanamycin (km) x ml"1 medium. For disease

suppression assays, bacteria were grown and added to soil as described earlier (Keel et

al, 1989). Pythium ultimum Trow strain 67-1 (obtained from Allelix Agriculture,

Mississauga, Canada) was cultivated on malt agar plates at 20 °C for 7 days. For

addition to the artificial soil, a 0.6-cm plug of a P. ultimum culture was placed in a

sterilized 300-ml Erlenmeyer flask containing 25 g of autoclaved millet seeds (1.2 mm

in diameter, Biofarm, Kleindietwil, Switzerland) and 12 ml sterilized double-distilled

water. After a 2-weeks incubation at 20 °C, the colonized millet was reduced to small

pieces with a sterile spatula and mixed into the artificial soil (Maurhofer et al, 1992).

Transposon mutagenesis. The recipient strain CHAO was cultivated in King's

medium B (King et al, 1954) at 35 °C for 26 h. The donor strain Escherichia coli

W3110 (Bachmann, 1972) containing the Tn5 suicide plasmid pLG221 (Boulnois et

al, 1985) was cultivated in nutrient yeast broth (NYB) (Stanisich and Holloway, 1972)

at 37 °C for 17 h. Equal volumes of donor and recipient were combined, washed once

with saline, spread on NA plates and incubated at 30 °C for 4 h. The bacteria were

removed from the agar plates with saline, diluted five times, plated on media selective

for putative Tn5 mutants (NA containing 25 and 20 |0.g x ml"1 km and chloramphenicol,

respectively) and incubated at 27 °C for 48 h.

Screening for Pit-negative mutants. Tn5 induced mutants were grown in 8 ml

King's medium B at 24 °C for 4 days and the cultures were then extracted with the same

volume of ethyl acetate after acidification to pH 2 with 2 M HC1. The ethyl acetate

phase was evaporated in vacuo and the extracts were dissolved in methanol and

analyzed by HPLC as described before (Maurhofer et al, 1992).

Characterization of Pit-negative mutants. Pit-negative mutants were tested for

different characteristics and compared with the wild-type strain CHAO.

Pyoverdine-dependent fluorescence was tested by growing P. fluorescens strains on

succinate minimal medium (Meyer and Abdallah, 1978) with or without the addition of

20 |J,M ethylenediaminedi(o-hydroxyphenylacetic acid) (EDDHA; Sigma, St. Louis,

USA) at 24 °C for 24 h. Auxotrophic defects were also tested on succinate minimal

medium.

Protease production was detected on skim milk agar plates which contained 1.5%

(w/v) skim milk powder (Oxoid, Basingstoke, UK), 0.4% blood base agar (Oxoid)

0.05% yeast extract (Difco, Detroit, USA) and 1.35% (w/v) agar bacteriological
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(Oxoid). Plates were incubated at 27 °C for 24 h. Formation of clear halos around the

colonies indicated extracellular protease activity.

For quantitative cyanide determination, P. fluorescens strains were grown with

shaking in 10 ml Castric medium (Castric, 1977) placed in a hermetically sealed 20-ml

flask at 28 °C. After 24 h, cyanide in the medium was determined following the method

ofGewitz^a/. (1976).

For quantitative assays of antibiotic (Pit, Phi and mPhl) production, strain CHAO

and the Pit-negative mutants were grown with shaking in 10 ml NYB each at 27 °C for

16 h. From these overnight cultures, 200 \xl was plated on malt agar or King's medium

B agar and incubated at 18 °C for 4 days. Antibiotics were extracted from the agar and

analyzed by HPLC as described earlier (Keel et al, 1992; Maurhofer et al, 1992).

mPhl was detected by UV-absorption at 290 nm. The retention time of synthetic mPhl

(Fluka, Buchs, Switzerland) was 6.3 min.

Inhibition of P. ultimum in vitro. Bacteria were grown on King's medium B agar

at 27 °C for 2 days. Single colonies were picked with a sterile toothpick and streaked on

malt- or King's medium B agar plates along a square of 6 cm side length. After

incubating the agar plates at 27 °C for 2 days (malt agar) or directly after inoculation

with the bacteria (King's medium B agar), a 0.6-cm plug of a culture of P. ultimum was

placed in the center of the plates. Malt agar plates were incubated at 27 °C for 2 days

and King's medium B agar plates for 3 days. Inhibition was scored by measuring the

distance between the edges of the fungal mycelium and the bacterial colony.

Suppression of P. ultimum under gnotobiotic conditions. Disease suppression by

P. fluorescens strain CHAO and its Pit-negative derivatives was tested in a sterile flask

containing an artificial soil consisting of pure vermiculitic clay mineral mixed with

quartz sand of different sizes (Keel et al, 1989). The matrix potential of the artificial

soil was -40 mbar. Known amounts of P. fluorescens and P. ultimum were added to the

soil and cucumber seedlings (Cucumis sativus, L. cv. "Chinesische Schlange", Altorfer

Samen, Zurich, Switzerland) were planted or cress seeds (Lepidium sativum L., cv.

"Gartenkresse einfach", Altorfer Samen) sown and moistened with modified Knop

solution (Keel et al, 1989) as described previously in detail (Maurhofer et al, 1992).

Flasks were placed in randomized blocks in a growth chamber with 70% relative

humidity and 16 h of light (160 umol x nr2 x sec"1) at 22 °C and a 8-h-dark period at

18 °C (cucumber) or 15 °C (cress). After 1 wk (cress) or 2 wk (cucumber) the plants

were removed from the flasks by flushing with tap water. After washing the roots free

from adhering soil, plants were briefly blotted dry with paper tissues and assessed for

root and total fresh weight. As an indication of pre-emergence damping-off (cress) or

post-emergence damping-off (cucumber) the percentage of emergence (cress) or the

percentage of survival of seedlings (cucumber) was evaluated. Cress bioassay: The
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experiment was repeated four times. One experiment consisted of eight replications per

treatment and one flask with 75 seeds per replication. Cucumber bioassay: The

experiment was repeated three times. One experiment consisted of three replications per

treatment and one flask with three seedlings per replication.

Bacterial root colonization. After weighing the plants, bacterial root colonization

was determined as described earlier (Keel et al, 1989).

Data analysis. Biocontrol of P. ultimum: Experiments were first analyzed

separately using the Duncan multiple range test after a significant F test (P = 0.05).

Then all experiments were analyzed together by the Student t test. Each value presented

in Table 3 is the mean of the means of the individual experiments (data were not

pooled). Each mean was compared with each other mean using the Student t test,

considering one independent experiment as a repetition. The base ten-logarithmic

transformation was applied to individual estimations of root colonization prior to

statistical analysis.

Inhibition of P. ultimum and antibiotic and cyanide assays: Each value presented in

Table 1 and 2 is the mean of three independent experiments. Each mean was compared

with each other mean using the Student t test, considering one independent experiment

as a repetition.

Results

Isolation of Tn5 insertion mutants of strain CHAO. After mating between the

recipient strain CHAO and the donor E. coli strain W3110/pLG221 putative Tn5

mutants of strain CHAO were obtained at a frequency of 4 x 10~6 per donor. Out of

1500 Tn5 mutants screened six did not produce Pit in King's B liquid cultures. Four of

these mutants were pleiotropic also lacking protease, HCN, and Phi, whereas two were

defective in the production of Pit but still produced Phi, HCN and protease.

Characterization of Pit-negative mutants. The wild-type strain CHAO and the

two Pit-negative mutants CHA660 and CHA661 were tested for several phenotypic

characteristics. Strains CHA660 and CHA661 were prototrophic and showed no

difference in fluorescent pigment and growth on NA, malt agar, King's B agar and

liquid cultures, and NYB compared to the wild-type strain. On malt agar strain CHAO

produced mPhl, Phi and some Pit (Table 1). The two mutants did not produce Pit but

produced the same levels of mPhl and Phi as the wild-type strain (Table 1). On King's

B agar strain CHAO produced Pit and a small amount of Phi (Table 1). Strains CHA660

and CHA661 produced both Phi and mPhl, but no Pit. On this medium the Phi

production of the two mutants was about 12 times higher than that of the wild-type
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strain (Table 1). In Castric liquid medium strain CHAO and the two mutants produced

similar amounts of HCN (Table 1). Strains CHA660 and CHA661 showed no

difference in the production of extracellular protease compared to the wild-type strain.

Table 1. Production of monoacetylphloroglucinol (mPhl), 2,4-diacetylphloroglucinol (Phi), pyoluteorin

(Pit) and hydrogen cyanide by Pseudomonas fluorescens strain CHAO and its derivatives CHA660 and

CHA661

Antibiotic production (uM) on

Bacteria^ malt agarz

Antibiotic production (uM) on HCN production

King's medium B agar2 (l^M) in the Castric

mPhl Phi Pit mPhl Phi Pit

meaiunr

CHAO 3.1a 31.0 a 1.2 a 0.0 a 0.4 a 34.6 a 38.7 a

CHA660 4.9 a 41.7 a 0.0 b 0.9 b 6.0 b 0.0 b 44.4 a

CHA661 3.9 a 38.8 a 0.0 b 1.5 b 5.9 b 0.0 b 39.6 a

y CHAO = wild-type strain of P fluorescens, CHA660 and CHA661 = pyoluteonn-negative Tn5 insertion mutants of strain CHAO

For antibiotic production the bacteria were grown on agar plates at 18 T for 4 days. For cyanide production the bacteria were

grown in the Castnc liquid medium at 28 °C for 24 h

1 Means within the same column followed by the same letter are not significantly different at P = 0 05 according to the Student t

test, comparing each mean with all other means considering one independent expenment as a repetition Antibiotics- each value is

the mean of eight independent experiments with one replicate and one extraction per replicate. HCN: each value is the mean of

three independent experiments with three replicates and the measurement of HCN in one bacterial culture per replicate.

Table 2. Inhibition of Pythium ultimum by Pseudomonas fluorescens strain

CHAO and its pyoluteorin-negative derivatives CHA660 and CHA661 on

agar plates

Bacteriay

Distance (mm)between the edges of the bacterial

colony and the mycelium of P ultimum^1

King's B agar Malt agar

CHAO

CHA660

CHA661

8.0 a

4.8 b

4.2 b

1.4 a

1.3 a

1.4 a

y CHAO = wild-type strain of P fluorescens, CHA660 and CHA661 =

pyoluteorin-negative Tn5 insertion mutants of strain CHAO. The agar

plates were inoculated with P. ultimum and bacteria as described in

Materials and methods.
z Means within the same column followed by the same letter are not

significantly different at P = 0.05 according to the Student t test,

comparing each mean with all other means considering one independent

experiment as a repetition. Each value is the mean of three independent

experiments with three replicates and one agar plate per replicate.
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Inhibition of P. ultimum in vitro. Strains CHA660 and CHA661 were

significantly less inhibitory of P. ultimum on King's B agar than the wild-type strain

(Table 2). The inhibition of P. ultimum on malt agar was similar for all strains tested

(Table 2).

Influence of Pit production on the suppression of P. ultimum under

gnotobiotic conditions. In the presence of P. ultimum the fresh weights of cucumber

and cress plants were drastically reduced (Table 3). Emergence of cress seedlings was

only 12% compared to that of untreated control seedlings and 82% of the cucumber

plants were dead (Table 3). The presence of strain CHAO provided a good protection

against disease (Table 3), confirming earlier results (Maurhofer et al, 1992). The fresh

weight of protected plants was 13 times higher compared to plants grown in the

presence of P. ultimum alone and reached 80% (cress) and 60% (cucumber) of the fresh

weight of untreated control plants. Emergence of cress seedlings protected by strain

CHAO was only 15% lower than that of untreated control seedlings and 89% of the

cucumber plants survived (Tabel 3). Strains CHA660 and CHA661 showed a reduced

capacity to protect cress against P. ultimum in terms of plant fresh weight and of

seedling emergence, but protected cucumber as efficiently in terms of plant fresh

weight and of plant survival as did the wild-type strain (Table 3). Cress plants protected

by the Pit-negative mutants reached only 60% (CHA660) or 73% (CHA661) of the

fresh weights of plants protected by the wild-type strain. Emergence of cress seedlings

protected by the Pit-negative strains was 39% (CHA660) and 32% (CHA661) lower

than that of seedlings protected by the wild-type (Table 3). In the absence of the

pathogen neither of the strains tested had an influence on the total plant weight of cress

or cucumber (Table 3). Strain CHAO, however, (slightly but significantly) reduced cress

root weight.

All the strains colonized cress roots in the presence or absence of P. ultimum at 7.3

to 7.7 log cfu x g_1 roots (Table 3). Cucumber roots were colonized at 7.8 to 8.2 log cfu

xg"1 roots in the absence and at 9 to 9.4 log cfu x g_1 roots in the presence of the

pathogen (Table 3).

Separate analysis of each independent experiment showed that in all the individual

experiments (i) the treatment effect was highly significant (analysis of variance, P <

0.001), (ii) strains CHA660 and CHA661 gave significant (Duncan multiple range test

P = 0.05) less protection of cress against P. ultimum in terms of fresh weight and in

terms of seedling emergence compared to strain CHAO and (iii) strains CHA660 and

CHA661 protected cucumber as efficiently against P. ultimum as did the wild-type

strain.
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Table 3. Protection of cress (A) and cucumber (B) against Pythium ultimum by Pseudomonas

fluorescens strain CHAO and its pyolteorin-negative derivatives CHA660 and CHA661 under

gnotobiotic conditions

Emergence of

Microorganisms addedv Root fresh Plant fresh seedlings or Fluorescent

weightwx weightwx plant survival pseudomonadsy

Bacteria P. ultimum (mg) (mg) (%)>i (log cfu Xg"1)2

A) Cress

none - 1107 a 3026 a 100 a 0.0 a

CHAO - 989 b 2914 a 100 a 7.3 b

CHA660 - 1173 ab 3019 a 101 a 7.3 b

CHA661 - 1146 a 3131 a 99 a 7.3 b

none + 71 e 179 d 5 d 0.0 a

CHAO + 809 c 2346 b 85 b 7.5 b

CHA660 + 401 d 1407 c 52 c 7.7 b

CHA661 + 502 d 1715 c 58 c 7.6 b

B) Cucumber

none 273 a 881 a 100 a 0.0 a

CHAO - 244 a 839 a 100 a 7.8 b

CHA660 - 222 a 756 ab 100 a 8.2 be

CHA661 - 219 a 769 ab 100 a 8.2 be

none + 24 b 38 c 18 c 0.0 a

CHAO + 107 a 499 ab 89 b 9.0 c

CHA660 + 107 a 489 b 81 b 9.0 c

CHA661 + 106 a 488 b 93 b 9.4 c

v CHAO = wild-type strain of P. fluorescens, CHA660 and CHA661 = Pit-negative TnJ insertion

mutants of strain CHAO. Bacteria and P. ultimum were added as described in materials and methods.

w Fresh weight per living plant for cucumber and fresh weight from all plants emerged from 75 seeds

(in one flask) for cress.

x Means for the same host plant within the same column followed by the same letter are not

significantly different at P = 0.05 according to the Student f-test, comparing each mean with each

other mean considering one independent experiment as a repetition. Cress: each value is the mean of

four independent experiments with eight replicates per experiment and one flask with plants grown

from 75 seeds per replicate. Cucumber: each value is the mean of three independent experiments with

three replicates and one flask with three plants per replicate.
y Cress: emerged seedlings in percentage of the number of seedling which emerged from 75 seeds in

the control treatment without added microorganisms; cucumber: percentage of plant survival (100% =

nine plants).
z The base ten-logarithmic transformation was applied to individual estimations of root colonization

(colony-forming units x g"1 roots) prior to statistical analysis.
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Discussion

In this study two Tn5 mutants, defective in the production of Pit (CHA660 and

CHA661) were characterized. The gene which was mutated in strains CHA660 and

CHA661 by transposon insertion, is not known. The mutation could either have

occurred in a gene required for Pit synthesis or in a regulatory gene mediating Pit

production. Allthough the two mutants did not differ from the wild-type strain CHAO in

growth on different media, fluorescence, prototrophy, the production of HCN and

protease as well as the production of Phi on malt agar, except that they overproduced

Phi on King's B agar (Table 1) it can not be excluded that other phenotypes than Pit

production are also affected by the Tn5 insertion.

Pit production appeared to be responsible, in part, for the inhibition of P. ultimum

on King's B agar (Table 2). The Pit-negative strains, however, still showed a certain

inhibition of the fungus on King's B agar. We suggest that this inhibition was rather due

to HCN production than to Phi production since the amount of Phi produced by the Pit-

negative mutants on this medium (Table 1) was to low to inhibit P. ultimum. In fact,

previous results showed that 200 jliM of Phi are necessary to inhibit this fungus

(Maurhofer et al, 1992). On malt agar, the Pit-negative mutants inhibited P. ultimum to

the same extent as the wild-type, probably because only small quantities of Pit were

produced by strain CHAO on this medium (Table 1 + 2). Previous studies have shown

that overproduction of Pit in strain CHAO leads to improved inhibition of P. ultimum on

King's B agar (Maurhofer et al, 1992). Other studies have given similar results with P.

fluorescens strain Pf-5. Strain Pf-5 produces Pit and suppresses Pythium-induced

damping-off of cotton (Howell and Stipanovic, 1980) and cucumber (Kraus and Loper,

1991). Eight Tn5 insertion mutants of Pf-5 which are defective in the production of Pit

were not inhibitory of P. ultimum on 523 agar whereas three mutants overproducing Pit

caused increased inhibition compared to the wild-type (Kraus and Loper, 1992).

Strains CHA660 and CHA661 had a reduced capacity to control damping-off of

cress but still provided significant protection compared to the disease control (Table 3).

Pit production might therefore contribute to the protection of cress by strain CHAO but

is not the only mechanism.

In contrast to the experiments with cress, the Pit-negative mutants protected

cucumber as efficiently against P. ultimum as did the wild-type strain (Table 3). Thus,

in strain CHAO, Pit production does not seem to be involved in the protection of this

plant against P. ultimum. Other mechanisms, such as the production of antifungal

metabolites other than Pit or competition for nutrients, might be responsible for

suppression of P. ultimum on cucumber by strain CHAO. Our findings agree with Kraus

and Loper (1992), who found that Pit production in strain Pf-5 was not required for the
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suppression of damping-off of cucumber. Enhanced Pit production, however, is

suggested to be responsible for the improved protection of cucumber against P. ultimum

by strain CHA0/pME3090, an antibiotic overproducing derivative of strain CHAO

(Maurhofer et al, 1992). We therefore propose that in the suppression of P. ultimum on

cucumber, Pit can also be effective, but that in the rhizosphere of this plant the level of

Pit produced by the wild-type is not high enough to be of importance whereas it may be

sufficient in the case of the recombinant strain CHA0/pME3090. In contrast, in the

study of Kraus and Loper, Pit overproducing (Plt++) mutants of strain Pf-5 were not

more disease suppressive compared to the wild-type (Kraus and Loper, 1992). These

authors suggest that Plt++ mutants may overproduce the antibiotic in culture media but

not in the spermosphere of cucumber. These differences in the results found with strain

CHA0/pME3090 and the Plt++ mutants of strain Pf-5 might also be due to the different

soils and conditions used in the biocontrol tests.

The fact that Pit-negative mutants showed a reduced disease suppressive capacity in

the rhizosphere of cress but not in that of cucumber, might be related to differences in

exudates released by cress and cucumber roots. We suggest that strain CHAO produces

higher amounts of Pit in the rhizosphere of cress compared to that of cucumber,

amounts which probably are sufficient to be effective against the pathogen. Our

observations that strain CHAO was slightly toxic to the growth of cress roots, but not of

cucumber roots (Table 3) supports this. We suggest that this toxicity is due to Pit

production since the Pit-negative strains have no influence on the growth of cress.

Synthetic Pit is about as toxic to cress as to cucumber (Maurhofer et al, 1992), so that

the fact of strain CHAO being slightly toxic to cress but not to cucumber is probably

due to a higher Pit production in the rhizosphere of cress.

In conclusion, depending on the plant, Pit production might play a role in the

suppression of damping-off by strain CHAO but it is not a major mechanism in disease

suppression. We suggest that the contribution of Pit to the biocontrol activity of strain

CHAO is determined by the level of this antibiotic produced in the rhizosphere, which

might be dependent on the root exudates of the host plant.
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Induction of Systemic Resistance of Tobacco to Tobacco

Necrosis Virus by the Root Colonizing Pseudomonas

fluorescens Strain CHAO: Influence of the gacA Gene and of

Pyoverdine Production

Abstract

Pseudomonas fluorescens strain CHAO, which suppresses various plant diseases

caused by soilborne pathogens, also can restrict leaf disease. Plants of Nicotiana

glutinosa and of two cultivars of N. tabacum and were grown in autoclaved natural soil

previously inoculated with strain CHAO. After six weeks all the plants tested showed

resistance in leaves to infection with tobacco necrosis virus (TNV) to the same extent as

plants previously immunized with TNV (induced resistance control). Polyacrylamide

gel electrophoresis and enzyme assays showed that the same amount of PR proteins

(PR-1 group proteins, J3-l,3-glucanases and endochitinases) was induced in the

intercellular fluid of leaves of plants grown in the presence of strain CHAO as in the

intercellular fluid of leaves of plants immunized by a previous TNV inoculation on a

lower leaf. Strain CHAO was reisolated from the roots, but could not be detected in

stems or leaves. Strain CHA96, a gacA (global activator)-negative mutant of strain

CHAO defective in the production of antibiotics and in the suppression of black root rot

of tobacco, had the same capacity to induce PR proteins and resistance against TNV as

the wild-type strain. CHA400, a pyoverdine-negative mutant of strain CHAO with the

same capacity to suppress black root rot of tobacco and take-all of wheat as the wild-

type strain, was able to induce PR proteins but only partial resistance against TNV. P3,

another P. fluorescens wild-type strain, which does not suppress diseases caused by

soilborne pathogens, induced neither resistance nor PR proteins in tobacco leaves. Root

colonization of tobacco plants with strain CHAO and its derivatives as well as leaf

infection with TNV caused an increase of salicylic acid in leaves. These results show

that colonization of tobacco roots by strain CHAO reduces TNV-Ieaf necrosis and

induces physiological changes in the plant to the same extent as induction of systemic

resistance by leaf inoculation with TNV. We further conclude that the bacterial gacA

gene which is of importance in the protection of the roots has no influence on the

induction of leaf resistance and that the bacterial production of the siderophore

pyoverdine which has no role in the protection of the roots is involved in the induction

of resistance in the leaves.

Phytopathology, in press. Accepted for publication, October 1993.
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Introduction

Root colonizing bacteria, especially fluorescent pseudomonads, can efficiently

control diseases caused by soilborne pathogens (3,7,9,19,31,37). Such beneficial

rhizobacteria are included among PGPR (plant growth-promoting rhizobacteria).

Recent studies show that some PGPR also are able to induce systemic resistance in

plants (2,34,36).

Pseudomonas fluorescens strain CHAO is an effective biocontrol agent of take-all

of wheat caused by Gaeumannomyces graminis var. tritici in the field (38) and of other

diseases caused by soilborne pathogens in greenhouse experiments (8). This strain

produces the fluorescent siderophore pyoverdine (Pvd; 8), salicylic acid (27),

indoleacetate (8), and several toxic metabolites notably hydrogen cyanide (8), 2,4-

diacetylphloroglucinol (Phi; 8), and pyoluteorin (Pit; 8). An important role has been

demonstrated in a standardized gnotobiotic system for HCN (35) and Phi (15,17) in the

suppression of black root rot of tobacco and for Phi in the suppression of take-all of

wheat (14,15). Pyoverdine, however, does not significantly effect disease suppression

(8,12,13,16). Strain CHA400 a pyoverdine-negative transposon insertion mutant of

strain CHAO suppresses black root rot of tobacco and take-all of wheat as efficiently as

the wild-type strain (13,16). In strain CHAO, a gene of 0.8 kb named gacA (global

activator) has been identified and sequenced which regulates the expression of

secondary metabolites (21). Mutations in the gacA gene pleiotropically block the

production of HCN, Phi and Pit (21) and lead in strain CHAO to a loss of the capacity to

protect tobacco from black root rot caused by Thielaviopsis basicola (21).

There is circumstantial evidence for an effect of strain CHAO on plant metabolism

in the absence of a pathogen. In the presence of strain CHAO, tobacco roots show an

increase in root hair formation compared with plants grown in the absence of bacteria

(8). Because strain CHAO also can be found in the root cortex (4), metabolites might be

delivered into the plant and perhaps result in enhanced stress for the plant. It is known

that stress can induce defence mechanisms against pathogens. Such stress might be

caused by Pit and Phi, two phytotoxic compounds secreted by strain CHAO (15,24).

Another candidate that might trigger systemic induced resistance is the salicylate

produced by strain CHAO (27). Salicylic acid, delivered into leaves, also may be an

endogenous plant signal which moves from the infection site to other parts of the plant

and thereby induces resistance systemically (22,25).

The purpose of this study was to determine whether strain CHAO is able to induce

resistance against TNV-leaf necrosis in tobacco plants. Of further interest was to

determine whether the gacA gene which is involved in the protection of tobacco roots

against black root rot, is also involved in the induction of resistance in tobacco leaves,
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and whether the pyoverdine-negative strain CHA400 which is still protecting roots, also

is able to induce leaf resistance.

Materials and methods

Microorganisms, plants and culture conditions. The fluorescent pseudomonads

used in the experiments (Table 1) were cultivated in media described previously

(16,35). Strain CHA96 contains a gacA'-'lacZ translational fusion introduced into the

CHAO chromosome by gene replacement (21). The mutation in the gacA gene

pleiotropically blocks the production of the antimicrobial metabolites Phi, Pit, HCN and

of other secondary metabolites (21). Strain CHA400 was obtained by insertion of the

transposon Tnl733 (containing kanamycin resistance) into strain CHAO (16). For plant

colonization experiments, natural rifampicin-resistant mutants of strain CHAO and the

gacA-negative strain CHA96 were used with the same disease suppressive capacities as

the original strains. Cultures of the rifampicin-resistant strains had 100 |0.g rifampicin

and cultures of the pyoverdine-negative strain CHA400 had 25 (il of kanamycin added

per milliliter of medium.

Table 1. Pseudomonas fluorescens strains used in the experiments

P. fluorescens
strains Genotype

Suppression of

black root rot

Phenotypez of tobacco References

CHAO

CHA96

CHA400

P3

wild-type HCN\ Phl+, Plt+, + Ahl et al., 1986,

Pvd+, Sal+ Keel et al, 1992,

Meyer et al., 1992,

Stutz et al., 1986

gacA'v.'lacZ HCN", Phi", Plr, - Laville et al. 1992

derivative of Pvd\ Sal+

CHAO

pvd, obtained by HCN+,Phl+,Plf\ + Keel era/., 1989

Tnl733 insertion Pvd", Sal+-KmR

in CHAO

wild-type HCN-, Phl% Plr,

fluorescence+

- Voisard et al, 198

HCN = Hydrogen cyanide, Phi = 2,4-diacetylphloroglucinol, Pit = pyoluteorin, Pvd = pyoverdine, Sal = salicylic acid.
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For soil inoculation single colonies were transferred into 8 ml nutrient yeast broth

(32) and grown overnight at 27 °C with shaking at 150 rpm. The next day, 200 (0,1 of all

suspensions were plated on King's B agar (18), and the plates were incubated for 48 h at

27 °C. The bacteria were scraped from the plates with 20 ml of sterile bidistilled water;

suspensions were centrifuged, and the pellet was resuspended in 20 ml of sterile

bidistilled water for immediate soil inoculation.

The tobacco necrosis virus (TNV, Forschungsanstalt fiir Pflanzenbau, Reckenholz,

Zurich, Switzerland) was stored on dried infected tobacco leaves at 4 °C. TNV strain

152 was multiplied on Nicotiana tabacum L. cv. Xanthi nc (Institute du Tabac,

Bergerac, France) or N. glutinosa L. and strain 149 on N. tabacum L. cv. Burley 63

(Centre Suisse de Recherches sur le Tabac, Payerne, Switzerland) as follows: 0.05 g of

dried tobacco leaves with TNV lesions were ground with 2 ml of a 20 mM phosphate

buffer (pH 7.6). Tobacco leaves were inoculated by rubbing carborundum-dusted leaves

with 200 \\1 of the virus suspension using a gauze pad. Plants were placed in a growth

chamber with 70% relative humidity and incubated at 22 °C with 80 |Ltmol x nr2 x sec-1

light for 16 h followed by an 8-h dark period at 15 °C. After 7 days, 0.1 g of fresh

leaves densely covered with TNV lesions were ground with 2 ml of the phosphate

buffer and used for inoculation of plants.

Biocontrol of TNV. A tobacco-TNV assay was used for testing P. fluorescens

strain CHAO and its derivatives CHA96 and CHA400 as inducers of systemic

resistance. As a control, all experiments also were conducted with P3, another P.

fluorescens wild-type strain which has no disease suppressive capacity (35). Cultivars

Xanthi nc and Burley 63 of N. tabacum as well as N. glutinosa plants were grown from

seeds on autoclaved quartz sand, supplied with modified Knop solution (16) in a

greenhouse for 4 wk. Plastic pots (300 cm3) were surface disinfected with 70% ethanol

and filled with 300 g of natural soil from Eschikon, Switzerland, which had been mixed

with 1/4 volume of quartz sand and autoclaved twice with a 2-day interval between

autoclavings. The bacterial suspension was added at 107 colony-forming units (cfu) per

gram of soil to each pot and the soil was then mixed with a sterile spatula. No bacteria

were added to the pots of the TNV control and the induced resistance control. The

induced resistance control consisted of plants which were induced in the classical way

with a first TNV inoculation on a lower leaf and than challenge inoculated with a

second TNV inoculation on an upper leaf. Two days after the addition of bacteria, a

tobacco plant, grown as described above, was transplanted in each pot. Plants were

transferred to a growth chamber with the same conditions as described above. After 6

wk of growth in soil inoculated with bacteria, all plants were inoculated with TNV

(challenge inoculation) except for three plants of each treatment which were used for

enzyme assays and detection of PR proteins and salicylic acid. Plants of the induced
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resistance control had been induced with a first TNV inoculation 7 days before

challenge inoculation. For inducing and challenge inoculations, the youngest fully

developed leaf (N. tabacum) or the three youngest fully developed leaves (N. glutinosa)

of each plant were dusted with carborundum and, using a gauze pad, inoculated with

four drops of 50 (0,1 of a 10 times (Xanthi nc) or 100 times (Burley 63) diluted or

undiluted (N. glutinosa) virus suspension prepared as described above. After 7 days, the

challenge inoculated leaves were assessed for number and size of lesions. The total

necrotic area for each leaf was calculated by adding up the area of all the lesions on the

leaf. Area of one lesion = (lesion diameter/2)2 x 3.1416.

The experiments were repeated seven times (Xanthi nc), nine times (Burley 63) or

four times (TV. glutinosa) over a 2-years period. Each experiment consisted of six to ten

replicates per treatment and one plant with one (N. tabacum) or three (N. glutinosa)

challenged leaves per replicate.

Plant colonization. Root colonization and possible systemic colonization of the

plants were examined using strain CHA400 and rifampicin-resistant mutants of strains

CHAO and CHA96. At the time of challenge inoculation, after 6 wk of growth in soil

inoculated with bacteria as described above, three plants of each treatment were

assessed for root colonization and possible systemic colonization. To quantify root

colonization, roots of three plants were pooled, washed with double distilled water and

shaken in a 100 ml Erlenmeyer flask with 50 ml of autoclaved water at 330 rpm for 1 h.

Serial dilutions were plated on King's B agar and incubated at 27 °C for 48 h. The

bacterial colonies were transferred by replica plating on King's B agar supplemented

with 100 \ig rifampicin (CHAO, CHA96) or 25 pig kanamycin (CHA400) per milliliter

medium. After 2 days at 27 °C, the colonies were counted and the mean cfu per gram of

root fresh weight were calculated. The experiment was repeated four times with three

repUcates per treatment and roots of three plants per replicate. To determine possible

systemic colonization of the plants, stems and leaves of plants which had been assessed

for root colonization, were surface disinfected first with 70% ethanol for 30 sec, then

with 5% H2O2 for 10 min and finally rinsed three times with sterile bidistilled water.

Afterwards, stems and leaves were ground with an sterile mortar and pestle in 5 ml of

an 0.1 M phosphate buffer (pH 7). Serial dilutions were plated on King's B agar. After 2

days at 27 °C, the bacterial colonies were transferred onto King's B agar containing

either rifampicin (CHAO, CHA96) or kanamycin (CHA400) as described above. The

experiment was repeated four times with three replicates per treatment and stem and

leaves of one plant per replicate.

Collection of intercellular fluids. Intercellular fluids from intact leaves of test

plants grown for 6 wk in bacterized or nonbacterized soil, or from plants grown in

nonbacterized soil which had been infected previously with TNV (induced resistance
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control), were collected by vacuum infiltration at 4 °C with a buffer containing 25 mM

Tris (pH 7.8), 500 mM sucrose, 10 mM MgCl2, 10 mM CaCl2, 0.5 mM

phenylmethylsulfonyl fluoride and 5 mM mercaptoethanol (30). Excess fluid was

removed with a paper tissue and the intercellular fluids were recovered by centrifuging

the leaves at 1,000 g for 30 min.

Characterization of PR proteins in the intercellular fluid. Proteins in

intercellular fluid samples were separated by polyacrylamide gel electrophoresis on a

10% resolving gel with a 4% stacking gel (mini-Protean-II slab gel, Bio-Rad) at 180 v

using an electrophoresis buffer containing 25 mM Tris (pH 8.3) and 192 mM glycine.

Proteins were stained with silver nitrate according to the method of Blum et al. (5).

Detection of the PR proteins la, lb, lc, P and Q on gels. Proteins were

transferred from the polyacrylamide gel to a nitrocellulose membrane (0.2 |0,m, Bio-

Rad) in 0.7% acetic acid (pH 2.8, migration towards cathode) at 20 v during 90 min

(la, lb and lc) or in a buffer containing 25 mM Tris and 192 mM glycine (pH 8.3) at

30 v during 12 h (P and Q). The PR proteins la, lb, lc or P and Q on the nitrocellulose

membrane were detected as described by Geoffroy et al. (11) using rabbit anti-tobacco

PR-Q/P antibodies, kindly provided by M. Legrand, CNRS, Strasbourg, France or

rabbit anti-tobacco PR-1 antibodies, kindly provided by H. Kessmann, Ciba Geigy,

Basel, Switzerland.

Detection of p*-l,3-glucanases on gels. The (3-1,3-glucanases were stained on

polyacrylamide gels following the method of Pan et al. (29).

Enzyme activities. (3-1,3-glucanase activity was determined by a colorimetric

measurement. Laminarin was used as substrate, and the reducing sugars were

determined by the method of Nelson (28). Units of activity were defined as the amount

of enzyme releasing 1 |0.g glucose-equivalents per milliliter reaction mixture (10 |0,1

intercellular fluid in 300 pi of 50 mM sodium acetate, pH 5, 0.5% laminarin) in 1 min

at 37 °C.

Chitinase activity was measured by the radiochemical assay of Boiler et al. (6)

using [3H] chitin as substrate. The reaction mixture contained 50 (ol intercellular fluid,

1.5 mg [3H] chitin and 200 p.1 of a 67 mM phosphate buffer pH 6.6. The reaction was

stopped after 20 min by addition of 250 (0,1 of 1 M trichloroacetic acid. The

radioactivity in 300 (0.1 of the supernatant was determined after centrifugation. The unit

of measurement was katal, defined as the amount of enzyme degrading 1 mol of chitin

in 1 sec at 37 °C.

Enzyme activity was measured in four independent experiments with three

replicates per treatment and one enzyme assay per replicate.

Extraction of salicylic acid. Salicylic acid was extracted from tobacco leaves and

analyzed by HPLC following the method of Meuwly and Metraux (26). The values
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presented are the means of measurements in three plants from three different

experiments per treatment.

Statistics. Biocontrol of TNV: Experiments were first analyzed separately (Table

2) using the Duncan multiple range test after a significant F test (P = 0.05). Then, the

experiments of two years were analyzed together (Table 3) to show the reproducibility

of biocontrol of TNV over time. Each value presented in Table 3 is the mean of the

means of the individual experiments (data were not pooled). Each mean in Table 3 was

compared to all other means by the Student t test considering one independent

experiment as a repetition. Enzyme assays: Means of four experiments are presented.

Each mean was compared to all other means by the Student t test considering one

independent experiment as a repetition.

Results

Biocontrol of TNV. Two representative experiments of each tobacco species and

cultivar tested are presented in Table 2. The means of all experiments repeated during a

period of two years are presented in Table 3. Growth of N. tabacum cvs. Xanthi nc and

Burley 63 as well as N. glutinosa in soil previously inoculated with strain CHAO

resulted in a significant reduction of lesion number, diameter and area after infection

with both TNV strains compared with the TNV control (Table 2 + 3; Fig. 1). The total

necrotic area of leaves from plants grown in the presence of strain CHAO did not differ

significantly from the total necrotic area developed on leaves from plants previously

immunized with TNV (Table 3). The gacA-negative strain CHA96 was able to reduce

leaf necrosis of Xanthi nc, Burley 63 and N. glutinosa plants to the same extent as the

wild-type strain (Table 2 + 3; Fig. 2). The total necrotic area of plants grown in the

presence of the pyoverdine-negative mutant CHA400, however, was significantly

greater than that of plants grown with strain CHAO (Table 3; Fig. 2). Soil inoculation

with P. fluorescens strain P3 had no significant influence on TNV-leaf necrosis (Table

2 + 3; Fig. 1). Experiments with rifampicin-resistant mutants of strains CHAO and

CHA96 gave the same results (data not shown).
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'V

Figure 1. Suppiession ot TNV necrosis ot Nu otiana tabac urn A, tv Xanthi nc and B, cv

Burley 63 attei soil inoculation with Pseudomonas fluorescens sham CHAO From left to

nght TNV 152 = TNV control (nonbactenzed and noninduced), 2 x TNV = standard

induced resistance contiol (nonbactenzed, induced with a pnoi inoculation ot a lowei leat

and challenge inoculated 7 days latei on a uppei leal") CHAO + TNV 152, P3 + TNV 152

= bacterized by soil inoculation with strain CHAO (biocontrol agent) and strain P3 (no

biocontiol agent), lespectively, 6 wk before challenge inoculation with TNV.
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Table 2. Effect of soil treatment with Pseudomonas fluorescens strain CHAO and its gacA-negative
derivative CHA96 as well as its pyoverdine-negative derivative CHA400 on leaf necrosis of Nicotiana

tabacum cv. Xanthi nc (A), N. tabacum cv. Burley 63 (B) and Nicotiana glutinosa (C) caused by
tobacco necrosis virus

Experiment 1 Experiment 2

Lesion Lesion

Number of diameter Number of diameter

Treatment* lesions;per leaf (mm)x lesions;per leaf (mm)x

A) A', tabacum Xanthi nc

TNV control 145 ay 1.0 a 139 ay 1.8 a

Induced resistance control 30 c 0.5 b 10 c 0.8 b

Roots colonized with:

P. fluorescens CHAO 29 c 0.7 b 21 c 1.0 b

P. fluorescens CHA96 31 c 0.7 b 25 c 1.0 b

P. fluorescens CRA400 105 b 0.9 a 90 b 1.7 a

P. fluorescens P3 82 b 1.0 a 110 ab 1.6 a

B) N. tabacum Burley 63

TNV control 19 a> 1.3 b 5 ay 1.3 a

Induced resistance control 6 b 0.7 c 1 b 0.6 b

Roots colonized with:

P. fluorescens CHAO 8 b 0.8 c 1 b 0.8 b

P fluorescens CHA96 9 b 0.8 c 1 b 0.6 b

P. fluorescens CHA400 22 a 1.8 a 4 a 1.3 a

C) N. glutinosa

TNV control 10 ay 1.1 ab 27 ay 1.4 a

Induced resistance control 3 b 0.8 b 2 c 0.6 c

Roots colonized with:

P fluorescens CHAO 3 b 0.9 b 4 c 0.7 c

P. fluorescens CHA96 4 b 1.0 ab 3 c 0.7 c

P. fluorescens CYIA400 14 a 1.1 a 17 b 1.1 b

P. fluorescens P3 ndz nd 26 a 1.3 a

'

CHAO = wild-type strain which suppresses black root rot, P3 = wild-type strain which does not suppress black root rot, CHA96 =

gacA mutant of CHAO (HCN", Phi", Pit"), CHA400 = pyoverdine-negative transposon insertion mutant of CHAO. The soil was

inoculated with bacteria (except the two control treatments) 2 days before planting. Plants were grown for 6 wk and then

challenge inoculated with Tobacco necrosis virus (TNV) as described in Materials and methods (N glutinosa and N tabacum cv.

Xanthi nc with TNV 152, N tabacum cv. Burley 63 with TNV 149). Plants of the induced resistance control were induced with a

TNV inoculation on a lower leaf 7 days before challenge inoculation of the upper leaf.

Mean lesion diameter per leaf.

Analysis of variance showed that the treatment effect was highly significant (f <0.0001) for lesion number in all the experiments

and for lesion diameter in all experiments except Expenment I oi N glutinosa (P = 0.08). Values in the same column for the

same cultivar followed by the same letter do not differ at P = 0.05 according to the Duncan multiple range test,

nd = not determined
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Plant colonization. Rifampicin-resistant mutants of strain CHAO and CHA96 as

well as strain CHA400 were recovered from tobacco roots at a mean population density

of 4.8-5.4 log cfu (Xanthi nc), of 4.3-4.5 log cfu (Burley 63) and of 4.8-5.7 log cfu (/V.

glutinosa) per gram of fresh root weight 42 days after planting. Total bacteria were

recovered from the roots of all the treatments at a mean population density of 7.6-8.2

log cfu (Xanthi nc), of 6.7-7.0 log cfu (Burley 63) and of 7.7-8.3 log cfu (N. glutinosa)

per gram of fresh root weight. No rifampicin- or kanamycin-resistant bacteria could be

detected in stem- or leaf samples of Xanthi nc, Burley 63 or N. glutinosa plants 42 days

after planting. In two experiments (out of seven) with Xanthi nc as well as in two

experiments (out of nine) with Burley 63, between 10 and 100 kanamycin and

rifampicin sensitive cfu per gram of fresh leaf weight could be isolated from leaf

samples of all the treatments.

Figure 2. Influence of pyoverdine production and the gacA gene in Pseudomonas

fluorescens strain CHAO on its capacity to suppress TNV necrosis of Nicotiana tabacum

cv. Xanthi nc when colonizing roots. TNV 152 = TNV control (nonbacterized and

inoculated with TNV), CHAO + TNV 152, CHA400 + TNV 152, CHA96rif + TNV 152, =

bacterized by soil inoculation with strain CHAO (wild-type), strain CHA400 (pyoverdine-

negative) and a rifampicin-resistant mutant of strain CHA96 (gacA-negative),

respectively, 6 wk before leaf inoculation with TNV.
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Induction of PR proteins. Several clearly visible protein bands appeared on the

polyacrylamide gel done with intercellular fluids of intact leaves of Xanthi nc plants

grown in the presence of strain CHAO and its derivatives and of plants previously

immunized with TNV (Fig. 3). These protein bands were undetectable or of low

intensity in the intercellular fluid of leaves of untreated control plants or of plants

grown in the presence of strain P3. Eight of these proteins could be identified as known

PR proteins by the use of immunoblotting or glucanase staining. The PR proteins 1 a, 1 b

and lc were identified together with the (3-1,3-glucanases 2, N and O and the

endochitinases P and Q (Fig. 3).

— Q
— P
— 0

— N

— 2
— 1 c

— 1 b

— 1a J

Chitinases

Glucanases

PR-1

1

Figure 3. Comparison of electrophoretic patterns of intercellular fluids

from Nicotiana tabacum cv. Xanthi nc plants infected with TNV or

grown in the presence of Pseudomonas fluorescens strain CHAO

(biocontrol agent) and its derivatives, the gacA -negative strain CHA96

and the pyoverdine-negative strain CHA400 as well as in the presence

of P. fluorescens strain P3 (no biocontrol agent). The intercellular fluid

of 10-wk-old plants was collected 7 days after mock inoculation (lane

1), 7 days after inoculation with TNV (lane 3) or 6 wk after root

inoculation with P. fluorescens strains CHAO (lane 4), CHA96 (lane

5), CHA400 (lane 6) or P3 (lane 2). Eight bands were identified as PR

proteins by immunoblotting or glucanase staining on the gel: the PR-1-

group proteins la, lb and lc; the [3-1,3-glucanases 2, N and O; the

endochitinases P and Q.
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P-l,3-glucanase activity. N. tabacum cv. Xanthi nc: Compared with the

treatments without added bacteria, soil inoculation with the strains CHAO, CHA96 and

CHA400 increased (3-1,3-glucanase activity in the intercellular fluid of Xanthi nc

plants, respectively, by seven, five and three times (Table 3). Inoculation with TNV on

the lower leaves resulted in a 14 times higher p-l,3-glucanase activity measured in the

intercellular fluid of upper leaves (Table 3). Strain P3 had no influence on the enzyme

activity in the plant (Table 3). N. tabacum cv. Burley 63: Inoculation of Burley 63

with TNV as well as growing the plants in the presence of strain CHAO and its

derivatives resulted in a two-fold increase of (3-1,3-glucanase activity in the intercellular

fluid compared with control plants (Table 3). This increase, however, was not

significant. Plants treated with strain P3 produced the same amount of enzyme as

control plants (Table 3). N. glutinosa: Leaf infection with TNV or soil inoculation with

the strains CHAO, CHA96 or CHA400 resulted in a three to eight times higher enzyme

activity in the intercellular fluid compared with control plants grown without bacteria,

whereas soil treatment with P3 had no influence on the amount of enzyme measured

(Table 3).

Chitinase activity. N. tabacum cv. Xanthi nc: Immunizing Xanthi nc with TNV

as well as growing the plants with strain CHAO or its derivatives increased the chitinase

activity in the intercellular fluid 2.5 to five times compared with nontreated plants

(Table 2). P3 did not increase the enzyme activity (Table 3). N. tabacum cv. Burley

63: Infection with TNV or soil treatment with strain CHAO or its derivatives increased

the chitinase activity in Burley 63 about two-fold, but the difference from the control

plants was not significant (Table 3). Treating the soil with P3 did not increase the

chitinase activity in Burley 63 (Table 3). N. glutinosa: Leaf infection with TNV or soil

inoculation with any of the bacteria tested (except strain P3) resulted in a two to three

times higher chitinase activity compared with the activity of control plants but the

difference to the control plants was not significant (Table 3).

Free salicylic acid. In upper leaves of mock-inoculated Xanthi nc plants 15.7 ng

free salicylic acid per gram of fresh weight was measured. Infection of a lower leaf with

TNV resulted in 5.5 times more salicylic acid 7 days later in the upper leaf than in the

mock-inoculated plants. Growing Xanthi nc plants with strains CHA400 or CHA96

resulted in the same increase of salicylic acid as did infection with TNV. However, in

presence of strain CHAO, the amount of salicylic acid in the leaves was only 40% more

than that in control plants. Strain P3 had no influence on the amount of salicylic acid in

leaves.
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Table 3. Influence of the gacA gene and of pyoverdine production in Pseudomonas fluorescens strain

CHAO on its ability to induce PR proteins and resistance to tobacco necrosis virus in Nicotiana tabacum

cv. Xanthi nc (A) and cv. Burley 63 (B) and in Nicotiana glutinosa (C)

Total Production

necrotic area ofPR-1 p-U-gliucanase Chitinase

Treatment1 per leaf (%)u proteinsv activityuv activityuv

A) N. tabacum Xanthi nc

TNV control 100 aw .

X 1.0 a 1.0 a

Induced resistance control 17 c + 14.0 c 5.1 c

Roots colonized with:

P. fluorescens CHAO 20 c + 6.6 c 3.8 be

P fluorescens CHA96 23 c + 5.2 be 5.5 c

P fluorescens CHA400 54 b + 3.4 be 2.5 be

P. fluorescens P3 85 ab (+) 1.4 ab 1.3 ab

B) N. tabacum Burley 63

TNV control 100 a-w .

X 1.0 a' 1.0 a'

Induced resistance control 9 b' + 2.1 a' 3.2 a'

Roots colonized with:

P. fluorescens CHAO 21 b' + 2.1 a' 2.3 a'

P. fluorescens CHA96 9 b' + 2.0 a" 4.4 a'

P. fluorescens CHAAOO 66 a' + 2.7 a' 3.4 a"

P fluorescens P3 89 a' (+) 1.0 a' 1.6 a'

C) N. glutinosa

TNV control 100 a»w ndv 1.0 a" 1.0 a"

Induced resistance control 10 c" nd 5.8 b" 2.3 a"

Roots colonized with: nd

P. fluorescens CHAO 18 c" nd 4.9 b" 2.5 a"

P. fluorescens CHA96 32 be" nd 3.2 b" 2.6 a"

P. fluorescens CHA400 69 ab" nd 8.3 b" 3.2 a"

P. fluorescens P3 84 z nd 0.6 z 1.0 z

1
CHAO = wild-type strain which suppresses black root rot, P3 = wild-type strain which does not suppress black root rot, CHA96 =

gacA mutant of CHAO (HCN", Phi", Pit"), CHA400 = pyoverdine-negative transposon insertion mutant of CHAO. The soil was

inoculated with bacteria (except the two control treatments) 2 days before planting. Plants were grown for 6 wk and then

challenge inoculated with TNV (N. glutinosa and N. tabacum cv. Xanthi nc with TNV 152, N. tabacum cv. Burley 63 with TNV

149) as described in Materials and methods or used for enzyme assays or detection of PR-1. Plants of the induced resistance

control were induced with a TNV inoculation on a lower leaf 7 days before challenge inoculation of the upper leaf.

u Values are given in percentage of (total necrotic area) or in ratio to (enzyme activities) the values of the TNV control. Total

necrotic area: 100% = 200 mm2 (Xanthi), 95 mm2 (Burley) and 42 mm2 (N. glutinosa), P-l,3-glucanase activity: 1 = 8 units per g

of leaf (Xanthi), 6 units per g of leaf (Burley) and 10 units per g of leaf (N. glutinosa), chitinase activity: 1 = 28 pkat per g of leaf

(Xanthi), 33 pkat per g of leaf (Burley) and 234 pkat per g of leaf (JV. glutinosa).
v
PR-1 proteins, and enzyme activities were measured in the intercellular fluid of unchallenged plants.

"
Means for the same cultivar within the same column followed by the same letter are not significantly different at P = 0.05

according to the Student / test comparing each treatment with each other treatment considering one independent expenment as a

repetition. Total necrotic area: each value is the mean of seven (Xanthi nc), nine (Burley 63) or four (N. glutinosa) independent

experiments with six to ten replicates and one pot with one plant per replicate. All other values are the mean of four independent

experiments with three replicates and one enzyme assay per replicate. The experiments were repeated within a 2-years period.
*

- = no PR-1 proteins detected with immunoblotting, + = PR-1 proteins detected with immunoblotting in all experiments, (+) =

PR-1 proteins detected with immunoblotting in two of five experiments.

y not determined.

z
mean of one expenment.
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Discussion

Our finding that colonization of tobacco roots by P. fluorescens strain CHAO

resulted in a reduction of TNV-leaf necrosis (Table 2 + 3; Fig. 1) confirms the results of

Van Peer et al. (34), Wei et al. (36) and Alstrom (2). Wei and co-workers used the

classic system of cucumber and anthracnose (20) to demonstrate the ability of different

PGPR strains to induce resistance against Colletotrichum orbiculare (36). Alstrom (2)

demonstrated the induction of resistance in bean plants against halo blight by

application of P'. fluorescens strain S 97 to seeds, whereas Van Peer et al. could protect

carnation against Fusarium wilt by root bacterization with Pseudomonas spp. strain

WCS417r (34). Corresponding with our results, these authors could not detect the

PGPR strains in stems or leaves (34,36). This spatial separation of beneficial and

pathogenic microorganisms suggests that the protection against leaf and stem diseases

by PGPR strains is due to systemically induced resistance. However, the possibility

cannot be excluded that bacterial metabolites are taken up by the plant and transported

to the site of infection where they may interact directly with the pathogen or induce

local resistance. Van Peer (34) and co-workers tried to confirm the hypothesis that

PGPR strains activate plant defence mechanisms by investigating the production of

phytoalexins in protected and nonprotected plants. After challenge inoculation they

found an increased amount of phytoalexins in plants treated with strain WCS417r

compared with nonbacterized plants. Zdor and Anderson (39) showed that some

Pseudomonas strains, when colonizing bean roots, induce the mRNA of the PR protein

la in the leaves. However, Zdor and Anderson did not investigate whether this

physiological change in the plant was correlated with a reduction of leaf diseases.

Our work is the first attempt to compare physiological changes in leaves due to

systemic resistance induced by the classical method of leaf infection with a pathogen,

with physiological changes in leaves due to resistance induced by PGPR application to

the root system. Strain CHAO induced PR proteins and resistance to TNV to the same

extent as did leaf inoculation with TNV (Table 2 + 3; Fig. 1 + 3). P3, another wild-type

strain of P. fluorescens which does not suppress black root rot of tobacco, does not

have the capacity to induce resistance against TNV either and induces PR proteins only

by small amounts (Table 2 + 3; Fig. 1 + 3). The correlation between the induction of

PR proteins and the reduction of leaf necrosis strengthens the hypothesis that the

resistance induced by strain CHAO is systemic although this correlation may not be

causal (see below).

The gacA-negative mutant CHA96, which does not suppress black root rot of

tobacco (21), controlled TNV-leaf necrosis to the same extent as the wild-type strain

CHAO (Table 2 + 3; Fig. 2). The pyoverdine-negative mutant CHA400, which does
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protect the roots as effectively as strain CHAO (16), was significantly less able to

protect the leaves (Table 2 + 3; Fig. 2). These results indicate that not all mechanisms

which are responsible for the induction of systemic resistance in the leaves, also are of

importance in the protection of the roots, and vice versa. We suggest that the antibiotic

metabolites controlled by the gacA gene are involved in the suppression of root diseases

of tobacco but not in the induction of resistance. However, there is a possibility that

strain CHA96 overproduces other metabolites that could be involved in the induction of

resistance and is therefore still as effective as the wild-type strain. On King's B agar and

in succinate minimal medium, strain CHA96 is much more fluorescent than strain

CHAO (M. Maurhofer, unpublished data), indicating an overproduction of pyoverdine

which could be responsible for the capacity of strain CHA96 to induce resistance. If so,

this correlation would be compatible with the observation that the pyoverdine-negative

strain CHA400 does not protect the leaves against TNV as efficiently as does the wild-

type strain. However, the transposon insertion in CHA400 is not localized, and it is not

clear if the pyoverdine mutation is the only mutation in strain CHA400. Therefore it is

not yet possible to attribute the inability to induce resistance to the loss of pyoverdine

production. Other experiments would be necessary to investigate the role of pyoverdine

in the induction of resistance by strain CHAO more exactly.

Strain CHA400 induces PR proteins in the plant to the same extent as the wild-type

strain and strain CHA96 or immunization with TNV, but the level of resistance induced

by strain CHA400 is much lower (Table 2 + 3; Fig. 2 + 3). There are other reports of no

correlation between induction of systemic resistance and induction of PR proteins

(10,23). The role of PR proteins is therefore still unclear with respect to induction of

systemic resistance by strain CHAO and its derivatives. However, the possibility that the

reduction of leaf necrosis is due to mechanisms other than systemic resistance cannot be

excluded (see above).

Our finding that infection of a lower leaf with TNV results in an increase of

salicylic acid in the upper leaf confirms the work of Malamy et al. (22) and Metraux et

al (25). Growing Xanthi nc plants in the presence of strain CHAO increased salicylic

acid a little and in the presence of strains CHA96 and CHA400 to the same extent, as

leaf infection with TNV. At the time chosen here for leaf extraction there was no

correlation between the amount of free salicylic acid and the degree of resistance

against TNV-necrosis. However, a correlation might exist at the time when resistance is

induced, and later some salicylic acid might be bound as o-glucoside which cannot be

extracted by the method used here. Our findings indicate that it is possible to cause an

increase of salicylic acid in leaves by growing tobacco plants in the presence of root-

colonizing bacteria. However, it is not clear if the bacteria induce the production of
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salicylic acid in the plant or if the plant takes up bacterial salicylic acid and translocates

it to the leaves.

In conclusion, colonization of tobacco roots by strain CHAO induces resistance and

physiological changes in the leaves to the same extent as does leaf inoculation with

TNV. We further conclude that the bacterial gacA gene which is of importance in the

protection of the roots, has no influence on the induction of leaf resistance and that the

bacterial production of the siderophore pyoverdine which has no role in the protection

of the roots, is involved in the induction of resistance in the leaves. For practical

application of strain CHAO as a resistance-inducing agent we would need to investigate

the longevity of the effect in the field.
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CONCLUSIONS

Three major subjects have been investigated in this study: the role of Pit in disease

suppression by P. fluorescens strain CHAO (chapter 3), the improvement of the disease

suppressive capacity of strain CHAO by enhancing the production of Pit and Phi

(chapters 1 + 2), and the ability of strain CHAO to induce systemic resistance against

leaf pathogens in tobacco, as well as a possible involvement of siderophore production,

and of antibiotic production controlled by the gacA gene, in the induction of resistance

(chapter 4).

In addition to HCN and Phi, two antibiotic metabolites known to play an important

role in disease suppression, Pit seems to be another antibiotic metabolite which could be

involved in disease suppression by strain CHAO. Compared with HCN and Phi,

however, pyoluteorin probably plays only a minor role and its importance was

dependent on the plant-pathogen system.

It was possible to improve the disease suppressive capacity of strain CHAO by

enhancing the production of Pit and Phi, but the beneficial effect was strongly

dependent on the plant species. Moreover, antibiotic overproduction resulted in toxicity

for some plant species.

In addition to antibiosis due to excretion of antimicrobial metabolites, the

activation of plant defence mechanisms can be considered as a further mechanism of

disease suppression by strain CHAO, since strain CHAO was able to induce PR proteins

and resistance against TNV in tobacco leaves. The production of gacA controlled

antibiotics which is of relevance in the suppression of black root rot of tobacco, does

not seem to be of importance in the induction of resistance in tobacco leaves. The

production of pyoverdine, however, which does not play a role in the suppression of

root diseases might be of relevance in the induction of resistance in the leaves.

In conclusion, the suppression of plant diseases by strain CHAO is a composite of

several mechanisms which varies depending mostly on the plant species, but also on the

pathogen and on the plant organ to be protected. Improving the production of an

antibiotic metabolite may not be an optimal approach to improve the performance of

strain CHAO and maybe also of other Pseudomonas strains, because what may be

beneficial in one plant-pathogen system can be of no importance, or even deleterious, in

another.
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