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Summary

Bacterial inoculants for environmental applications, such as bioremediation,

biofertilization of crops or biocontrol of soil borne plant diseases, receive increasing
attention. Since commercial application of beneficial bacteria requires the release of large
numbers of cells it is necessary to understand how these released bacteria persist and

survive in the environment. When the biocontrol agent Pseudomonas fluorescens CHAO is

introduced into field soil, an important fraction of CHAO cells may enter a non-culturable

state, which means that bacterial cells loose their ability to grow on agar plates, but

nevertheless are not dead. A proportion of these non-culturable cells respond positively to

Kogure's substrate responsiveness test, and they constitute the viable-but-nonculturable

(VBNC) fraction of the inoculant population. It is postulated that the VBNC state is a

physiological response of non-spore forming bacteria to endure adverse environmental

conditions. The objective of the present thesis is to study the role of stressful environmental

conditions and genetic regulatory systems in the entry of cells into the VBNC state and

their persistence in soil.

In the first part, the effect of abiotic stresses in vitro on strain CHAO and its

subsequent survival in soil was assessed by counting CFUs on selective agar plates, viable

cells using Kogure's DVC (substrate responsiveness) test in combination with total cells

counts using immunofluorescence microscopy. Strain CHAO was incubated in low oxygen

conditions, low oxygen in combination with a low redox potential conditions, or NaCl. The

VBNC state was observed when low oxygen and low redox conditions were combined or

when the concentration of NaCl was sufficiently high. These results suggest that the stress

level is a key factor for the entry into the VBNC state. However, the VBNC state has not

enhanced the persistence of the strain in soil.

Low oxygen conditions in combination with a low redox potential are often found at

the plough pan level in many agricultural soils. In the second part, a plough pan microcosm

system was developed using native field soil. In these microcosms, strain CHAO lost ability
to grow on agar plates but persisted as non culturable cells, of which a large part was in the

VBNC state. This was correlated with the decrease of the redox potential in the soil system.
The induction of the VBNC state was not modulated by the anr gene, which codes for the

adaptation of the strain to low oxygen conditions. A novel staining technique, which

combines the nucleic acid stain propidium iodide (a constituent of the BacLighi Viability

kit) and immunofluorescence microscopy, allows to discriminate intact from membrane

injured cells in soil. Only 1% of injured cells were found among both culturable and non-

culturable cells and therefore cell injury was not associated with non-culturability of cells.

In conclusion, the results obtained in this section are in accordance with those of the

previous section and with observations in a former field release experiment.
Several regulatory elements have been identified in P. fluorescens strain CHAO. The

global activator complex GacA/GacS controls the production of antimicrobial and other

secondary metabolites. The sigma factor RpoE (0e) encoded by the algU gene is involved

in the adaptation to environmental stress. In the third part, influence of these regulatory

systems upon the persistence in soil and the entry into the VBNC state were monitored in
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two field soils of different texture and in a conifer forest soil. The gacA deficient mutant

displayed reduced culturability leading to VBNC cells in both field soils and in acidic

conifer forest soil. The rpoE mutant lost culturability in acidic conifer forest soil, but was

normally culturable in field soil. Therefore, gacA is required for survival and persistence of

the strain in soil, and algU only in acidic forest soil. Indeed, GacA as well as RpoE, in

contrast to the anaerobic regulator ANR, are known to play major roles in stress resistance

mechanisms in bacteria, in accordance with the observation that the VBNC state is induced

when environmental stress is sufficiently high.
In conclusion, the results evidence that the entry of strain CHAO into the VBNC state

took place when cells were unfit to their environment, either because the environment was

too stressful or as a result of the loss of regulatory systems involved in stress adaptation.
Whether this VBNC state is reversible and if so under which conditions, remain to be

assessed.
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Zusammenfassung

Der Einsatz von Bakterien für spezielle Anwendungen in der Umwelt, wie zum

Beispiel zur Sanierung von verseuchten Böden, zur Verbesserung der Bodenfruchtbarkeit

oder für den biologischen Pflanzenschutz gegen bodenbürtige Krankheiten, erfährt

steigendes Interesse. Da bei der kommerziellen Anwendung grosse Mengen nützlicher

Bakterien in den Boden freigesetzt werden, gilt es abzuklären wie sie in der Umwelt

überleben. Nachdem das pflanzenschützende Bakteriums Pseudomonas fluorescens Stamm

CHAO in Feldboden ausgebracht wurde, ging ein grosser Teil des Inokulums in einen nicht

kultivierbaren Zustand über, d.h. die Zellen wuchsen nicht mehr auf Nährboden, waren

jedoch nicht tot. Ein Teil dieser nicht kultivierbaren Zellen sprachen noch auf 'Kogures

Viability Test' an und wurden daher als lebensfähige aber nicht kultivierbare Zellen

(englisch: viable but non-culturable, VBNC) angesprochen. Es wird vermutet, dass der

VBNC Zustand eine physiologische Anpassung der Zellen ist, um schädlichen

Umweltbedingungen zu widerstehen. In der vorliegenden Dissertation soll der Einfluss von

widrigen Umweltbedingungen und genetischen Regulationsmechanismen auf den

Übergang der Zellen vom kultivierbaren Zustand in den VBNC Zustand sowie das

Überleben dieser Zellen im Boden untersucht werden.

Im ersten Teil der Arbeit wurde der Stamm CHAO zuerst abiotischem Stress in vitro

ausgesetzt und danach in natürlichen Feldboden inokuliert. Das Überleben von Stamm

CHAO wurde (a) als kultivierbare Zellen durch das Zählen der Kolonie bildenden Einheiten

(KbE), (b) als lebensfähige Zellen mit Hilfe des Kogure Tests zusammen mit (c) der

Gesamtanzahl Zellen mittels Immunofluoreszenzmikroskopie bestimmt. Abiotische

Stressbedingungen bestanden aus Sauerstofflimitation
, niedrigem Redoxpotential und der

Kombination der beiden Bedingung, sowie aus verschiedenen Kochsalzkonzentrationen.

Der VBNC Zustand wurde im Zusammenhang mit der Kombination aus

sauerstofflimitierden und niedrigen Redoxpotentialbedingungen beobachtet sowie bei sehr

hohen Kochsalzkonzentrationen. Diese Ergebnisse legen nahe, dass ein hohes abiotisches

Stressniveau eine Schlüsselrolle für den Übergang von kultivierbaren Zellen in den VBNC

Zustand darstellt. Der VBNC Zustand der Zellen hat jedoch nicht das Überdauern des

Stammes im Boden verbessert.

Die Kombination von Sauerstofflimitation und niedrigem Redoxpotential wird häufig
im Bereich der Pflugsohle in vielen Feldböden beobachtet. Im zweiten Teil der Arbeit

wurden ein Pflugsohlen-Mikrokosmos System entwickelt. In diesen Mikrokosmen ging ein

grosser Teil der CHAO Zellen in den nicht kultivierbaren Zustand über; ein grosser Teil

davon war im VBNC Zustand. Das Aufkommen des VBNC Zustandes war korreliert mit

dem Absinken des Redoxpotentials. Das Eintreten in den VBNC Zustand wurde jedoch
nicht durch das anr Gen beeinflusst, dem anaeroben Regulator, welcher die physiologische

Anpassung der Zelle unter sauerstofflimitierenden Bedingungen steuert. Mit Hilfe einer

neuartigen Färbemethode, welche das Färbemittel für Nukleinsäuren Propidium Jodid (ein
Teil des ßacLight Viability Kit) mit der Immunofluoreszensmethode verbindet, war es

möglich intakte von verletzten Zellen im Boden zu unterscheiden. In allen Mikrokosmen

wurden ca. 1% verletzte Zellen gefunden. Dies deutete darauf hin, dass in einer Population
nicht kultivierbarer Zellen, die Anzahl verletzter Zellen nicht höher ist als in einer
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Population kultivierbarer Zellen. Daraus folgt, dass nicht Kultivierbarkeit nicht aus der

physischen Verletzung der Zellen resultiert.

Verschiedene genetische Regulationselemente sind in P. fluorescens CHAO

beschrieben. Der Globale Aktivator Komplex GacA/GacS steuert die Produktion von

antimikrobiellen und anderen Sekundärmetaboliten. Der Sigmafaktor RpoE, welcher in

Stamm CHAO durch das algU Gen kodiert wird, ist involviert in der physiologischen

Anpassung des Stammes an Stressbedingungen. Im dritten Teil der Dissertation wurde der

Einfluss dieser Regulationssysteme auf das Überdauern des Stammes im Boden und auf

den Übergang in den VBNC Zustand untersucht. Dazu wurden gacA und algU Mutanten in

zwei Feldböden mit unterschiedlicher Textur und in einen Nadelwaldboden inokuliert. Der

gacA Mutant zeigte eine verringerte Kultivierbarkeit auf Agarplatten, und das Aufkommen

von VBNC Zellen in allen drei Böden. Der algU Mutant verlor die Kultivierbarkeit nur im

sauren Nadelwaldboden, jedoch nicht im Feldboden. Es ist bekannt, dass GacA wie auch

RpoE, im Gegensatz zu ANR, eine wichtige Rolle in der Stressresistenz der Bakterien

spielen, dies ist kongruent mit der Beobachtung, dass der VBNC Zustand durch

Stressituationen in der Umwelt hervorgerufen wird.

Die Ergebnisse dieser Arbeit zeigen dass der Eintritt des Stammes CHAO in den

VBNC Zustand mit der Untauglichkeit des Stammes zusammenhängt Stressituationen zu

bewältigen, entweder weil das Stressniveau in der Umwelt zu gross war oder weil die

genetischen Regulatoren für die Stressadaptation fehlten. Die Frage ob der VBNC Zustand

rückgängig gemacht werden kann und wenn ja unter welchen Umständen muss in einer

zukünftigen Studie untersucht werden.
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Riassunto

L"uso di batteri per usi specifici nell'ambiente esterno, come ad esempio per il

risanamento di suoli contaminati, per la fertilizzazione delle colture o per la lotta alle

malattie radicali delle piante, riceve un interesse crescente.

L'applicazione commerciale di tali batteri benefici richiede la disseminazione di una

grande quantità di cellule nell'ambiente, suscitando la nécessita di studi preliminari per

determinare la loro persistenza e sopravvivenza nell'ambiente. In seguito all'inoculazione

dell'agente di controllo biologico Pseudomonas fluorescens ceppo CHAO in un suolo

agricolo una gran parte dell' inoculo risultava in uno stato non coltivabile, cioè, i batteri

perdevano la loro capacità di formare colonie su un substrato agarizzato. Tuttavia, le cellule

non erano morte, poichè una porzione di esse rispondeva positivamente al test di Kogure

(test di sensibilité a sostanze nutritive) e furono classificate viventi ma non coltivabili (in

inglese: VBNC). Lo stato VBNC è considerato uno stato di adattamento fisiologico di

batteri non sporigeni per la sopravvivenza in condizioni ambientali avverse. Lo scopo della

présente tesi è di studiare il ruolo di stress ambientali, l'influsso di certi geni di regolazione
nella transizione di cellule coltivabili verso lo stato VBNC e nonchè la persistenza di tali

cellule nel terreno.

Nella prima parte, l'effetto di stress abiotico in vitro su ceppo CHAO e la

sopravvivenza di questo nel suolo è stato studiato mediante contaggio di unità formanti

colonie (UFC) su agar selettivo, contaggi di cellule viventi, usando il test di Kogure in

combinazione con contaggi di cellule totali con la tecnica di microscopia ad

immunofluorescenza. II ceppo CHAO è stato incubato in condizioni di pressione parziale
ridotta di ossigeno, in condizioni di potenziale di ossidoriduzione bassa (usando un

tampone redox) e in una combinazione delle due condizioni. Come controllo, il ceppo è

stato sottoposto a varie concentrazioni di sale di cucina (NaCl). Lo stato fisiologico VBNC

è stato osservato in condizioni di pressione parziale ridotta di ossigeno in combinazione con

un potenziale redox basso, ma anche nel caso in cui la concentrazione di NaCl era molto

elevata. Questi risultati suggeriscono che l'intensità di stress costituisce una condizione

chiave per la transizione del ceppo verso lo stato fisiologico VBNC. In seguito alia

incubazione in tali condizioni di stress, le cellule son state introdotte in suolo naturale. I

risultati mostrano che lo stato VBNC non offre un vantaggio comparativo per la persistenza
in suolo al ceppo.

Le condizioni di pressione parziale ridotte di ossigeno, in combinazione con il

potenziale redox basso si trovano frequentemente in suoli agricoli a livello della soglia di

aratura. Nella seconda part sono stati utilizzati dei microcosmi che imitano le condizioni

microclimatiche della soglia di aratura. In questi microcosmi, il ceppo CHAO perdeva la

capacità di formare colonie su agar, ma persisteva nel suolo come cellule non coltivabili, di

qui una parte significativa si trovava nello stato VBNC. L'entrata del ceppo in tale stato era

correlato con la diminuzione del potenziale redox del suolo. II gene anr, il quale controlla

l'adattamento fisiologico del ceppo in condizioni di pressione parziale ridotta di ossigeno,
non mostrava nessuna influenza sull'entrata del ceppo nello stato VBNC. Usando un nuovo

metodo di colorazione, che si basa sulla combinazione del ßacLight Viability Kit e la

colorazione a immunofluorescenza e che permette in tal modo la distinzione di cellule
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intatte da cellule ferite nel suolo, è stato evidenziato che ca. 1% di tutte le cellule erano

"ferite", interessando sia campioni con prevalentemente cellule coltivabili che campioni
con prevalentemente cellulei non coltivabili. Questo suggerisce che cellule non-coltivabili

non sono necessariamente ferite. In conclusione, i risultati ottenuti in questa sezione, sono

in accordo con i risultati ottenuti nella sezione précédente nonchè con osservazioni fatte in

pieno campo.

Alcuni elementi di regolazione genetica son stati identificati in P. fluorescens CHAO.

Il complesso dell'attivatore globale GacA/GacS controlla la produzione di metaboliti

secondari. Il fattore sigma RpoE (ge), codificato dal gene algU, è coinvolto

nell'adattamento della cellula allô stress ambientale. Il tema della terza parte è il ruolo di

questi geni per la persistenza nel suolo e per l'entrata nello stato VBNC in due suoli agricoli
di différente tessitura e in un suolo di foresta di conifere. Il mutante gacA mostrava una

coltivabilità ridotta in tre suoli e lo stato VBNC è stato indotto. H mutante rpoE perdeva la

coltivabilità soltanto nel suolo acido di foresta, conservando tuttavia la coltivabilità nei due

suoli di campo. In conclusione, gacA è necessario per la sopravvienza del ceppo in tutti i

suoli, mentre rpoE soltanto in suoli acidi di foresta.

Infatti, GacA, ma anche RpoE, a differenza di ANR, sono dei fattori conosciuti

coinvolti nell'adattamento di batteri allô stress, questo in accordo con osservazioni le quali
indicano che lo stato VBNC è indotto quando lo stress ambientale è troppo elevato.

In conclusione, i risultati ottenuti in questa tesi mostrano che l'entrata del ceppo

CHAO nello stato VBNC ha luogo quando le cellule non sono adattate al loro ambiene, in

quanto che l'ambiente présenta un livello di stress troppo elevato o perché i mechanismi di

addatamento allô stress sono stati persi. La questione se cellule nello stato VBNC possono

riacquistare la coltivabilità e sotto quali condizione, deve essere trattato in un lavoro futuro.



13

Résumé

L'utilisation d'inoculants bactériens dans l'environnement pour la réhabilitation de

sols pollués, la biofertilisation des cultures ou la lutte biologique contre les maladies à la

racine des plantes reçoit de plus en plus d'intérêt. L'application de bactéries bénéfiques

implique l'apport d'un grand nombre de cellules dans l'environnement, ce qui nécessite des

études préalables sur la persistence et la survie des bactéries dans l'environnement. Dans le

cas de l'agent de lutte biologique Pseudomonas fluorescens souche CHAO, on sait qu'une

part importante de 1'inoculum utilisé au champ peut persister dans un état non-cultivable,

sous la forme de cellules qui ont perdu la capacité de former des colonies sur milieu gélose.

Néanmoins, une partie au moins de ces cellules non cultivables n'étaient pas mortes, car

elles pouvaient réagir au test d'elongation cellulaire de Kogure, ce qui conduit à les

considérer comme cellules viables non-cultivables (VNC). Il a été proposé que l'état VNC

est une adaptation physiologique des bactéries non-sporulantes, laquelle leur permet de

persister malgré des conditions environnementales défavorables. L'objectif de cette thèse

était d'étudier le rôle du stress environnemental et l'influence de gènes régulateurs dans le

passage des cellules cultivables à l'état VNC et leur persistence dans le sol.

Dans la premiere partie, l'effet de stress abiotiques in vitro sur la physiologie de la

souche CHAO et sa capacité de survie dans le sol ont été étudiés par des comptages de

cellules cultivables sur agar sélectif, de cellules viables (test de Kogure), et de cellules

totales en microscopie en immunofluorescence. La souche CHAO a été incubée dans des

conditions de pression partielle d'oxygène réduite, de potentiel redox bas (ou une

combinaison des deux conditions), ou à des concentrations élevées en NaCl. L'état VNC a

été observé sous des conditions de pression partielle de l'oxygène réduite en combination

avec un bas potentiel redox, mais aussi quand la concentration de NaCl était très élevée.

Ces résultats suggèrent que le niveau du stress est une condition clef pour l'entrée de la

souche dans l'état VNC. Toutefois, l'état VNC n'a pas amélioré la capacité de la souche à

persister dans le sol.

Des conditions de pression partielle de l'oxygène réduite en combinaison avec des

conditions de potentiel redox bas sont souvent trouvées au champ, au niveau de la semelle

de labour. Dans la deuxième partie de cette thèse, des microcosmes imitant les conditions

microclimatiques de la semelle de labour ont été mis au point. Dans ces microcosmes, la

souche CHAO a perdu la capacité de former des colonies sur milieu gélose, et une part

importante des cellules a persisté dans un état VNC. L'entrée de la souche dans l'état VNC

était correlée avec la diminution du potentiel redox dans le sol. Le gène anr, codant pour

l'adaptation physiologique de la souche à des conditions de pression partielle d'oxygène

réduite, n'avait aucune influence sur l'entré de la souche dans l'état VNC. En utilisant une

nouvelle méthode de coloration qui combine le BacLight Viability Kit et la microscopie en

immunofluorescence, les cellules intactes ont pu être distinguées des cellules

endommagées, et les résultats ont montré qu'1% des cellules étaient endommagées. Ainsi,

la plupart des cellules non cultivables étaient encore intactes. En conclusion, les résultats

obtenus dans cette deuxième partie confirment, dans le cas du sol, ceux de la partie

précédente, et ils permettent de proposer un mécanisme explicatif pour les observations

faites au champ.
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Plusieurs régulateurs génétiques ont été identifiés chez P. fluorescens CHAO. Le

complexe activateur global GacA/GacS contrôle la production de metabolites secondaires.

Le facteur sigma RpoE (0e), codé par le gène algU, est impliqué dans l'adaptation de la

souche au stress environnemental. Dans la troisième partie, l'influence de ces régulateurs

sur la persistence dans le sol et l'entrée dans l'état VNC de CHAO a été étudiée dans deux

sols agricoles et un sol forestier (sol acide, sous conifères). Le mutant gacA a montré une

cultivabilité réduite dans les trois sols, et l'état VNC a été induit. Le mutant rpoE a perdu sa

cultivabilité dans le sol forestier, mais pas dans les deux sols agricoles. En conclusion,

gacA est nécessaire pour la survie de la souche dans tous les sols étudiés, rpoE seulement

dans le sol forestier acide. GacA et RpoE, à différence d'ANR, sont impliqués dans

l'adaptation des bactéries au stress, ce qui est en accord avec l'hypothèse que l'état VNC

est induit quand le stress environnemental est trop important.
En conclusion, les résultats obtenus dans ce travail de thèse démontrent que l'entrée

de la souche CHAO dans l'état VNC a lieu quand les cellules ne sont pas adaptées à leur

environnement, soit parce que l'environnement est trop stressant, soit en raison de la perte

des mécanismes de régulation permettant l'adapation au stress. La question de savoir si

l'état VNC est reversible chez cette bactérie, et si oui dans quelles conditions, reste

néanmoins ouverte.
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Chapter 1 : Introduction

Bacteria are released into the environment for multiple purposes. The spectrum of

possible applications has widened in the past decades, as their ability to fulfill specific

functions is recognized. To date, the most important progresses have been made in

biocontrol of plant diseases, in biofertilization of crops, and in bioremediation.

Bioremediation deploys the ability of certain bacteria to degrade or to detoxify

specific organic and inorganic pollutants in soil (Timmis and Pieper, 1999; Lee et al., 1998;

Balba et al., 1998; Bonaventura and Johnson, 1997), in groundwater (Lee et al., 1998), and

in the pelagic environment (Swannell et al., 1996). In biofertilization of soils, plant

associated bacteria belonging to the genera Rhizobium (symbiosis) and Azospirillum

(associated symbiosis) fix atmospheric nitrogen and thus enhance soil fertility (Graham and

Vance, 2000; Marchai and Vanderleyden, 2000; Cattelan et al., 1999).

Natural antagonists of pathogen populations are used (Martin and Loper, 1999; Cook,

1993) in biocontrol of plant diseases. First successful applications in agriculture of

biocontrol bacteria have been made for the control of crown gall caused by Agrobacterium

tumefaciens on wine stocks using the apathogenic strain Agrobacterium rhizogenes K84

(formerly A. radiobacter K84) which prevents the establishment of the pathogen in the

infection site (McClure et al., 1998; Kerr and Htay, 1974). In China, millions of hectares

are treated with beneficial root colonizing Bacillus spp. strains against soil borne diseases

of rice (Baogen, 1996). Several agricultural products are on the market in the US and in

Europe this technology is developing (Mathre et al., 2000). A list of some commercially

used biocontrol bacteria is given in Table 1.

1. Practical concerns with the release of beneficial bacteria in the environment

The applications of beneficial bacteria in soil often necessitate a relatively high

inoculum to achieve the desired effect, since most released bacteria are not competitive

enough in soil to establish a large population by growth after release (Stotzky, 1997). For
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instance, in the case of biocontrol bacteria, the degree of the suppression of the pathogen is

proportional to the colonization of the root (Bull et al., 1991). Indeed, the production of 2,4-

diacetylphloroglucinol, a biocontrol relevant antimicrobial metabolite, on roots of wheat is

proportional to the density of the bacterial population in the rhizosphere (Raaijmakers et al,

1999). The possibility of such large scale releases of bacteria introduced into an

environment has raised the demand by the public administrations (SAEFL/BUWAL, 1999;

Council of the EU. 1998) for accurate risk assessment studies prior to extensive use in the

environment. This is particular evident when dealing with genetically engineered bacteria,

where the public acceptance is very low (Stevenson and Warnes, 1996; Levin, 1991).

Table 1 : Some commercially used biocontrol organisms.

Organism Target
Application
method

Reference

(Commercial name/

manufacturer)

Commentary

Agrobacterium Crown gall Root dips Nogall, Bio-Care Used in USA

rhizogenes K84 {Agrobacterium
tumefaciens) on trees,

grape vines, ornamentals

Technologies Pty Ltd.,

Somersby, Australia

Australia

Bacillus subtilis Growth regulation and soil Seed tuber FZB24, Bayer Used in EU,

FZB24 borne diseases ofpotato

{Rhizoctonia solani)

treatment (Schweiz) AG,
Switzerland

Switzerland

Bacillus subtilis Seed borne diseases Seed and MBI600, MicroBio, Used in EU,

MBI600 {Rhizoctonia, Aspergillus compost Cambridge, UK USA, Canada,
and Fusarium) treatment Japan

Bacillus subtilis, Fire blight {Erwinia Flower BioPro, Andermatt Used in EU,

BD170 amylovord) on pome trees treatment Biocontrol, registration

(i.e. apple and pear) Switzerland applied for CH

Burkholderia Soil borne diseases Seed Deny, Stine Microbial Used in USA

cepacia type {Rhizoctonia, Pythium and treatment Products, Shawnee,
Wisconsin (strain Fusarium) on various USA

J82) crops

Pseudomonas Soil and seed borne fungal Seed Cedomon, BioAgri Used in

chlororaphis disease of cereals (leaf

stripe, netch blotch,
Fusarium and others)

treatment AB, Uppsala, Sweden Scandinavia

Pseudomonas Fire blight {Erwinia Flower (fire Blight Ban A506, Plant Used in USA

fluorescens A506 amylovord) on pome blight) and Health Technologies,
trees(i.e. apple and pear), foliage Fresno, USA

and frost damage on fruit treatment

trees
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A risk assessment is a procedure that provides information about the likelihood of the

occurrence of an accident and the severity of the consequences of an accident during

handling or production a specific product or a process. Risk assessment is part of a more

global risk analysis concept which includes also risk management (selection and

implementation of appropriate options for the production, transport etc of the product as

well as the assessment of policy alternatives) and risk communication (exchange of

information and opinions about the outcome of risk assessment and risk communication)

(see risk analysis framework in Fig. 1).

Figure 1: Scheme of the risk analysis framework (Lammerding, 1996).

Overall, risk analysis leads to the elaboration of handling guidelines for a specific

product or process and of the relevant legislation in order to minimize the risks for the

environment, the public health and the operators (Lammerding, 1996). The procedure of

risk assessment begins with the hazard identification (Lammerding and Fazil, 2000). In

general terms, a hazard can be defined as an unwanted, potentially harmful outcome in a

certain situation (Covello and Merkhofer, 1993). The probability that a hazard may occur

increases with time of exposure which in turn increases the risk. Thus, in mathematical

terms, the risk is the product of the hazard and the exposure time as follows:

[risk = hazard x exposure].

In the case of bacterial inoculants in soil, several potential hazards associated with the

use of bacterial inoculants have been determined for instance during handling of biocontrol
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strains or with wind dispersal of strains (SAEFL/BUWAL, 1999; Nuti et al., 1994; National

Academy of Science, 1989). Indeed, the registration of the biocontrol bacterium

Burkholderia cepacia for commercial, hence large scale, use in agriculture has risen

important concern by physicians and medical microbiologists since certain strains of

Burkholderia cepacia are known as human pathogens for persons with a weakened immune

system such as cystic fibrosis patients (Holmes et al., 1998). Furthermore, the strains of B.

cepacia with biocontrol activity are genetically identical with the clinical strains (Govan et

al., 2000). The now emerging perception, that beneficial bacteria for agricultural use share

common features with human pathogens or sometimes can be even the same organism

(Govan and Vandamme, 1998; Berg, 2000) illustrates further the necessity to provide an

adequate risk assessment prior to wide spread use in agriculture.

Overall, for technical analogies, the risk assessment of soil inoculants bases upon the

ecotoxicological approach that was developed for chemical pesticides. The ecotoxicological

approach includes two principal steps: (i) the exposure study, to assess the fate of the

chemical in terms of persistence, degradation and transport in the environment, and the (ii)

the study of non-target effects. There are, yet, important differences in the environmental

behavior of inoculant bacteria compared to chemical pesticides, as bacteria can multiply,

mutate or even change their physiological state. Moreover, bacteria are able to exchange

genetic material with other bacteria in soil and may persist hidden in the environment for an

indeterminate period of time. In addition, each bacterial strain displays a specific behavior

pattern in the environment and it is therefore recommended to conduct risk assessment

studies of beneficial bacteria on a case by case basis (Natsch et al., 1998a; Krimsky et al.,

1995).

In previous studies, considerable information on the non target effect on the

indigenous microflora (Natsch et al., 1997, 1998b, Hase, 1999), on the migration between

different ecological compartments (Natsch et al. 1996; Troxler et al., 1998), the survival of

strains along the soil profile (Troxler et al., 1998; 1997a,b; Troxler, 1997; Défago et al.,

1997) and in effluent water from lysimeters (Troxler et al., 1998; Hase et al., 2001) has

been gathered. The present thesis focuses on the study of factors that influence the survival

of biocontrol inoculants in soil.
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2. Fate and survival of inoculant bacteria in soil

Tracing soil inoculants

The size of the inoculant population is commonly determined as colony forming units

using a selective plating technique. For this, the inoculant cells must be marked in order to

be retrieved in soil (de Lorenzo and Timmis, 1992). One possibility is to introduce a

biomarker (i.e. a marker gene) into the bacterium which confers a distinct genotype or

phenotype and allows to track the organism in the environment after release (Jansson and

de Bruijn, 1999). The bacteria can be tagged with the lacZY genes, which encode ß-

galactosidase and lactose permease and give blue colonies on medium containing X-gal

(Haas et al., 2001; Notz et al., 2001; Flemming et al., 1994, Natsch et al., 1994). Bacteria

tagged with the firefly luciferase gene (lue) or the bacterial luciferase gene (luxAB) can be

easily recognized as luminescent colonies on agar plates (Flemming et al., 1994; Elvang et

al., 2001). An important drawback for the use of luminescence genes is that production of

light necessitates cellular energy (i.e. ATP for the firefly luciferase or FMNH2 for the

bacterial luciferase) and constitutes a metabolic load for the cells and might therefore alter

the fitness of inocula in oligotrophic environments such as soil. The marker based on the

green fluorescent protein GFP has the advantage that the protein fluoresces upon

illumination with blue light and no other energy source or substrate addition is necessary.

Once formed, the GFP persists in the cell for indeterminate time (Tombolini and Jansson,

1998). GFP constitutes nevertheless a metabolic load for the bacterial cell and interferes

with biocontrol activity and fitness as verified with the biocontrol strain Pseudomonas

chlororaphis MA 342 (Tombolini et al., 1999). Furthermore, the number of colony forming

units (CFUs) of introduced bacteria decreases steadily during residence in non sterile soil as

observed in Salmonella typhimurium and Klebsiella pneumoniae (Liang et al., 1982),

Flavobacterium spp. and Alcaligenes spp. (Nijhuis et al., 1992; Heijnen, 1995; Thompson

et al., 1990), or Pseudomonas (Wessendorf and Lingens, 1989; van Elsas and van

Overbeek, 1993; Natsch, 1996). This implies that after a certain period, the number of soil

resident bacteria growing on agar plates exceeds the number of the inoculant, thus

hindering the determination of the colony forming ability of the inoculant. To overcome
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this problem, strains are marked with an antibiotic resistance. For using antibiotic resistant

markers three criteria are important to consider: (a) minimize the genotypic and phenotypic

difference between the marked strain and the wild type (Natsch et al., 1994; Glandorf et al.,

1992; Wessendorf and Lingens, 1989), (b) minimize metabolic charge connected to

resistance and (c) use an antibiotic resistance that is not or in minimal amount present in

soil bacteria. Often kanamycin or tetracycline resistance genes are introduced, however,

this constitutes a metabolic load for the strain (Silver and Bostian, 1993). The use of

spontaneous rifampicine resistant mutants might be a good compromise. The metabolic

load for the cell is reduced since the resistance is due to a mutation in the ß-subunit of the

RNA polymerase that excludes the action of the antibiotic (Jin and Gross, 1988; Honoré

and Cole, 1993;Telenti et al., 1993). Furthermore, rifampicine resistance is not very

frequent in soil (Natsch et al., 1994; Troxler et al., 1998, 1997a; Mascher et al., 2000,

Wessendorf and Lingens, 1989).

Since bacteria may loose their ability to grow on agar plates during incubation in

environmental samples, it is necessary to observe the inoculants in situ. Bacteria marked

with a gfp or lux marker can be visualized in situ in the environmental sample using an

appropriate microscope technique or monitored directly by measuring the light output using

a luminometer without the necessity for cultivation of the cells (Tombolini et al., 1999;

Rattray et al., 1990). Frequently, in microbial ecology, immunofluorescence microscopy is

used, that bases on the use of a specific primary antibody (raised for instance in rabbit)

against the target organism and a secondary anti rabbit antibody (raised for instance in goat

or mouse) which is labeled with a fluorescent dye. (Hase, 1999; Troxler et al.,1998,

Heijnen et al., 1995; Bohlool and Schmidt, 1980). The environmental samples are firstly

treated with the primary antibody that binds specifically to the target organism and then

with the labeled secondary antibody, that finds specifically to the primary antibody.

(Troxler et al., 1997c) The sensitivity of this method depends upon the specificity of the

primary antibody (Bohlool and Schmid, 1980).
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The microhabitatfor bacteria in soil

Soil resident bacteria are mostly located inside soil aggregates (Hattori, 1988). The

chemically active surfaces of clay and organic matter bind water, nutrients (Smiles, 1988),

and also bacterial cells (Stotzky, 1997). The amount of locally available and utilizable

nutrients and water determines whether the inoculant will multiply. Cell division on a soil

particle will lead to the formation of micro-colonies (van Overbeek and van Elsas, 1997). It

is conceivable that bacteria in soil create their own protective microhabitats by producing

alginate-like extra cellular polysaccharides (EPS) which might be important for the survival

of bacteria under conditions of drought in soil (Roberson and Firestone, 1992). This was

shown for non mucoid (low EPS production) mutants of Escherichia coli, which display

reduced survival under low humidity condition in soil (Ophir and Gutnick, 1994).

Introduced bacterial cells are presumably localized in the more open, less protected

spaces in soil (Recorbet et al., 1995). In this localization, they are more exposed to adverse

environmental conditions such as prédation (Chao and Alexander, 1981; Danso et al.,

1975), desiccation, nutrient limitation and other biotic and abiotic stresses (van Overbeek

and van Elsas, 1997). A list of abiotic stresses which are reported to inflict on the number

of colony forming units of bacteria in soil is presented in Table 2.

Table 2: Abiotic factors influencing the survival of bacteria in soil.

Abiotic factor Reference

Atmospheric composition Kim et al., 1996

Nutrient availability Overbeek et al., 1995; Givskov et al., 1994

pH Bearson et al., 1997

Redox potential Tuyimura and Watanabe, 1962; Wu et al., 1968.

Soil moisture Roberson and Firestone, 1992; Mahler and Wollum, 1981

Soil texture Postma et al., 1990; Van Elsas et al., 1989; 1986

Temperature Weichart et al, 1992; Troxler et al., 1997a
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There is probably no one factor alone influencing the survival of bacteria in soil, but

one can imagine, that the factors are interdependent and interact (Foster, 1988; Smiles,

1988) as for example:

• the water content of soil interferes with the availability of nutrients, with soil pH,

soil temperature, redox potential. (Stotzky, 1986; Ponnamperuma, 1972).

• soil temperature influences the biological activity in soil and influences the

atmospheric composition in soil pores and probably also the soil acidity. (Stotzky,

1997)

• nutrient availability is directly correlated with the redox potential of soil

(Ponnamperuma, 1972; Bartlett and James, 1993).

Overall, it is difficult to predict the fate and the behavior of soil inoculants, since soil is a

very heterogeneous habitat, where microclimatic, chemical and biological condition can

vary quickly and within short distances (Stotzky, 1997). Moreover, there are also strong

differences between soils of different origin (van Elsas et al., 1986; van Overbeek et al.,

1995; Hase et al., 2000). These facts evidence more the necessity of case by case studies

which take into account both heterogeneity within one soil and between different soils.
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3. Culturability and viability of bacteria in soil

The reduction in CFU counts is not always synonymous to the vanishing of the

inoculant cells in soil because sometimes a part of the inoculant population is still

detectable in situ using immunofluorescence microscopy techniques (van Elsas and

Waalwijk, 1991; Postma et al., 1988; Troxler et al., 1997a,c; Bohlool and Schmidt, 1980).

This suggests that a part of the introduced bacterial population converts into a non-

culturable state in soil. The entry of inoculant bacteria in a non-culturable state is of

primary interest for risk and functional analysis of inoculant cells into soil. From both the

physiological and the ecological point of view, the significance of the transition from

culturable to non-culturable cells is not clear. Many questions arise:

• What are culturable cells? What are non-culturable cells?

• Why losing culturability?

• Are non-culturable cells metabolically active?

• What is the role of non-culturable cells in soil? What is their fate?

There is large consensus that culturability is the ability of bacteria to grow in

laboratory media, and usually it refers to the capacity of forming colonies on solid culture

media (Lebaron et al., 2000; Kell et al., 1998; Postgate, 1969). In natural habitats, many

resident microbes are non cultured (Tiedje et al., 1999; American Academy of

Microbiology, 1996). Indeed, plate counts of bacteria in soil and aquatic environments

indicated, that less than 1 % of the total number of bacteria observed with microscopical

examination can grow on solid culture media (Oliver, 2000).

In plant and human pathology, several cases of non cultured bacteria are known, for

example phytoplasmas, a group of intracellular plant pathogens, for which all attempts to

culture in cell-free media have failed to date (Lee et al., 1998). In some cases, bacteria that

were previously retained non-culturable could be cultured on certain media or under

particular culture conditions. They are called fastidious bacteria. Important examples are

Xylella fastidiosa, the causal agent of Pearce Disease on grape wine which needs hemine

cloride, an iron chelator, in the media to grow to macroscopic colonies (Davis et al., 1978).

Mycoplasma pneumoniae, an obligate parasite which causes tracheo-bronchitis and a
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specific form of pneumonia in humans (Jacobs, 1992), is not culturable on standard culture

media, unless supplemented with several amino acids and nucleic acid precursors,

cholesterol and fatty acids (Kenny, 1991). The reduced biochemical capacities of these

organism are probably result of their parasitic habits.

In the case of inoculant bacteria, non-culturability corresponds to the loss of colony

forming ability of certain cells of an otherwise culturable strain. In operational terms, this

status is considered with reference to a particular set of laboratory conditions (e.g. a

rifampicine containing medium for a rifampicine resistant strain). Overall, in some cases

non-culturability of bacterial cells occurs is due to exposition to adverse environmental

conditions, in other cases, non culturability may be due to the fact that microbiologists

simply fail to provide appropriate conditions to support culture (Kaprelyants et al., 1993).

The loss of culturability of cells through adverse environmental conditions can be the

result of membrane damage, due to stress or to physical damage, as observed with high

pressure treatments (i.e. 300-500 MPa) (Pagan and Mackey, 2000; Ritz et al., 2000). Some

authors pretend that injured cells are able to grow on non selective media but not on

selective ones (Ray and Speck, 1972; Kell et al., 1998). However, when considering that (a)

a selective medium is conventionally defined as a culture medium containing substances

that specifically inhibit or prevent the growth of some species of microorganisms (D'Arcy

et al., 2001) and (b) several bacteria have specific nutrient requirements to growth to

colonies, the hypothesis of non-cultured cells = injured cells does not explain the non-

culturable state in bacteria. In the following injured cells are retained as not cultured cells

that require specific reparation process before re-growth on their usual media is achieved.

Since damage of DNA is retained the basic cause for non culturability of bacteria (Kell et

al., 1998), the reparation process may involve DNA repair enzymes which are also active to

readjust damage after exposure to oxidative stress (Demple and Levin, 1991).

When dealing with non-culturable bacteria, one of the major question is if these

bacteria are viable or not. In general terms, viability is the capacity of a bacterial cell to

divide. The operational conception of viability, however, is discussed controversially

(Lebaron et al., 2000). Some authors define viability as the ability to grow on agar plates

(Mukamolova et al., 1998; Kaprelyants and Kell, 1993). Consequently, metabolically active

but not cultured bacteria should be called only 'active' but not viable cells since metabolic
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activity may be maintained for a certain time also by dead cells (Weichart. 2000; Kell et al.,

1998; Postgate, 1969). However, this model of viability = culturability may not be

sufficient to describe the physiological state of non-cultured bacteria such as (a) bacteria

from environmental samples, which have been observed by microscopy but which have

never been obtained in pure culture (S0rheim et al., 1989; Bakken and Olsen, 1987), (b)

human pathogens that persist in the environment and which are believed to be able to

recover culturability under specific circumstances (Rollins and Colwell, 1986, (c)

environmental inoculants that loose their ability to grow on agar plates, but maintain

metabolic activity and persist for long periods in the environment (Troxler et al.,1998;

1997a). Several authors insist, therefore, on the use of the term viability for all bacteria that

display metabolic activity and for which cellular death has not been proven (Oliver, 2000;

Bloomfield et al., 1998; Rollins and Colwell, 1986).

Methodsfor monitoring physiological responses and cellular intactness ofbacteria

Before further discussion about the bacterial viability, it is necessary to review some

techniques used for assessing the (i) cellular integrity and (ii) metabolic activity of non-

culturable cells. For the study of the maintenance of stable cellular structure and cell

integrity, the staining of cells with fluorochromes has been developed. Acridine orange

direct counts (Korgaonkar and Ranade, 1966) and DAPI staining (Porter and Feig, 1980)

have been used as an indication for intactness of nucleic acids. Rhodamine 123 and other

staining procedures allow to measure the membrane potential (see Table 2). The intactness

of the cell membrane can be evidenced with the two component kit BacLight, which

consists of two nucleic acid strains: SYT09, which is able to penetrate into intact cells and

stains green and propidium iodide, which enters only in damaged cells and stains in red.

Intact cells appear green while membrane injured cells are red (i.e. the red dye is more

intensive than the green dye).

Methods for the assessment of the metabolic activity of cells include the use of

microautoradiography (Rahman et al., 1994) and the activity of inducible enzyme (Nwoguh

et al., 1995) as indicators of de novo protein synthesis. These methods need a special

equipment and are not suitable for studies in the environment. The reduction of tetrazolium
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salts (INT and CTC) indicate respiring cells (Zimmermann et al, 1978; Rodriguez et al.,

1992). CTC was successfully used for tracing inoculants in soil in combination with

immunofluorescence microscopy (Heijnen et al., 1995). However, measuring cell

respiration has evidenced several drawbacks, as for instance that CTC can inhibit the

bacterial metabolism and might interfere directly with viability of cells (Ullrich et al, 1996).

The direct viable count method (DVC) (Kogure et al., 1979) is based on the

enlargement of cells upon addition of nutrients (i.e. yeast extract or nutrient broth) in

combination with an inhibitor of cell division (i.e. nalidixic acid). Cellular responsiveness

to this method requires the complex cell replication mechanism: replication of DNA, cell

wall synthesis etc (Kogure et al., 1979). This method is probably the most confident way to

determine cell viability. In the present work, the definition of viability of bacteria refers to

cells that are responsive to the DVC test.
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Table 3: List of tests for monitoring the cellular integrity and the metabolic activity of

inoculant bacteria in the environment.

Target mechanism Protocol Reference

Cellular division

(metabolic activity tests)

Cellular respiration

(metabolic activity tests)

Membrane composition
(metabolic activity tests)

Membrane intactness

(cell intactness tests)

Energy content

(metabolic activity test)

Esterase activity

(metabolic activity test)

Direct viable counts (DVC): Incubation of bacteria in

yeast extract and the inhibitor of cell division

nalidixic acid. After counterstaining, elongated
nutrient responsive cells differ from short, non-

responsive cells.

Micro colony technique: bacteria are fixed on

polycarbonate filter and placed on culture plate.
Viable-but-non-culturable-cells might do some cell

division, forming micro colonies. Observation after

staining with Acridine orange in the fluorescence

microscope

Respiratory electrons reduce 5-cyano-2,3-ditolyl
tetrazolium chloride (CTC) to CTC-formazan, a red

fluorescent dye. After counterstaining of bacteria

with DAPI or with the immunofluorescence

technique, observation in the fluorescence

microscope.

Reduction of 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-
phenyl tetrazolium chloride (INT) to INT-formazan,

which accumulates as red spots intracellular.

Observation in light microscope: only respiring
bacteria contain red spots.

Analysis of the peptidoglycan composition of cell walls

(Gram+ bacteria)

Examination of the membrane fatty acids profile of

bacterial population to determine their viability.

BacLight viability kit (Molecular Probes, Oregon,
USA), a mixture of the bacterial stain SYTO 9 and

the nucleic acid stain propidium iodide. All cells

colored yellow, but membrane injured cells have an

additional red point inside.

A depolarized (dead) membrane allows penetration of

Calcafluor (or DiBAC4(3)), which reacts with

intracellular fatty acids forming a fluorescent stain.

Cellular uptake of Rhodamine 123 and exclusion of

oxanol indicates an intact membrane proton pump

system.

ATP detection using the luminol-luciferase system.
Dead cells do not contain ATP.

Sulfofluorescein diacetate (SFDA) is converted by
intracellular esterases to fluorescein sulfonic acid.

Observation by fluorescence microscopy.

Kogure et al., 1979

Binnerup and

S0rensen, 1992

Rodriguez et al.,

1992 ; Heijnen et al.,

1995

Zimmermann et al.,

1978

Signoretto et al.,

2000

Haldemann et al.,

1995; Linder and

Oliver, 1989

Terezieva et al.,

1996, Joux et al.,

1997.

Mason et al., 1995

Kaprelyants and Kell,

1992

Beumer et al., 1992

Tsuji et al., 1995
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4. The viable but non culturable state of bacteria

On several occasions it was shown that bacteria which grow on culture media, may

loose their culturability upon residence in environmental samples (i.e. soil, seawater etc.),

thus entering a non-culturable state. Such non-culturable bacterial cells can, yet, maintain

cellular viability and constitute the viable but not culturable (VBNC) fraction of their

relative population (Oliver, 1993; McDougald et al., 1998). The reasons for the loss of

culturability are probably due to particular, perhaps inimical, environmental conditions

(Dodd et al., 1998; Rollins and Colwell, 1986). Tables 4 and 5 report some conditions

which are conducive for the occurrence of viable-but-non-culturable cells under outdoor

and experimental conditions respectively.

Little is known about the central questions which arise when dealing with the VBNC

phenomenon:

• Which environmental conditions are responsible for the transition from culturable

cells to viable but non-culturable cells?

• Is the entry into the VBNC state genetically controlled?

• What is the ecological significance of the VBNC state?

• Is the VBNC state is reversible?

Bloomfield et al. (1998), presume that starved or stressed cells loose the ability to

cope with oxidative stress. Thus, sudden exposure to nutrient-rich conditions (i.e. agar

plates) after starvation or stress conditions initiates an imbalance in the cellular metabolism

resulting in generation of Superoxide and free radicals and a part or all of the bacteria die,

sometimes compared to a bacterial suicide (Dodd et al., 1997).

This model, however, does not resolve the question whether the VBNC state

constitutes an adaptation or a debilitation for bacteria. On many occasions, non-culturable

cells display DNA fragmentation and programmed cell death like behavior (Nyström, 1998;

Hochman, 1997). This may account for an apoptosis-like mechanism in bacteria under

adverse environmental conditions (i.e. starvation or stress), including the release of

nutrients to the environment in order to allow the survival of other members of the same

population (Hochman, 1997). On the other side, VBNC is seen as a survival mechanism for
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endurance of adverse condition of the individual cell. (Oliver et al., 2000; Rollins and

Colwell, 1986).

Table 4: VBNC cells of gram negative bacteria under natural conditions

Bacterial strain

Condition for occurrence of

VBNC cells Detection method Reference

Agrobacterium
tumefaciens

Campylobacterjejuni

in drinking water

in stream water

DVC

DVC

Pseudomonas fluorescens in soil with wheat after 51 days DVC

CHAO-Rif

Pseudomonas putida

Salmonella enteritidis

Salmonella typhi

Vibrio cholera

in lake water DVC

in natural water DVC

groundwater and pond water DVC

in natural water DVC

Byrd et al. (1991)

Rollins and Colwell,

(1986)
Troxler et al. (1997a)

Morgan et al. (1989)

Roszaketal. (1984)

Cho and Kim (1999)

Colwell et al. (1985)

Table 5: VBNC cells of gram negative bacteria under laboratory conditions

Bacterial strain

Condition for occurrence of

VBNC cells Detection method Reference

Agrobacterium

tumefaciens

Campylobacterjejuni

Escherichia coli

Pseudomonas fluorescens
AH9

Pseudomonas fluorescens
AH9

60 ppm cupric sulfate LIVE/DEAD BacLight
bacterial viability kit

incubation for 12 days at 37°C DVC

in stream water

incubation in sea water for 83 INT

days
1.7mol NaCl after 24 hours CTC

carbon starvation for 18 hours CTC

prior to heating at 48°C for 70

Alexander et al.

(1999)

Rollins and

Colwell (1986)
Davis et al.(1995)

J0rgensen et al

(1994)

J0rgensen et al

(1994)

Salmonella typhimurium

Vibrio cholera

Vibrio vulnificus

Vibrio vulnificus

incubation in artificial sea DVC,

water microcosms LIVE/DEAD BacLight
bacterial viability kit

incubation in nutrient free DVC

microcosm for 26 days at 4°C

incubation at 5°C for 40 days

CTC, Joux et al. (1997)

starvation in artificial seawater

DVC

CTC

Ravel et al. (1995)

Oliver et al. (1991)

Warner and Oliver

(1998)
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5. The biocontrol agent Pseudomonas fluorescens CHAO

Pseudomonas fluorescens strain CHAO has become a model strain to study

culturability and viability in soil because of its interest for biocontrol of soil borne diseases.

The strain controls several soil borne fungal diseases such as black root rot of tobacco

caused by Thielaviopsis basicola (Stutz et al., 1986; Défago et al., 1990), take-all of wheat

caused by Gäumannomyces graminis (Défago et al., 1987; Wüthrich and Défago, 1991),

and damping off of cucumber seedlings caused by Pythium ultimum and Rhizoctonia solani

(Sharifi-Tehrani et al., 1998). Moreover, the strain can induce resistance to foliar infections

with TNV (tobacco necrosis virus) when applied to tobacco roots (Maurhofer et al., 1994,

1998).

The mechanisms of disease suppression have been studied for the past 10 years.

Strain CHAO colonizes efficiently the roots of several plants (Troxler et al., 1997b,c;

Défago and Keel, 1995) and makes use of root exudates to produce a variety of secondary

metabolites (Défago et al., 1997). These secondary metabolites include iron chelators

(pyoverdins, pyochelin and salicylate) for nutrient competition with other microorganisms

and substances with antimicrobial activity, such as 2,4-diacetylphloroglucinol (Phi)

(Ramette et al. 2000; Keel et al., 1990) and hydrogen cyanide (HCN) (Voisard et al., 1989,

1994). Genetic studies have revealed that these secondary metabolites contribute, at least in

part, to the disease suppressive activity of the strain (Keel et al., 1990, 1992; Maurhofer et

al., 1994; Schnider et al., 1995a and 1995b; Schnider et al., 2000). The production of

secondary metabolites is regulated by different transcriptional regulators and depends upon

the growth phase of the bacterium (Haas et al., 2000). The two-component regulatory

system consisting of the sensor kinase GacS and the cognate response regulator GacA,

plays a central role in the control of the synthesis of secondary metabolites in strain CHAO.

The membrane based GacS sensor activates the cytoplasmic GacA response regulator by

phosphorylation upon stimulation by extra cellular signals and during the transition from

the exponential to the stationary phase (Blumer et al., 1999). GacA is a transcriptional

activator that represses specific DNA binding proteins (Blumer et al., 1999; Blumer and

Haas, 2000). Overall, a mutation in the gacS or in the gacA gene abates production of
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secondary metabolite and suppression of diseases (Laville et al., 1992). The production of

cyanide (HCN) is additionally controlled by the anaerobic regulator ANR in strain CHAO.

ANR is an anaerobic transcription factor similar to FNR (fumarate and nitrate reductase

regulator) of Escherichia coli (Laville et al, 1998, Winterle and Haas, 1996) and is

activated when oxygen is limiting, such as in compacted and water saturated soil or in the

rhizosphere (Hojberg et al 1999). In an anr deficient mutant, by contrast, HCN production

is minimal and the biocontrol capacity is significantly reduced (Laville et al., 1998).

6. Persistence of strain CHAO in the soil ecosystem

In addition to biocontrol mechanisms several aspects of the behavior and fate of strain

CHAO in soil were studied. Once introduced into field soil, strain C03, a spontaneous

nalidixic acid resistant mutant of strain CHAO, persisted in soil for several month and could

be re-isolated on agar plates at 1 m depth after 2.5 month (67 days) and at 40 cm depth,

after 11 month (Défago et al., 1987). Apparently, the strain can persist for a longtime in soil

and is able to translocate into lower soil layers. The percolation behavior of strain CHAO in

the field was investigated by simulating a heavy rainfall after inoculation of the

rifampicine-resistant derivative CHAO-Rif and determination of the localization of the

strain after 1 day along the soil profile (Natsch et al., 1996). The results of the study

indicate that strain CHAO-Rif is transported rapidly in large number through the channels

of preferential flow of the percolating water (i.e. evidenced using a blue alimentary stain).

Interestingly, already after one day, an important number of bacteria was found in the soil

matrix, distant from the channels of preferential flow, which suggests that the bacteria

search for protective niches in soil (Natsch et al., 1996). In a parallel experiment, at the

same site and set up in the same way, Troxler (1997) has monitored the fate of strain

CHAO-Rif along a 2 m deep soil profile, after 72 days. Three main soil habitats for the

bacteria were studied along the profile: the rhizosphere, the bulk soil and a layer above the

plough pan (at about 30 cm from the top of the soil). The introduced bacteria were present

in all soil microhabitats and many of them had migrated into the soil matrix, as indicated

previously. A particular high number of bacteria was found at the layer above the plough
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pan, where bacteria were probably accumulated upon encounter of the impermeable plough

pan. The bacterial population was monitored by selective plate counts, and direct viable

counts (DVC; Kogure et al., 1979) in combination with total cells counts by

immunofluorescence microscopy. Results indicate, that in the rhizosphere a large part of

the inoculant population was culturable, while in the bulk soil 90% of the bacteria were

non-culturable and did not respond to the DVC test, hence they were dormant or dead cells.

In contrast, in the soil layer above the plough pan, only a very small part (<1%) of the

inoculant population was still culturable on agar plates, while about 2/3 of the bacteria were

in a dormant/dead state and about 1/3 were in a viable-but-nonculturable state, hence not

growing on agar plates, but responsive to the DVC test.

This specific behavior of inoculant cells depending on soil micro-habitats suggests

that the entry of cells of CHAO-Rif into a non-culturable state is driven by environmental

conditions. The layer above the plough pan was water soaked and contained still

undecomposed plant material which was shifted there during the ploughing process. This

conditions led probably to low oxygen conditions and a reducing environment, since there

was a strong smell of hydrogen sulfide and greenish and bluish colorations in this layer

(Troxler, 1997). It is conceivable that these conditions constitute an abiotic stress for the

bacteria and abiotic stresses are known to be responsible for the entry of certain bacteria

into a viable but non-culturable state (Oliver, 2000; Me Dougald et al., 1998). The high

number of non-culturable, dormant or dead cells might be due to abiotic stresses or

starvation (Troxler, 1997). Non culturable and especially VBNC cells of strain CHAO were

reported also during incubation in field soil in large outdoor lysimeters. After 100 days

incubation in uncovered soil, only a very small part of the inoculum in the upper horizon

was culturable and a large part was in a non-culturable state of which a considerable part

was in the VBNC state. In contrast, in the covered soil planted with wheat or maize almost

all inoculant cells were culturable (Troxler et al., 1997a). The higher moisture and the less

extreme temperature fluctuations in covered soil prevented probably strain CHAO from

entering a non-culturable state.

In order to test the hypothesis that starvation is one causal factor for the occurrence of

non-culturable states, strain CHAO was starved in a suspension lacking either nitrogen,

phosphate, sulfur or carbon or multiple nutrients, but neither of these treatments had an
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influence on the culturability of strain CHAO-Rif. When the cells were inoculated into soil

microcosms, a large number of cells from the multiple nutrient starvation treatment entered

a non-culturable state but were not viable, as tested with Kogure's DVC test (Hase et al.,

1999). This suggests that the lack of a single nutrient, other than C, S, N, or P or the

deprivation of a combination of nutrients had a negative effect on culturability in strain

CHAO-Rif.

In another experiment, the persistence in soil and in the rhizosphere of the gacA

defective mutant CHA96-Rif was compared with strain CHAO-Rif. Results showed that

CFU counts in soil in strain CHA96-Rif decreased more rapidly than those of strain CHAO-

Rif. (Natsch et al., 1994). Apparently, the regulatory gene gacA plays an important role in

the persistence of strain CHAO. However, it is not known if the vanishing of the gacA

mutant in soil is due to prédation of, due to its inability to produce secondary metabolites or

if the gacA gene influences actively the survival of the strain in soil.

7. Objectives and experimental approach

The biocontrol bacterium for soil borne diseases Pseudomonas fluorescens can enter

a non-culturable state during residence in soil. A proportion of these non-culturable cells

maintain metabolic activity and constitute the viable-but-non-culturable (VBNC) fraction

of the inoculant population. The fact that soil inoculants are able to enter non-culturable

states and thus evade routine tracing methods on culture media, raises concern about (a) the

biological safety of their use as soil inoculants and (b) the efficacy of their biocontrol

activity.

In the present work, we focus on the environmental origins and the genetic basis of the

VBNC state in strain CHAO. The main objectives are therefore to study

(i) which environmental conditions promote the entry of strain CHAO into the VBNC

state

(ii) if the entry into the VBNC state is genetically controlled,

(iii) if the VBNC state enhances the persistence of the strain in soil,

(iv) if non-culturability of cells is linked to membrane injury.
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To fulfill the first objective, the effect of abiotic stress on the survival and the

occurrence of VBNC cells in strain CHAO are tested first in vitro and then in soil

microcosm. The in vitro experiments are achieved by incubating the strain under oxygen

limitation or low redox conditions or into a combination of both. Subsequently, it is tested

if the same effect can be achieved by incubation the strain in presence of a single stress

factor (i.e. high NaCl concentration) of different intensity (Chapter 2). In a field release

experiment, a large number of VBNC cells were found at the plough pan (Troxler, 1997).

Here, the specific microclimatic conditions of the plough pan are simulated in plough pan

soil microcosms and strain CHAO is inoculated in order to study the entry into the VBNC

state under controlled conditions. The plough pan microcosms are prepared with the same

soil from Tänikon (TG, Switzerland) where VBNC cells have been observed previously,

(Troxler, 1997). Subsequently, plough pan microcosms are also prepared with other farm

soils from Switzerland in order to test if this phenomenon is restricted to Tänikon soil

(Chapter 3).

(ii) The genetic control of the entry into the VBNC state, is tested with mutants

defective in regulatory genes. First, the influence the anr gene, coding for the anaerobic

regulator ANR which controls the adaptation to low oxygen conditions in strain CHAO

(H0jberg et al., 1999) is tested under plough pan conditions (Chapter 3). Secondly, the role

of the global activator (coded by gacA (Laville et al., 1992)) and the alternative stress

sigma factor aE (RpoE) (coded in strain CHAO by algU (Schnider et al., 1997)) is tested

(Chapter 4). Previous experiment have shown that gacA contributes to the persistence of

strain CHAO in field soil (Natsch et al., 1994). Here, three different cambisols are used: two

farm soils and one conifer forest soil that differ in texture, chemical composition, organic

matter content, and pH. Each soil possesses specific chemico-physical characteristics which

allow (a) to investigate the role of these characteristics for the entry of strain CHAO into the

VBNC state of the strain in soil and (b) to discriminate the contribution of the gacA and the

algU gene for survival and of strain CHAO.

(iii) Several authors suppose that the VBNC state is a strategy of non-sporeforming

bacteria to overcome adverse environmental conditions (Oliver, 2000; Rollins and Colwell,
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1986). This hypothesis is tested by studying the persistence and survival in soil of VBNC

cells obtained within the in vitro experiments of chapter 2.

(iv) Membrane intactness is likely to be a key characteristic of viable cells (Korber et

al., 1996). In order to monitor the membrane intactness of the inoculant strain CHAO in

soil, a novel staining technique is set up that combines the ßacLight Life/Dead kit

(Molecular Probes) with the immunofluorescence staining technique. This novel staining

technique is used on strain CHAO treated within the soil samples from the plough pan

microcosms (Chapter 3).

All experiments are performed with rifampicine resistant mutants. Monitoring of the

survival of the inoculant in soil and in vitro includes total immunofluorescence counts,

direct viable counts (DVC; Kogure et al., 1978) and colony counts on selective media.
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Chapter 2: The VBNC State Induced by Abiotic Stress in

Biocontrol Pseudomonas fluorescens CHAO Does Not

Promote Strain Persistence in Soil

Abstract

The effects of oxygen limitation, low redox potential, and high NaCl stress for 7 d

in vitro on the rifampicin-resistant biocontrol inoculant Pseudomonas fluorescens CHAO-

Rif and its subsequent persistence in natural soil for 54 d were investigated. Throughout the

experiment, the strain was monitored using total cell counts (immunofluorescence

microscopy), Kogure's direct viable counts and colony counts (on rifampicin-containing

plates). Under in vitro conditions, viable but non-culturable (VBNC) cells of CHAO-Rif

were obtained when the strain was exposed to a combination of low redox potential (230

mV) and oxygen limitation. This mimicks a situation observed in the field, where VBNC

cells of the strain were found in the water-logged soil layer above the plow pan. Here,

VBNC cells were also observed in vitro when CHAO-Rif was subjected to high NaCl levels

(i.e. NaCl at 1.5 M but not 0.7 M). In all treatments, cell numbers remained close to

inoculum level for the first 12 d after inoculation of soil, regardless of the cell enumeration

method used, but decreased afterwards. At the last two samplings in soil, VBNC cells of

CHAO-Rif were found in all treatments except the one in which log-phase cells had been

used. In the two treatments that generated high numbers of VBNC cells in vitro, VBNC

cells did not display enhanced persistence compared with culturable cells once introduced

into soil, which suggests that this VBNC state did not represent a physiological strategy to

improve survival under adverse conditions.

Published as: Mascher, F., C. Hase, Y. Moënne-Loccoz, and G. Défago. 2000. The viable-but-

nonculturable state induced by abiotic stress in the biocontrol agent Pseudomonas fluorescens CHAO

does not promote strain persistence in soil. Appl Environ Microbiol 66: 1662-1667.
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INTRODUCTION

The biocontrol bacterium Pseudomonas fluorescens strain CHAO protects several

cultivated plants against soil-borne fungal pathogens (13). Since efficient biocontrol entails

the release of large cell numbers of the inoculant in the soil environment, the commercial

use of biocontrol pseudomonads such as strain CHAO implies that ecological safety

considerations have to be addressed (6, 31). Information on survival, persistence and

physiological states of released biocontrol agents in situ is a key aspect of risk-assessment

studies.

Monitoring of Pseudomonas inoculants released in the field is usually carried out by

colony counts on selective media (5, 8, 23, 37). However, when pseudomonads are

introduced into soil, some of the cells may lose their colony-forming ability, which leads to

a situation where the strains persist as mixed populations of culturable and non-culturable

cells in soil (3, 34, 38). Several methods have been proposed to assess the viability and/or

the physiological activity of such cells (3, 17, 27, 42). Kogure's test (17) is based on the

assumption that viable cells can engage in a few cycles of cell division, although they are

not necessarily capable of forming a colony on plates. A similar assumption is made in the

microcolony epifluorescence technique (3). In Kogure's test, the samples are incubated in

the presence of low amounts of nutrients (to stimulate cell division) and nalidixic acid.

Division of nutrient-responsive cells is prevented by the action of nalidixic acid and

consequently those cells increase in size. Thus, nutrient-responsive cells (viable cells) can

be distinguished from small, non-responsive cells and counted (Kogure's direct viable

counts).

Kogure's direct viable counts were used in combination with total

immunofluorescence (IF) cell counts and colony counts on selective medium to monitor in

time survival of the spontaneous rifampicin-resistant strain P. fluorescens CHAO-Rif in the

surface horizon of large outdoor lysimeters (34). The inoculant was found mostly as non¬

culturable cells several months after inoculation into soil, and a significant proportion of

these non-culturable cells responded positively to Kogure's test, indicating that they were

not dead (34). Environmental factors hypothesized as playing a part in the occurrence of
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non-culturable cells of CHAO-Rif in lysimeter soil included abiotic stress (linked to

unfavorable conditions of temperature and/or water availability in soil) and nutrient

starvation (34), but the importance of nutrient starvation was refuted in a subsequent study

(9). Strain CHAO-Rif was also released at the surface of a field plot, and persistence of the

pseudomonad was investigated at various depths in the soil profile at 72 d after inoculation.

Non-culturable cells of the inoculant were detected at different soil depths (7, 32).

Interestingly, cells of CHAO-Rif in a viable but non-culturable (VBNC) state were found in

significant amounts in the few mm of soil located immediately above the plow plan, where

decomposing crop residues were apparent, soil porosity was water-logged, and soil was

blue-gray, with a smell of hydrogen sulfide. These morphological symptoms suggest that

oxygen limitation and reducing conditions were likely to take place. When oxygen becomes

exhausted in soil, facultative anaerobic bacteria channel respiratory electrons to alternative

acceptors and reducing conditions become established (1, 25). It can be hypothesized that

abiotic stress resulting from a combination of oxygen limitation and reducing conditions

was implicated in the formation of VBNC cells of CHAO-Rif in this field experiment.

The first objective of the present study was to demonstrate that a combination of

oxygen limitation and reducing conditions could lead to the occurrence of VBNC cells in P.

fluorescens CHAO-Rif. The effect of combined oxygen limitation and reducing conditions

on strain CHAO-Rif was also achieved using a single stress factor (i.e. high NaCl levels)

when intensity of the latter was high enough. The second objective was to assess if VBNC

cells of CHAO-Rif obtained by abiotic stress could persist better than culturable cells of the

strain once introduced into non-sterile soil.

MATERIALS AND METHODS

Bacterial strain and growth conditions. The experiments were carried out with strain

CHAO-Rif (24), a spontaneous rifampicin-resistant mutant of the biocontrol agent P.

fluorescens CHAO (30). Strain CHAO-Rif was kept at -80°C in 44% glycerol and grown

routinely at 27°C with shaking (150 rev min"1) in King's B broth (15) containing 100 ug
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rifampicin (Sigma, Steinheim, Germany) per ml. Inoculum for the experiments was

prepared by growing CHAO-Rif in 500 ml of M9 medium (22 mM KH2P04, 42 mM

Na2HP04, 19 mM NH4C1, 9 mM NaCl, 1 mM MgS04 and 0.09 mM CaCl2, pH 6.8; 21)

containing 5.5 mM glucose as carbon source. The culture was incubated at 27°C with

shaking (150 rev min"1) until mid-log phase (i.e. 108 CFU ml"1, corresponding to an OD of

0.12 at 600 nm). The cells were washed three times in sterile distilled water (7000 x g for

12 min) prior to use in the experiments.

Exposure of P. fluorescens CHAO-Rif to low redox potential and oxygen limitation. In

the first experiment, P. fluorescens CHAO-Rif was exposed for 7 d to low redox potential

(treatment 230 mV/02), oxygen limitation (treatment 480 mV/N2), or a combination of both

(treatment 230 mV/N2). The strain was not exposed to those stresses in the control

(treatment 480 mV/02).

CHAO-Rif cells were resuspended in M9 medium or M9 amended with 50 mM

potassium hexacyanoferrate (II) (i.e. K4Fe(CN)ö; obtained from Fluka AG, Buchs,

Switzerland) to achieve a low redox potential. The coordination compound potassium

hexacyanoferrate was used previously in a redox buffer system by Unden et al. (36).

Potassium hexacyanoferrate at 50 mM in M9 medium was not toxic to CHAO-Rif as it had

no effect on growth of the strain (data not shown). Redox potential (Eh) was measured with

a Mettler Toledo One Stick Redox Electrode (Inlab 501 REDOX, Mettler-Toledo, Urdorf,

Switzerland) containing an Argental reference electrode (electric potential = + 207 mV

referred to the standard hydrogen electrode). Prior to measurement, the electrode was

conditioned overnight in concentrated nitric acid, rinsed with tap water and then with

distilled water, and finally kept for at least one hour in distilled water. Immediately before

measurement, the electrode was calibrated with Mettler Toledo reference buffers at 220 mV

(pH 7). In parallel, pH was determined. Conventionally, redox potentials are expressed by

reference to the standard hydrogen electrode at pH 7, and this was achieved by adding 207

mV (i.e. potential of the Argental reference electrode) and the term [ (pH - 7) x 59 mV ]

(i.e. correction for pH), as described by Zausig (41). The redox potential of M9 containing
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50 mM potassium hexacyanoferrate was 230 ± 20 mV and remained stable over the 7-d

incubation period (data not shown).

The cell suspensions were prepared in 500-ml Erlenmeyer flasks (aerobic conditions)

or 200-ml serum flasks (oxygen-limited conditions). To achieve oxygen-limited conditions,

the serum flasks were placed in a glass dessicator, the suspension stirred continuously

(magnetic stirrer) and the air was sucked out at 0.008 MPa. Then, nitrogen gas was added

up to normal air pressure (i.e. about 0.105 MPa). This procedure was repeated four times.

All flasks were placed on a rotary shaker (150 rev min"1) at 27°C during the 7-d incubation.

In all four treatments, CHAO-Rif cells were used at the rate of 108 CFU ml"1.

Exposure of P. fluorescens CHAO-Rif to high NaCl levels. In the second experiment, P.

fluorescens CHAO-Rif was exposed for 7 d to high NaCl levels, by resuspending cells of

the strain in M9 medium containing 0.7 M or 1.5 M NaCl. CHAO-Rif cells were used at the

rate of 108 CFU ml"1, as in the first experiment. The control treatment (i.e. no NaCl added)

was the same as the control in the first experiment (i.e. 480 mV/02). The Erlenmeyer flasks

were incubated as described above.

Soil characteristics and preparation of soil microcosms. The soil was collected from the

surface horizon of a loamy cambisol (15% clay, 42% silt, 43% sand) from Eschikon, near

Zürich, Switzerland (24). The soil (non-calcareous) had neutral pH reaction, 3.5 % organic

matter, and a cation exchange capacity of 33 cmol kg"1. The soil was air-dried at room

temperature until friable and sieved through a 5-mm mesh screen prior to use. Stones and

roots were removed. Before inoculation, the water potential of the soil was adjusted to

about *FW -0.03 MPa by drying to 22% w/w water content. Porous plates (26) were used to

determine water content of the soil at ^w -0.03 MPa. Then, a filter paper method (20) was

used routinely to determine the water potential of soil. Water content was determined by

oven drying soil samples at 105°C to constant weight. Soil microcosms consisted in 10 ±

0.1 g soil in sterile 25-ml glass vials.

Inoculation of soil microcosms with P. fluorescens CHAO-Rif. After completion of the

7-d incubation in vitro, the cells of CHAO-Rif from the three replicates of each treatment
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were placed together in a same flask and washed three times, as described above. Cell

density in the final cell suspensions was increased 100 fold compared with the ones at the

end of the 7-d incubation in vitro, and microcosms were inoculated by adding 0.1 ml of cell

suspension to the soil in the vials. Un-inoculated control samples received the same volume

of sterile distilled water.

After inoculation, the microcosms were placed in loosely-capped 250-ml plastic

containers (three vials per container). In order to minimize water loss during incubation but

allow aeration of the samples, the containers were placed together under a loosely-closed

plastic cover (eight containers under each cover). Incubation took place in the dark, in an

incubator set at 12°C with a relative humidity of 70%. During the 54-d experiment, soil

water content remained at 22 ± 0.1% w/w and water was not added.

Sampling and enumeration of P. fluorescens CHAO-Rif. Cell counts were performed at

the start and the end of the 7-d incubation in vitro and during incubation of soil

microcosms. When soil was studied, the entire content of each vial (10 g soil) was

transferred into a 500-ml Erlenmeyer flask containing 100 ml sterile distilled water and the

flask shaken at 300 rev min- for 15 min. A dilution series was then prepared from each soil

extract.

Culturable cells of CHAO-Rif were counted by spread plating on solid King's B

medium containing rifampicin (100 ug ml"1) and the antifungal compound cycloheximide

(Fluka AG) at 190 ug ml"1. The plates were incubated for 2 d at 27°C in the dark and

colonies counted. Incubation of plates for seven additional days did not increase the number

of colonies. In the un-inoculated control, no rifampicin-resistant colony was found

(detection limit was 102 CFU g"1 soil).

The total number of CHAO-Rif cells was determined by immunofluorescence (IF)

microscopy, as described by Troxler et al. (34). The bacteria were fixed on 0.2-um pore

size polycarbonate filters stained with Irgalan Black (Nucleopore, Costar Scientific

Corporation, Cambridge, MA). The filters were treated successively with the primary

antiserum (specific for CHAO; 33) and the secondary antibody (fluorescein isothiocyanate-

conjugated goat anti-rabbit immunoglobulins, Sigma), each time for at least 30 min. After
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mounting the filters with DAPCO (l,4-diazobicyclo-(2,2,2)-octan-glycerol) medium to

prevent fading, CHAO-Rif cells were counted using a Zeiss Axioskop epifluorescence

microscope (filters 450-490 nm; at least 20 fields and/or 150 bacteria per filter). No cross-

reaction was found when controlling un-inoculated soil samples in the present work.

The number of viable cells of CHAO-Rif was determined by using the technique of

Kogure et al. (17), in combination with immunofluorescence microscopy. Yeast extract

(250 ug ml"1) and nalidixic acid (20 ug ml"1) were added and the samples incubated for 6 h

at room temperature (about 22°C) in the dark, prior to fixing with formaldehyde. Substrate-

responsive cells increased their length to 3.5 urn or more, and they were counted as viable

cells. At least 20 fields and/or 150 bacteria were studied per filter (when population levels

were low, filters were examined until at least 10 elongated cells were found).

Experimental design and statistical analyses. All treatments were replicated three times,

along a randomized block design. Cell counts were log-transformed before calculating

means and standard deviations, and performing statistical analyses. A total of four (first

experiment) and three treatments (second experiment) were studied in vitro. Both

experiments had the same control. All treatments were also studied in soil microcosms,

where the control was also compared with a treatment in which log-phase cells of CHAO-

Rif (from M9 cultures) were used.

First, the influence of the cell count method was assessed by comparing total IF

counts, viable counts and colony counts of CHAO-Rif within each treatment at each

sampling time (i.e. in vitro and in soil). Secondly, treatments were compared for each cell

count method at each sampling time. Data were processed using analysis of variance

(ANOVA, version 5 of SYSTATS for Windows, SPSS Inc., Evanston. IL, USA). When

appropriate, Tukey's HSD test was then used to compare treatments. Regression analysis

was employed to study trends over several samplings in soil. All statistical analyses were

performed at P=0.05 level.



52

RESULTS AND DISCUSSION

Effect of combined stress factors (oxygen limitation and low redox potential)

on P. fluorescens CHAO-Rif in vitro. In the control (480 mV/02), P. fluorescens CHAO-

Rif was found at about 109 cells ml"1 at the end of the 7-d incubation in vitro, regardless of

whether cells were enumerated using total IF counts, viable counts or colony counts (Fig.

1A). In contrast, total IF counts exceeded viable counts and colony counts when the strain

had been exposed to oxygen limitation (treatment 480 mV/N2; Fig. 1A). Therefore, the lack

of a suitable electron acceptor (i.e. oxygen) alone did not induce the formation of VBNC

cells in the strict aerobic strain CHAO-Rif. In contrast, the loss in colony-forming ability

undergone by the facultative anaerobic strain P. aeruginosa PAO303 when incubated in a

medium lacking a suitable electron acceptor resulted in significant numbers of non¬

culturable cells that responded positively in a viability test (2). Oxygen limitation in water¬

logged soil causes rapidly a drop in soil redox potential, as facultative anaerobic bacteria

begin to use alternative compounds as final electron acceptor (1, 25). Subjection of CHAO-

Rif to low redox potential under aerobic conditions, in M9 amended with potassium

hexacyanoferrate (as proposed by Unden et al., 36), resulted in non-culturable cells, but

here also there was no difference between colony counts and viable counts of the strain

(treatment 230 mV/02; Fig. 1A). When both types of stress (i.e. oxygen limitation and low

redox potential) were combined (treatment 230 mV/N2), total IF counts of CHAO-Rif were

statistically higher than viable counts (by less than one log unit, as in the last two

treatments), but the latter exceeded colony counts by almost two log units (indicating the

presence of VBNC cells). This may account for the predominance of non-culturable cells

(including VBNC cells) of CHAO-Rif found in the field in the water-logged layer above the

plow pan (7).
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FIG. 1. Effect of stress on P. fluorescens CHAO-

Rif in vitro. The pseudomonad (108 log-phase

cells ml" ) was subjected for 7 d to low redox

potential (230 mV) and/or oxygen limitation (N2)

(in A), or to high NaCl levels (in B). Error bars

show standard deviations. Statistical differences

between the different types of counts (i.e. total IF

counts, viable counts and colony counts of

CHAO-Rif) within each treatment are shown with

Latin letters a, b and c, whereas those between the

four (in A) or the three treatments (in B) within

each type of cell count are shown with Greek

letters a, ß, y and 5 (in A) and a and ß (in B).

Effect of different intensities of a single stress factor (high NaCl levels) on P.

fluorescens CHAO-Rif in vitro. The fact that VBNC cells of CHAO-Rif were observed

when the strain was exposed to a combination of two stress factors unable alone to cause

the formation of VBNC cells was due either to a particular interaction between these two

factors or the fact that intensity of each stress factor alone was insufficient. To assess

whether VBNC cells could be obtained using a single stress factor, cells of CHAO-Rif were

subjected to different intensities of a single, model stress (high NaCl levels). Exposure of

the strain to 0.7 M NaCl had no effect on the colony-forming ability of CHAO-Rif, but the

number of cells capable of growing on plate was lower than total IF counts by about three

log units when NaCl was used at 1.5 M (Fig. IB). Furthermore, a significant proportion of

the non-culturable cells of CHAO-Rif were in a VBNC state, as they were still nutrient-

responsive in Kogure's viability test. High NaCl concentrations do not have the same effect

on all Gram-negative bacteria. In accordance with our findings, culturability of cells of P.
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fluorescens AH9 was reduced after incubation in 1.7 M NaCl, but not in 1 M NaCl (10). In

contrast, P. aeruginosa PAOl (39) and Escherichia coli (29) were already affected at 0.7

and 0.8 M NaCl, respectively. This may, in part, reflect differences in osmotic potential

between the habitats these bacteria originate from. Interestingly, tolerance to high NaCl

concentrations was suggested to be an important bacterial property for successful

colonization of the root (18, 22). In conclusion, significant sub-populations of VBNC cells

of CHAO-Rif were observed at the end of the 7-d incubation in vitro, provided that either (i)

two types of stress were combined (Fig. 1A) or (ii) intensity of a single type of stress was

sufficiently high (Fig. IB).

Persistence in soil of cells of P. fluorescens CHAO-Rif not subjected to stress in vitro.

To determine whether aerobic incubation of P. fluorescens CHAO-Rif for 7 d in M9

medium could be considered as non-stress conditions, CHAO-Rif cells from the control in

vitro were introduced into soil and their persistence compared with that of log-phase cells

of the strain. Cells obtained from the control in vitro persisted in soil at population levels

essentially similar to inoculum level for 12 d, regardless of the cell count method (Fig. 2A).

Cell numbers were statistically lower at subsequent samplings. At the last two samplings,

total IF counts and viable counts were statistically higher than colony counts (by one log

unit or less), indicating the occurrence of VBNC cells.

Population dynamics of CHAO-Rif was largely similar when log-phase cells of the

strain were introduced into soil, except that viable counts and colony counts were

statistically identical at the last sampling (data not shown). Nutrient limitation was unlikely

to account for this difference, because pseudomonads previously deprived of a single

nutrient for several days in vitro displayed colony counts similar to those of log-phase cells

once introduced into soil (9, 38), and multiple nutrient starvation for 7 d resulted in lower

numbers of culturable cells in soil but not in VBNC cells (9). Therefore, the 7-d incubation

in M9 medium might represent stressful conditions leading to VBNC cells during

subsequent incubation in soil. These findings could be of significance for production and

formulation of biocontrol bacteria and other commercial soil inoculants. In conclusion, the

behavior in soil of CHAO-Rif cells obtained from the control in vitro was to a large part

comparable to that of cells obtained from a log-phase culture of the strain, except that
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significant amounts of VBNC cells were found at the last two samplings in soil in the

control.

Total D Viable S Culturable

aaa aaa aaa aaa aaa aaaaaa ßßß ßaß ßßß ßßß a aß (aß) ß ,aß)«ß

0 0.06 0.8 5 12 26 40 54 0 0.06 0.8 5 12 26 40 54

Time after inoculation into soil (days)

FIG. 2. Persistence in soil of cells of P. fluorescens CHAO-Rif after a 7-d aerobic incubation in M9

(control, i.e. treatment 480 mV/02; in A) or subjected for 7 d in vitro to oxygen limitation (treatment 480

mV/N2; in B), low redox potential (treatment 230 mV/02; in C), or a combination of both oxygen

limitation and low redox potential (treatment 230 mV/N2; in D). Error bars show standard deviations. At

each sampling time, statistical differences between the different types of counts (i.e. total IF counts,

viable counts and colony counts of CHAO-Rif) within each treatment are shown with Latin letters a, b and

c, whereas those between the four treatments within each type of cell count are shown with Greek letters

a, ß, y and ô.

Persistence in soil of cells of P. fluorescens CHAO-Rif subjected to low redox potential

and/or oxygen limitation in vitro. Under in vitro conditions, total IF counts of P.

fluorescens CHAO-Rif exceeded both viable counts and colony counts at the end of the 7-d

incubation of the strain under oxygen limitation (Fig. 1A). A comparable situation was

found at 5 d after the introduction of the cells into soil (Fig. 2B). At the last two samplings

in soil however, there was no difference between total IF counts and viable counts and both

counts were statistically higher than colony counts of CHAO-Rif, a situation similar to that

found in the control (Fig. 2A). In contrast, total IF counts of CHAO-Rif exceeded viable
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counts at six of seven samplings in soil in the treatment where cells had been exposed to

low redox potential in vitro (Fig. 2C). From day 12 on, viable counts of the strain were

statistically higher than colony counts, as found at the last two samplings in the previous

two treatments. At the end of the 7-d incubation of CHAO-Rif under conditions of low

redox potential and oxygen limitation in vitro, total IF counts of the strain were higher than

viable counts and each count was higher than colony counts (Fig. 1A). Similar findings

were obtained at five of seven samplings once the cells were introduced into soil (Fig. 2D).
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FIG. 3. Persistence in soil of cells of P.

fluorescens CHAO-Rif after a 7-d aerobic

incubation in M9 (control; in A) or M9

containing 0.7 M NaCl (in B) or 1.5 M NaCl

(in C). Error bars show standard deviations.

At each sampling time, statistical differences

between the different types of counts (i.e.

total IF counts, viable counts and colony

counts of CHAO-Rif) within each treatment

are shown with Latin letters a, b and c,

whereas those between the three treatments

within each type of cell count are shown

with Greek letters cc, ß and y.

In conclusion, VBNC cells of CHAO-Rif were found at the last two samplings in soil, and

total IF counts of the strain exceeded viable counts at those samplings in the two treatments

where cells had been subjected to low redox potential in vitro.

Persistence in soil of cells of P. fluorescens CHAO-Rif subjected to high NaCl levels in

vitro. Exposure of P. fluorescens CHAO-Rif to 0.7 M NaCl for 7 d in vitro resulted in cell



57

counts that were statistically identical to those in the control (Fig. IB). Population

dynamics of the strain, following the introduction of the cells into soil, was also similar to

that observed in the control, regardless of whether monitoring was done using total IF

counts, viable counts or colony counts (Fig. 3A,B). At the end of the 7-d incubation of

CHAO-Rif in 1.5 M NaCl, total IF counts and viable counts of the strain exceeded colony

counts (Fig. IB). Colony counts remained lower than the other counts for 54 d after

inoculation into soil, whereas total IF counts were higher than viable counts at six of seven

samplings in soil (Fig. 3C). In conclusion, exposure of CHAO-Rif to 0.7 M NaCl in vitro

had no effect on the subsequent persistence of the cells in soil, whereas incubation in

presence of 1.5 M NaCl resulted in non-culturable cells (including VBNC cells), both in

vitro and subsequently in soil.

Ecological significance of VBNC cells of P. fluorescens CHAO-Rif. The occurrence of

VBNC cells during residence of bacteria in soil is well documented (3, 34, 35). However,

the ecological significance of the loss of colony-forming ability displayed by bacterial cells

is not clear and remains the object of considerable debate (4, 14, 19), all the more as the

mechanisms involved in the transition to a VBNC state are still to be ascertained. In some

cases, viable cells may fail to grow on nutrient-rich media because they have lost the

defense mechanisms to cope with radical oxygen species generated during oxygen

respiration (2, 4, 12). In accordance with this, the root colonizer Pseudomonas putida needs

catalases for colony-forming ability after exposure to oxidative stress by hydrogen

superoxide (16). Alternatively, VBNC state may represent a survival strategy enabling non-

sporulating Gram-negative bacteria to overcome adverse environmental conditions (28),

which implies the possibility of recovering cell culturability when adverse conditions are

replaced with environmental conditions allowing growth. Indeed, 'resuscitation' of VBNC

cells has been achieved on a few occasions e.g. with Vibrio vulnificus (40) and

Micrococcus luteus (11).

Another implication is that cells in a VBNC state would persist better in the

environment than cells in other physiological states. In the current experiment, the number

of VBNC cells of P. fluorescens CHAO-Rif obtained using a combination of low redox

potential and oxygen limitation in vitro (i.e. treatment 230111V/N2; Fig. 1 A) decreased from
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7.4 to 5.4 log cells g"1 soil in 54 d once introduced into soil (Fig. 2D). The number of

culturable cells of CHAO-Rif was reduced from 5.5 to 4.4 log cells g"1 soil in the same

treatment (Fig. 2D). In parallel, the number of VBNC cells of CHAO-Rif generated using

high NaCl levels in vitro (Fig. IB) decreased from 6.7 to 5.7 log cells g"1 soil in 54 d in

soil, whereas in the same treatment colony counts in soil went from 5.1 to 4.0 log cells g"1

soil (Fig. 3C). Apparently, cells of CHAO-Rif in a VBNC state did not persist better than

culturable cells in soil, regardless of the stress conditions used to generate them.

In conclusion, exposure of P. fluorescens CHAO-Rif to a combination of two stress

factors or high intensity of a single type of stress in vitro resulted in mixed populations of

culturable and non-culturable cells, and VBNC cells represented a significant proportion of

the latter. Once in soil, the VBNC cells thus obtained did not display enhanced persistence

compared with culturable cells, suggesting that their physiological state did not represent a

successful adaptative response to adverse environmental conditions.
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Chapter 3: Entry of biocontrol Pseudomonas fluorescens CHAO

into a viable but non-culturable state under plough pan

conditions in soil and influence of the anaerobic regulator

gene anr

Summary

Certain fluorescent pseudomonads can protect plants from soil-borne pathogens, and

it is important to understand how they survive in soil. The persistence of the biocontrol

agent Pseudomonas fluorescens CHAO-Rif under plough pan conditions was assessed in

non-sterile soil microcosms by counting total (immunofluorescence microscopy), intact

(ZtacLight membrane permeability test), viable (Kogure's substrate-responsiveness test)

and culturable (selective plates) cells of the inoculant. CHAO-Rif cells in a viable but non¬

culturable state (106 cells g"1 soil) were found in flooded microcosms amended with

fermentable organic matter, in which soil redox potential was low (plough pan conditions),

in agreement with observations of plough pan samples from a field inoculated with CHAO-

Rif. This viable but non-culturable state was not found in unamended flooded, amended

unflooded or unamended unflooded (i.e. control) microcosms, suggesting that it resulted

from exposure of CHAO-Rif to a combination of low redox potential and oxygen limitation

in soil. CHAO-Rif is strictly aerobic. Its anaerobic regulator gene anr is driven by low

oxygen concentrations and controls production of the biocontrol metabolite HCN under

microaerophilic conditions. Under plough pan conditions, an anr-deficient mutant of

CHAO-Rif and its complemented derivative displayed the same persistence pattern as

CHAO-Rif, indicating that anr was not implicated in the entry of CHAO-Rif into a viable

but non-culturable state.
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Introduction

Certain fluorescent pseudomonads play key roles in biocontrol of soil-borne diseases

of plant roots or bioremediation of polluted soils and have received attention for use as

microbial inoculant (Weller, 1988; Défago et al, 1997; Timmis and Pieper, 1999).

Successful survival of inoculant bacteria in soil constitutes a prerequisite for

implementation of their beneficial effect (Weiler, 1988; Défago et al, 1997) and may also

have biosafety implications in the environment (Tiedje et al, 1989; Smid et al, 1992;

Défago et al, 1997). Therefore, it is important to understand how environmental conditions

and genetic factors can influence the persistence of inoculants in soil.

After introduction into soil, Pseudomonas inoculants often undergo a progressive

reduction in the size of their culturable population (Wessendorf and Lingens, 1989; van

Elsas and van Overbeek, 1993). This results from cell death typically, but under certain

conditions it may also be explained by the loss of colony-forming ability in inoculant cells

that thus persist in soil in a non-cultured state (Binnerup et al, 1993; Troxler et al, 1997b).

The ecological significance of these cells is poorly understood (McDougald et al, 1998;

Oliver, 2000). In some experiments, a subpopulation of non-culturable inoculant cells

displayed metabolic activity and/or responded positively to a viability test, and in the latter

case it indicates that the cells had entered a viable but non-culturable (VBNC) state (Rollins

and Colwell, 1986; Binnerup et al, 1993; Troxler et al, 1997b; Oliver, 2000).

Environmental factors that may govern the switch of pseudomonads into a VBNC state

include stressful conditions such as exposure to high NaCl concentrations (J0rgensen et al.,

1994; Mascher et al, 2000) or low oxygen conditions (Binnerup and S0rensen, 1993), but

not H2O2 stress (which causes cell death; Hase et al, 2000) or nutrient starvation (Clegg et

al, 1996; Hase et al, 1999). In other bacteria, cells in a VBNC state were also evidenced

following exposure to high copper levels (Alexander et al, 1999) or temperature shock

(Oliver, 1993).

In a field release experiment carried out at Tänikon (Switzerland), the biocontrol

agent Pseudomonas fluorescens CHAO-Rif was monitored at various soil depths using total

immunofluorescence (IF) cell counts, colony counts on selective plates and Kogure's direct
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viable counts (Défago et al, 1997; Troxler, 1997). Kogure's test (Kogure et al, 1979),

which has been widely used in viability studies (Alexander et al, 1999; Hase et al, 1999;

Oliver, 2000), aims at identifying substrate-responsive cells after incubation of samples in

the presence of low amounts of nutrients (to stimulate cell division) and nalidixic acid,

which prevents bacterial cell division and results in enlargement of viable cells. However,

such substrate-responsive cells do not necessarily form a colony on plate. At 72 days after

inoculation, only a few percents of CHAO-Rif cells still present in Tänikon soil had retained

the ability to form a colony on the plate. Among the other inoculant cells, cells in a VBNC

state were evidenced, especially in samples taken immediately above the plough pan

(Défago et al, 1997; Troxler, 1997). The plough pan is characterised by a compact, often

impermeable soil layer and the presence of fermentable organic material shifted down

during the process of ploughing, which was the case at Tänikon (Troxler, 1997). These

conditions facilitate saturation of the soil porosity by water, and when all available oxygen

is exhausted, resident anaerobic microorganisms channel respiratory electrons to alternative

compounds (Ponnamperuma, 1972; Bartlett and James, 1993), which leads finally to low

soil redox potentials (Takai et al, 1955; Gotoh and Yamashita, 1966). At Tänikon, this can

be deduced from the observations that plough pan soil was water-logged and blue-gray,

with a smell of hydrogen sulfide (Troxler, 1997). Thus, field observations suggested that (i)

the microclimatic conditions at the plough pan level were conducive to the induction of a

VBNC state in P. fluorescens CHAO-Rif and (ii) the VBNC state of CHAO-Rif cells at the

plough pan resulted from exposure to oxygen limitation and/or low redox potential. The

latter hypothesis was substantiated by experiments in which CHAO-Rif cells in a VBNC

state were obtained by subjecting culturable cells to a combination of low oxygen

availability and low redox potential (Mascher et al, 2000), but this was done in vitro rather

than in soil.

Another important issue concerns the genetic factors implicated in the occurrence of

the VBNC state in P. fluorescens CHAO-Rif under plough pan conditions. In Pseudomonas

aeruginosa, anr (for anaerobic regulation of arginine deiminase and nitrate reductase

pathways) is the major regulatory gene involved in anaerobic metabolism (Ye et al, 1995;

Arai et al, 1997). Strain CHAO is a strict aerobe (Laville et al, 1998) but can grow when

th

the concentration of O2 is as low as a 1/200 of that in the normal atmosphere (Hojberg et
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al, 1999), and it possesses an anr homolog. (Laville et al, 1998). In this strain, expression

of anr is driven by low oxygen concentrations in soil (Hojberg et al, 1999) and is essential

for the synthesis of the biocontrol metabolite HCN under microaerophilic conditions

(Laville et al, 1998). Whether anr is also implicated in the entry of P. fluorescens CHAO-

Rif into a VBNC state under plough pan conditions is unknown.

The first objective of this work was to demonstrate, using microcosms designed to

simulate ploughed soil, that plough pan conditions could trigger the entry of the biocontrol

agent P. fluorescens CHAO-Rif into a VBNC state. Monitoring of inoculant cells included

colony counts, Kogure's direct viable counts and total IF counts, and was completed with a

novel staining method developed to assess membrane integrity of inoculant cells in non-

sterile soil. The second objective was to determine whether the VBNC state of P.

fluorescens CHAO-Rif under plough pan conditions was restricted to Tänikon soil, where

field observations of the phenomenon were made (Troxler, 1997), or could take place also

in other farm soils from Switzerland. The third objective was to assess, using an anr-

deficient mutant and complemented derivative, if the anaerobic regulatory gene anr was

implicated in the entry of P. fluorescens CHAO-Rif into a VBNC state under plough pan

conditions.
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Results

Development of soil microcosms mimicking plough pan conditions and effect on soil redox

potential

Plough pan conditions were mimicked in microcosms prepared using non-sterile farm

soil from Tänikon. Relevant features included (i) the absence of water percolation through

soil, which was achieved by placing soil microcosms into glass beakers containing a layer

of sand (Fig. 1), (ii) moderate compaction of the soil, which resulted in a bulk soil density

of 1.0 (1.2 for Eschikon soil and 1.4 for Morens soil), (iii) the presence of fresh organic

matter (i.e. choped shoots of Lolium perenne L.) mixed into the soil (thereby simulating the

burying of surface organic debris and litter during ploughing) and (iv) saturation of soil

porosity following flooding of the microcosms. In the current work, amended flooded soil

(i.e. plough pan conditions) was compared with unamended flooded soil, amended

unflooded soil 0FW of -0.03 MPa) and unamended unflooded soil (i.e. control).

Fig. 1. Design of a soil microcosm

mimicking plough pan conditions. The soil

is contained in a plastic pot, which has two

perforations at the bottom and lays on sand

placed in a glass beaker. Water is added

progressively (over a 3-day period) to limit

entrapment of air bubbles during saturation

of the soil porosity.

In amended flooded microcosms (i.e. under plough pan conditions), the redox

potential (about 600 mV at -0.03 MPa) dropped once flooding was implemented and

reached -100 mV at 60 days (Fig. 2). The magnitude of the drop was less in unamended

flooded microcosms. In contrast, both types of unflooded microcosms (about -0.03 MPa)

displayed redox potentials of about 550 mV at 60 days, regardless of whether soil had

received organic amendment (Fig. 2).

2 cm


