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SUMMARY ter released by the plant root (Lynch 1990). In this
compartment, microorganisms that can be either
Arbuscular mycorrhizal (AM) fungi, one of the beneficial or detrimental to plants interact with
most important component of the soil microbialeach other in synergistic and antagonistic ways.
community, establish physical interactions with natAmong the beneficial microorganisms, mycor-
urally occurring and genetically modified bacterialrhizal fungi are the most universal plant root asso-
biofertilizers and biopesticides, commonly referrecciates, as they form symbiosis with more than
to as plant growth-promoting rhizobacteria (PGPR)95% of land plants (Smith and Read 1997). Arbus-
We have used a genetic approach to investigate tcular mycorrhizal (AM) fungi, the most wide-
bacterial components possibly involved in thespread in agricultural and natural soils, improve
attachment of two PGPR\fospirilumandRhizo-  plant nutrition and plant health through increased
bium) to AM roots and AM fungal structures protection against abiotic and biotic stresses
Mutants affected in extracellular polysaccharide:(Bethlenfalvay and Linderman 1992). Several
(EPS) have been testedimvitro adhesion assays beneficial bacteria also associate with the plant
and shown to be strongly impaired in the attachmeiroot surface and are collectively termed plant
to both types of surfaces as well as to quartz fiber growth-promoting rhizobacteria (PGPR). Their
Anchoring of rhizobacteria to AM fungal structures beneficial effect on plants is based on different
may have special ecological and biotechnologicemechanisms such as improved mineral nutrition,
significance because it may facilitate colonisatiordisease suppression and increased growth through
of new rhizospheres by the bacteria, and may be ithe production of phytohormons production
essential trait for the development of mixed inocula(Weller 1988; Kloeppeet al, 1991; Lugtenberg
etal, 1991; Défago and Keel 1995). Effectiveness
of PGPR depends on their ability to colonize the
INTRODUCTION root surface, a process involving several bacterial
components such as motility, adhesive surface
The rhizosphere is a dynamic soil compartment iimolecules and rhizosphere competence (Lugten-
which microbes take advantage of the organic maberg and Dekkers 1999).
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Increasing attention is focussed on the syiIséic  been identified in dférent plant/bacterial combina
and antagonistic interactions between PGPR bations. Cellulose fibrils have been identified at the
teria and mycorrhizal fungi, in particulaM fun-  attachment site dR. leguminosam (Smit et al,
gi (Barea 1997). For example, colonization of-sug 1992) to the plant cell wallhe involvement of cal
ar cane by PGPRs is increased wAbhfungi are  cofluor-binding surface polysaccharides in the
present in mixed inocula (Boddey al, 1991) A  anchoring ofA. brasilenseo plant cells has been
possible explanation given by these authors is thidemonstrated by Michielgt al. (1991), since
AM fungi may act as a vehicle to spread PGPR tmutants impaired in their production showed 6 to
neighbouring rhizosphereslhe observation of 15-fold reduced anchoring capacitiAowever
bacterial adhesion #M fungal spores and hyphal extracellular polysaccharides could not be detected
structures, demonstrated vitro for a variety of at the attachment site 8f brasilensdo glass and
PGPR strains (Bianciottet al, 1996) would sup  polystirene after 24h of contact (Dufréeé al,
port this hypothesis. Bacterial attachment seems '1996), indicating that attachment of rhizosphere
be a general trait in the interactions between rhbacteria to solid substrates is a complex phenome
zosphere bacteria and mycorrhizal fungi, as it wanon that requires further investigations. Some of the
also demonstrated for ectomycorrhizal fungi (Gar surface characteristics éf. brasilenseelevant to
baye 1994; Nurmiaho-Lassi& al 1997). cell aggregation and attachment to plant roots have

Little is known on the molecular bases of PGPFbeen recently reviewed by Burdmeinal. (2000).
attachment onto mycorrhizal fungi. By contrast, ¢ To understand the role of téfent surface com
large set of experiments has demonstrated the roaponents in the attachment of PGPRAG fungal
of several surface components in the physicestructures and mycorrhizal roots, we have tested
interactions between beneficial or detrimental rhiin anin vitro assay mutants &. brasilensendR.
zosphere bacteria and the plant root. Bacterideguminosanm impaired in the production of
attachment generally proceeds through two- corextracellular polysaccharideEhe results demon
secutive steps @nde Broek andvanderleyden strate that they play a crucial role in the anchoring
1995). In the first step, the bacteria adhere loose of bacteria and in the formation of biofilms on the
as single cells, whereas in the second step the biroot and théAM fungus.
teria become more firmly attached to the plant roc
and additional free bacteria are entrapped, resul
ing in the formation of laye bacterial clusters at MATERIAL AND METHODS
the attachment sitdhese two consecutive steps
have also been described in the colonisation (Fungal material
inert solid substrates, where bacteria eventuall Sterilized seeds ofrifolium repensL. (clover)
assemble into complex clusters termed biofilmswere sown in sterilized quartz sand. Mycorrhizal
(Costertoret al., 1995). plants were obtained by injecting a sterilized-sus

Appendages such as pili, fimbriae and flagella arpension of spores @igaspora magarita Becker
involved in the initial attachment of bacteria to solid& Hall isolate BEG 34) around the seedlings.
surfaces and their role has been demonstrated foiSpores ofs. magarita recoverd from pot cultures
number of pathogenic and beneficial plant/microbcof clover by wet sieving (Gerdemann 1963) were
interactions (se&/ande Broek and/anderleyden surface sterilized with 4% Chloramiffeand 300
1995). In particularthe adhesive protein richadesin ppm streptomycin for 30 min, rinsed 5 times over
is held responsible of the first attachment steR.of 1h with sterile distilled water and left to germinate
leguminosanmto plant cells (Smiet al, 1989). In  in distilled water in petri dishes (30 spores per
A. brasilensea component located on the polar fla plate) at 30C in the dark. 70-80% germination
gellum is involved in adhesion as mutants lackini(was obtained within 10 days.
polar flagella are strongly impaired in adsorption tc
the root (Croest al, 1993). The transformed carrot root system

During the second step, extracellular polysacche For the assaynon mycorrhizal transformed ear
rides are responsible of the firm anchoring of bacterot (Daucus caota) hairy roots and hairy roots
ria to the plant surface, and various polymers havcolonized withGlomus intraradicesSchenck &
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Smith were cultured in minimal (M) medium sion electron microscopyarallel control samples
(Bécard and Fortin 1988). Cultures were original were incubated only in bigf to check that no bac

ly set up with soil-isolated spores, as described bterial contamination occurredttachment to inor
Chabotet al. (1992). Subculturing of mycorrhizal ganic substances, such us quartz fibres, was also
roots was performed every 2 to 3 months by transtested following the same protocol.

ferring colonized root pieces to fresh solid M

medium (Bécard and Fortin 1988). Petri dishe:Confocal microscopy

were kept in the dark at 26°C. After the assayunfixed geminated spores Gi.
margarita, as well as mycorrhizal and hon mycor
Bacterial strains and adhesion assay rhizal carrot roots, were stained with the

The bacterial strains and their characteristics atLive/Dead Bad.ight™ Bacteria Viability Kit
illustrated inTable I. EPS mutants &f. brasilense (Molecular Probes) at room temperature in the
were identified for their reduced or negative staindark for 15 min, according to the manufactiser
ing with the fluorescent dye calcofluor (Michielis instructions.This kit contains a proprietary mix
et al, 1991). ForR. leguminosarm the mutant ture of nucleic acid stains that distinguish between
EPS phenotype was assessed by colony morphollive bacteria, which fluoresce green under blue
gy (Zorreguietaet al, 2000) light (488 nm), from dead bacteria fluorescing red

The bacterial strains were grown in Luria-Bertaniunder green light (514 nm). No fixing or washing
(Azospirillun) or in Tryptone-¥east Rhizobium  steps were usedhe samples were mounted in an
liquid medium overnight at 2& with gentle shak  antifading mounting (Citifluor) and observed
ing. The bacterial cell suspensions were spun ¢under a Nikon Optiphot-2 Microscope witlvaw
3000 g for 20 min, the surnatant was discarded arScan DVC-250 Confocal system (Biorad, Hemel
the pellet resuspended in 15 ml phosphatteb(80 Hempstead, UK).

mM) pH 7.2.The concentration of bacterial cells To rule out the possibility that fungal and roots
was adjusted to 140 CFU/mI. Fungal and root surfaces were already contaminated by other bac
samples were transferred to a petri plate, suipeder teria, germinated spores @f magarita and mye

in the bacterial cell suspension and maintained fcorrhizal carrot roots stained with the Live/Dead
16h at R with gentle rockingAfter washing with  Bad_ight™ BacteriaViability Kit were observed
five changes of fresh phosphatefbubver 30 min by fluorescence microscopy without prior incuba
on an orbital shakersamples were prepared for tion with bacteriaThe same control sample was
observation by confocal microscopy and transmisrun in parallel to all adhesion experiments.

Table |
Bacterial strains used in this study
Species Strain Relevant genetic features  Phenotype* Reference
A. brasilense Sp7 WT Tarrandet al. 1978
7030 Sm resistant mutant of Sp7 WT Michielis et al. 1991
AB7001 Sp7exoC:Tn5 EPS Michielis et al. 1988
AB7002 Sp7exoB1.Tn5 EPS Michielis et al. 1988
7030::Tn5-23 EPS Michielis et al. 1990
7030::Tn5-101 EPS This work
R. leguminosarm B556 8401pRL21JI WT Sindhuet al. 1990
A507 8401pRL1Jbss5:Tn5 EPS Zorreguieteet al. 2000
A517 8401pRL1Jbss6:TnS EPS Zorreguieteet al. 2000
*WT: Wild type

EPS: EPS reduced
EPS: EPS deficient
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Electron microscopy of R. leguminosarmformed a dense bacterial fay
Carrot transformed roots segments were fixed iler on the spores and hyphae (Figs. 1A,Ci5of

2.5% (v/v) glutaraldehyde in 10 mM Na-phosphatemargarita. By contrast, few adhering cells of the

buffer (pH 7.2) for 2h at4C. After rinsing with the ~ A. brasilensepartial EPS mutants were found

same buer, samples were postfixed in 1% (w/v) associated with the surface of the fungal structures

OsQ in double distilled ED for 1h, washed three (Fig. 1B). Very rare bacterial cells of the EPS

times with double distilled water and dehydrated irmutantof R. leguminosarm could be visualised

an ethanol series (30, 50, 70, 90 100%; 10 min eawon the hyphae dBi. magarita (Fig. 1D).

step) at room temperaturghe root segments were

infiltrated in 2:1 (v/v) ethanol:LRWhite resin Attachment of Azospirillum brasilenseto AM

(Polysciences Inc\Warrington, R, USA) for 1 h  roots

1:2 (viv) ethanol:LRWhite for 2 h and 100% LR  Attachment of the wild type and EPS defective

White overnight at 4C according to Mooret al. A, brasilensestrains to mycorrhizal carrot roots

(1991). Semi-thin sections{fin) were cut from 5- and to fungal hyphae d. intraradicesis sum

10 root embedded samples for each bacterialpopmarized inTable Il and shown in Figure 2. For

lation in the presence and in the absence of the fuboth wild type strains, numerous bacteria were

gus. Sections were stained with 1% toluidine blufound on these biotic surfaces, either individually

for morphological observations. attached or densely associated to form thick layers
(Fig. 2A,F). In the case of Sp7, bacteria often
formed denser patches compared to strain 7030.

RESULTS The same behaviour of the two wild type strains
was also observed on the external hypha& of

Attachment of Azospirillum brasilenseand Rhi-  intraradices(Fig. 2B).

zobium leguminosarumo Gigaspora margarita Mutants AB7001 and AB7002 are partially

germinatedin vitro impaired in exopolysaccharide (EPS) production,

All bacterial strains listed ifiable | were tested in whereas mutants 7030::Tn5-101 and 7030::Tn5-
adhesion assays on fungal structuressofmar 23 lack EPS completely and they are not stained
garita axenically germinatedn vitro and the by the fluorescent dye calcofluor ghile 1).
results are summarized Table IIl. The wild type  MutantsAB7001 andAB7002 displayed a similar
Sp7 strain ofA. brasilenseand the wild type strain behaviour when tested for their ability to attach to

Table 1l

Adhesion of bacteria to root and fungal surfaces

Species Strain Phenotype Adhesion class*
root fungus

A. brasilense Sp7 WT 4 4
7030 WT 3 3
AB7001 EPS 2 2
AB7002 EPS 2 2
7030::Tn5-23 EPS 1 1
7030::Tn5-101 EPS 1 1
R. leguminosarm B556 WT 3 3
A507 EPS 1 1
A517 EPS 1 1

* Four classes of bacterial attachment were defined: class 1, no attachment; class 2, a few bacteria attached; class 3,
bacteria evenly spread on the surface; class 4, dense coat of attached bacteria (Ritatibfe6).
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Fig. 1 -Association of wild-type and
EPS mutant of\. brasilensgA, B)
andR. leguminosam(C, D) to ger
minated mycelium o6i. magarita.

A. brasilensewild type strain Sp7
(A) andR. leguminosamuwild-type
strain B556 (C), forming a dense
bacterial layer on a fungal hypha. By
contrast, few bacterial cells were
found (arrow) on the hypha when the
EPS mutant&B7002 (B) andA517
(D) were used in the adhesion
assays. (h) hypha, (n) fungal nuclei.
Bars are 1@um.

trasformedAM roots and toG. intraradices The A more detailed analysis of the attachment of wild
number of bacteria attached to the epidermal celtype and EPS mutants to the root was performed by
was greatly reduced compared to the wild typelight and transmission electron microscopy (Fig. 3).
and they rarely formed patches, although the At low magnification, both Sp7 and 7030 wild type
could be still found as individual cells close to thebacteria could be seen in direct contact with the root
root and fungal surfaces (Figs. 2C,D,Ehe two  surface or indirectly associated with it, being held
calcofluorminus mutants ofA. brasilensedis- together in a thick bacterial layer (Fig. 3A,C,D).
played the same behaviour both on the mycoiDividing bacteria were observed for both strains.
rhizal carrot roots and 8. intraradices The partial mutants adhered to a lesser extent to the
When root samples were examined, some-sceplant cell surface (Fig. 3B). Figs. 3E and F show at
tered bacterial cells were still found among thehigher magnification a patch of wild type Sp7 bacte
root hairs, but the number of bacterial cells irria and an individuaAB7002 partial EPS mutant
direct contact to the root surfaces was extremelattached to the epidermal cell wall. Bacterial patches
low compared to the wild type (s&able Il; Figs. formed by the wild type seemed to be held together
2G,H,D. by some amorphous extracellular material (Fig. 3E).
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Attachment of R. leguminosarunto AM r oots R. leguminosarm The formation of bacterial
When used in adhesion assays, wild tippdegu  biofilms on the plant root surface may have a high
minosaum strain B556 was capable of forming asignificance, since biological activity of some
dense bacterial layer &M carrot roots (Fig. A)  PGPR depends on their ability to colonise the rhi
and on extraradical hyphae @f intraradices(not  zosphere and to remain associated with the root
shown).Two mutants of strain B556 impaired in (Lugtenbeg and Dekkers 1999).
EPS production were tested on carrot mycorrhize Similarly to the root, mycorrhizal fungi can
roots, and the number of cells able to attach to borelease exudates that create a niche relatively rich in
types of surfaces was extremely reduced compartorganic compounds compared to the bulk soil, the
to the wild type strain (Sekable II; Fig. 4B). hyphosphere (Marschner 1995), where a- spe
The same bacterial strains tested for their adhtcialised microbial community can be established
sive properties on biological samples were alsi(Andradeet al, 1997; Freyet al, 1997;Timonenet
assayed for adhesion on an inert substrate such al., 1998) A synegistic activity has been observed
quartz fibersWhereas the wild type strains of both between ectomycorrhizal fungi and their associated
A. brasilenseandR. leguminosarmshowed good bacteria, for example in the degradation of toxic
adhesion on this substrate, all mutant strainsubstrates (Sararet al, 1999). Colonisation and
impaired in EPS production could not bindeef  adhesion of bacterial cells on the hyphal surface is
tively (data not shown). likely to play an important role in the establishment
of the hyphosphere communitgand our results
clearly demonstrate that EPS are involved in the

DISCUSSION process of biofilm formation oAM fungal strue
tures.

Microorganisms in natural environments livepre Bacteria living in biofilms acquire specific proper
dominantly attached to solid surfac@fese ses ties, like the ability to survive much harsher envi
sile microbial communities, comprising either-sin ronmental conditions. Increased resistance to
gle or multiple species, are commonly referred t«drought, antibiotic stress are but some examples
as biofilms and their formation has been studied i(Costertoret al, 1995; Palmer and/hite 1997). In
details on abiotic surfaces (Costertdral, 1995).  addition, they express tifent metabolic pathways

Extracellular polysaccharides (EPS) play a majoand diferent set of genes compared to planktonic
role in biofilm formation because they are cells (Prigent-Combaredt al, 1999).The achieve
involved in firm anchoring of bacteria to the sub ment of a high cell density and the presence of an
strate. In addition, EPS form the matrix thatabundant matrix material that reducesudibn are
embeds the bacteria, where additional free bacterlikely to influence gene regulation by filigible sig
can be entrapped (Costertam al., 1995). Our nals involved in quorum-sensing. Such signals have
results confirm that EPS are involved in the-for been demonstrated within biofilms formed on fresh
mation of root-associated biofilms by at least twcwater rocks by McLeast al (1997). Evidence of
important rhizosphere bacterid: brasilenseand homoserine-lactone or analogous compounds has

Fig. 2 - Confocal micrograph of mycorrhizal carrot roots, showing adhesion of wild type and EPS mutant s#aispoft

lum brasilense.

A-E: Adhesion assay of the wild type strain Sp7 and its EPS mutant derivatives.

(A) Attachment of wild type strain Sp7 to the root surfaces; living bacteria are visible both on the epidermal cells and between
root hairs as small yellow/green spots (arrowB). Association of wild-type strain Sp7 with external mycelium&@émus
intraradices.This strain forms a dense bacterial coat on the extraradical hypha (a@p®).Higher magnification of the inter
action between the EPStrainsAB7002 (C) andAB7001 D) and the root hairs. Some cells of the mutant strains were found
among the root hairs, but few bacterial cells were in direct contact to the root surfaces (aég)cwsim{lar behaviour is found

on the extraradical mycelium &:. intraradices Few bacteria of straitB7002 were found attached to the hyphae (arrow).

F-I: Adhesion assay of the wild type strain 7030 and its EPS mutant derivatives.

(F) Bacterial biofilm of wild type strain 7030 on the root epidermal ceBsl)(Extremely few cells of EPSnutant strain
7030::Tn5-101 were found to associate with either the root hairs (a@whe epidermal cell$H) and fungal structures .
intraradices(l). (e) epidermal cell, (rh) root haiff) fungal hypha, (s) fungal spore. BarsAinB, F, H are 1Gum. Bars in C, D,

G are 7um. Bars in E, | are 12m.
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Fig. 4 - Confocal micrographs of mycorrhizal carrot roots after the adhesion assdy.vgjuminosarmstrains. A) Bacteri

al clusters of the wild type strain B556 attached to root hairs; bacteria are all visible as small yellow/green spotsd®ame dea
teria (stained in red) are visibl&)(Extremely few bacteria (arrow) were found attached to the fungal and root structures when
adhesion assay were performed using either of the EPS mutants. In this cAS&/te&ain was used. (e) epidermal cell, (rh)
root hair (f) fungal hypha. Bars are 7 mmAnand 10 mm in B.

been demonstrated in several rhizosphere bacte be important in the production of inocula where its
(Chaet al, 1998), and it will be exciting to investi presence to form a stable fungus-bacterial associ
gate whether specific functions may be induced iation is essential.

the rhizosphere and the hyphosphere biofilms.

Anchoring of rhizobacteria t&M fungal strue

tures may have a special ecological significanc ACKNOWLEDGEMENTS

because it may facilitate colonisation of new rhi

zospheres. In addition, our observations may als We thank Josvanderleyden, Sara Moens and
have a biotechnological meaning for the developAllan Downie for providing the bacterial strains
ment of inocula based on selected mixtures cand for helpful discussiornWe are thankful to
PGPRs and\M fungi. Since EPS play a general Andrée Fortin (University of Montreal) for the
role in the protection of bacterial cells againstdestransformed root system. Research was funded by
iccation (Ophir and Gutnick 1994), this trait couldthe EU IMRACT2 project (BIO-CT96-0027).

Fig. 3 -Light and electron micrographs showing the attachment sie lofasilensestrains to the plant cell surfacé&)(A bac

terial biofilm of the wild type strain Sp7 on the root epidermal cells is visible (arrows) on a semi-thin section staited-with
idine-blu. @) AB7002, impaired in EPS production, showed very little ability to associate with the root epidermis and only few
bacteria are attached to the plant surface (arrow).

(C-E) Electron micrographs of the wild type strain SE7 ) and 7030 D) on root surfacesQ) Low magnification showing

a dense layer of Sp7 bacteria on an epidermal cell Some bacteria adhere directly to the plant cell wall whereas some others are
indirectly associated with it. Bacterial cell division can be observed (aryA ¢luster of bacteria of the wild type strain 7030,
showing the same phenomends) High magnification showing the attachment of two bacteria to the epidermal cell wall. Some
extracellular material is visible between the bacteria (arrdy)Attachment of a single bacterial cell of the ER8tantAB7002

to the plant cell wall; some extracellular material can be seen (arrow). (w) plant cell wall, (e) epidermal cell, (b) Barteria.
are 8um inA and 7um in B. Bar in C is Jum. Bar in D is 0.4um. Bar in E is 0..um. Bar in F is 0.2um.
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