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Rhizobacteria associated to Vitis vinifera L. and their effect on the
control of Xiphinema index and Vitis growth

Abstract

Plant-parasitic nematodes are one of the most impbpests affecting the growth of
vineyards due to the destruction of new roots. S#\species are associated with this
problem, the most important being the ectoparadiiphinema indexand the
endoparasiteMeloidogyne ethiopicaThe search for new pest and disease control
methods based on bioantagonist microorganisms isn@ortant aspect of modern
agriculture and the development of tools basecheruse of rhizobacteria is becoming
a widely evaluated alternative.

The present study on suppressive soils started witsurvey undertaken in
productive Chilean vineyards to explore the yourgats of grapevines and identify
the presence of rhizobacteria. More than 1800 sedse surveyed and a set of 11
vineyards were selected and considered suitablbdateria isolation, as they showed
low densities of plant-parasitic nematodes.

A total of 400 bacterial isolates in 25 genera wdsined using tryptic soy broth
agar and identified with fatty acid profiling. Two dfie most frequently isolated
species werdPseudomonas putidéd5.1%) andP. fluoresceng6.1%). The effect of
these isolates on the parasitism and reproductioX. dndexwas assessed through
assays using potted vine plants (cv. Thompson 8sgdhlnd a bacterial suspension
containing 1x10 CFU/mL. Some isolates frorBacillus megaterium B. brevis, B.
mycoides, B. sphaericus, B. thuringiensis, Pseudomamarugata, P. putida, P.
alcaligenes P. savastangi P. fluorescens, P. pseudoalcaligenes, P. viriddla
Stenotrophomonas maltophili&erratia plymuthicaCytophaga johnsonaeRahnella
aquatilis Stenotrophomonassp, Variovorax paradoxus and Curtobacterium
flaccumfacienseduced root damage and suppressed populations.

Isolates of B. brevis Comamonas acidovoransB. megaterium, Pantoea
agglomeransand P. savastanoincreased plant growth or root weight, but did not
control nematodes.

Most of the culture filtrates obtained from isomtérom four vineyards were
effective in killing X. indexand decreasing egg hatching, which was not related t
damage or population control. It was estimated 88aB82 and 16% of the isolates were
effective againsX. indexunder supernatant conditions, in potted plantsvigrg in
sterile substrate and in potted plants growingetdfsoil, respectively.

Sixteen bacterial isolates previously assessed alsoeevaluated ohl. ethiopicain
vine cv. Chardonnay. Seven isolateSelfatia marcescens, C. acidovorans, P.
agglomeransSphingobacterium spiritivorum, B. mycoides, Alcaliegpiechaudiand
S. plymuthica decreased damage or reproductishiowing that different species of
nematodes can respond differently to a particslalate.
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1 Introduction

Plant-parasitic nematodes (PPN) are one of thepgrofiorganisms that cause
great damage to crops worldwide. The majority asoeaiated with roots and a
fraction is characterised by parasitising aerialgyae. leaves, stems and buds.

In soil, damage can be caused by ectoparasitic todem destroying
meristematic tissue, mainly in root tips, or by eparasites attached to tissues
near the vascular or cortical cells. By feedingtba roots and destroying
tissue, they allow other soil microorganisms (maifungi and bacteria) to
enter the roots, colonise the tissues and incréwselamage and cause plant
death (Hussey & McGuire, 1987; Sikora & Carter, 198Vioreover, some
nematodes are capable of transmitting virus diseasanany economically
important crops, including grapeéifis viniferal.) (Taylor & Brown, 1997).

Control of this pest has basically been achievealityh the use of chemical
nematicides, fumigants and non-fumigant organophatgs and carbamates,
which are applied directly to soil at planting aaré used throughout the crop
cultivation for many years (Hague & Gowen, 1987)thaugh non-fumigant
chemical nematicides are highly toxic productsjrte&fectiveness to control
these pests in the fields is low for several reasamd their use has not been
able to decrease the problem (Bunt, 1987).

During the past 30 years, a new area of research Heen under
development, focusing on the effect of bacterianftbe rhizosphere of plants.
There have been many studies assessing their effaciot diseases, mainly in
annual crops, solubilisation of phosphorus, nitrofpeation, synthesis of plant
hormones and other processes, including the immact plant-parasitic
nematode parasitism (Kerry, 2000; Buchenauer, 19838ler, 1988). There are
many reports in different countries indicating tsame rhizobacterial isolates
show suppressive effects on the development of teelagoopulations and/or
on the incidence of damage caused by these orgsnMost of these reports
have focused on the action of nematodes on anmops,csuch as tomatoes,
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potatoes, beet or cereals (Johanssbral, 2003; Nejad & Johnson, 2000;
Howie & Echandi, 1983). However, few studies haxareined their presence
and impact on perennial crops, including grapevimieich is a crop of high
economic importance in Chile and many other coest{\Westet al, 2010;
Kluepfel et al, 1993). Some studies on suppressive soils denavasthat
bacteria may provide effective control of nematodesntensive agriculture
(Dong & Zhang, 2006; Kokalis-Burellet al, 2002), but there is little
experience of nematodes particularly affecting yands.

1.1 Aims and thesis outline

The overall aims of this thesis were to isolate ahehtify rhizobacteria
associated to the compl@é#tis vinifera roots and plant-parasitic nematodes
and assess the nematicidal activity of some isglaspecially orXiphinema
indexandMeloidogyne ethiopicawo important pests of grape root systems in
Chile.

Specific objectives were to:

1. Isolate and identify rhizobacteria from grapets of both table and wine
grape varieties grown on soils with either low dgghhdensities oKiphinema
indexbut good root growth.

2. Study the nematicidal effects of selected rramdéria againsk. index
throughin vitro andin vivo tests.

3. Assess the isolates selected in the previotisgegnst another important
species of nematode with a different mode of ptsasi (Meloidogyne
ethiopica.

1.2 Hypothesis

The starting hypothesis for the research preseintédis thesis was that the
presence of grapevine root systems with a low peseof the nematode
Xiphinema indexor displaying good growth despite higher popoladi of this
nematode, is due to the presence of rhizobacthdta dan act either as a
suppressant against nematodes or a growth proffooténe roots.

The different research steps, details and correbpgrpaper are presented
in Figure 1.

14



Steps

Details

Papers

‘ Vineyards search

4

‘ Nematodes survey

3

‘ Rhizobacteria isolation

4

Nematicidal effects on X. index
in vitro plants and supernatants

3

Nematicidal effects in potted vines

4

Assessments in other PPN
M. ethiopica

11 vineyards

37 isolates, four vineyards

37 isolates, four vineyards
90 isolates, seven vineyards

16 previously evaluated isolates

Figure 1.Steps in this thesis with corresponding papers.
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2 Importance of PPN in vineyards

2.1 Damage

Vitis viniferais a crop grown in many countries around the wewlghroduce
wine, fresh table grapes and liquors. Like mangrisively grown crops, it
suffers attacks by different pests and microorgasjsaffecting leaves, stems,
vines, berries and roots. Plant-parasitic nematagdesan important group of
root-affecting agents, which are present in moghefcountries where grapes
are cultivated under an intensive management systedn remarkably, the
most aggressive genera and species are widesgresd, frequent in most
grape-growing countries (Browat al, 1993; Mullinset al, 1992). Plant-
parasitic nematodes are commonly found in vineyandall regions of the
world and are often associated with areas of lave wiigour (Pinkertoret al,
1999; Ferris & Mckenry, 1975).

The main plant-parasitic nematodes known to becéstsal with vineyards
in Chile are Meloidogyne spp. (root-knot nematode),Tylenchulus
semipenetrangcitrus nematode)Mesocriconema xenoplafting nematode)
and the virus vector nematode (dagger nematdge)inema indexand other
Xiphinema species (Valenzuelaet al, 1992; Allen et al, 1971). The
ectoparasitic nematod¥iphinemaindex is the most important nematode in
grapevine in the country, mainly in table grapeyiggven its ability to
reproduce and reduce plant growth along with tratisig the grapevine fan
leaf virus(GFLV). Xiphinema indeis present in an extensive area between the
centre-north and centre-south areas of the countginly in northern
vineyards on light soils. A similar situation ocsuwith theX. americanum
group. All V. vinifera cultivars are sensitive to this genus, but sormeh s
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Sultana, Red Globe, Perlette and Superior, showoee rmtensive growth
reduction when somXiphinemasp. is present in high levels.

On the other hand,Meloidogyne species, endoparasitic nematodes
associated with many agricultural crops, vegetaliiest trees, ornamentals
and weeds, are also very frequently found assatiateoot systems of grape
plants, being especially harmful in wine grapeieats such as Chardonnay,
Cabernet Sauvignon, Merlot and Shiraz. At leastMeoidogynespecies may
be present in Chile, but the most frequently reggbis M. ethiopica(Carneiro
et al, 2007).

Damage to grapevines caused by plant-parasitic toeles, often in
association with plant pathogenic fungi and baaté¥alenzuela & Aballay,
1996), consists of loss of plant vigour and quatityd even plant death in
sensitive cultivars such as Chardonnay.

The presence of some important fungal root diseageapes in California
and Chile has been attributed to the presence wlatteles. These include
black-foot disease, caused by species of the fuBglisdrocarpon (Schecket
al., 1998).

In Chile, most of the grape cultivars are not grftince Chile is free from
grape aphid@aktulosphaira vitifoliag which is an important pest of roots in
most countries (Mullingt al, 1992). The use of rootstocks is being introduced
only recently to overcome problems associated véth plant-parasitic
nematodes, salty soils and complex replant sitnatio

Mesocriconema xenoplaxand Tylenchulus semipenetransare also
frequently reported and may in the future presemtenestrictions, since most
rootstocks are not tolerant to their parasitismw&dis, 1988), as may other
nematode species less frequently found, suchPeatylenchus vulnus
(Chitambar & Raski, 1984).

2.2 Control methods

The high density of these parasites, particularliight and irrigated soils, is a
permanent problem for farmers and almost all kn@antrol methods have
been used at some time,g shallow, tolerant rootstocks, soil fumigation in
replant situations, soil solarisation and othengplication of nematicides prior
to planting and in established vineyards may beuired to maintain the
productivity of vines growing in nematode-infestedils (Gonzalez, 2007;
Pinkertonet al, 1999).

For a number of years, the use of water-solublanatsd nematicides,
organophosphates and carbamates, was standartgliactnany countries in
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situations where soil fumigants were inappropraté¢oo expensive (Stirling,
1991). Application technologies,g through the irrigation system, injection or
other mechanisms, were improved and most of thblgms caused by plant-
parasitic nematodes were thought to be solvedtwike products.

After 1975, the use of these chemicals began todre restricted, owing to
their adverse effects on the environment, suchrasnglwater contamination,
death of wild birds, high mammalian toxicity, ndgateffects on human health
and the risk of residues in food (Stirling, 199Most of the technologically
advanced countries have now restricted or banned thse, including
fumigants such as methyl bromide and ethylene diimte (EDB) (Dong &
Zhang, 2006) and new control strategies are rediuiigalker & Stirling,
2008).

However, the use of soil fumigants and non-fumigarnaticides is still a
permanent strategy in many countries where the lgmb caused by
nematodes result in significant reductions in thedyand quality of the crops
(Walker & Stirling, 2008; Pinkertoet al, 1999) and when no other options
are successful. Chile has a wide variety of cropsving in a wide diversity of
soils and climates, which has contributed to theidience of significant
damage to crops by PPN and the use of chemicahatiees as the main
control method.

The concerns about chemical nematicides as regfaedssignificant health
and environmental risks mean that research effsaseing increased to find
control alternatives. Non-chemical alternatives aheays being evaluated,
considering the possibilities of large-scale agtians, costs and effectiveness.
Alternative strategies to control nematodes includep rotation, resistant
varieties and organic amendments (Walker & Stirli@®08; Rodriguez-
Kabanaet al, 1987). In perennial crops such as vineyardspthets may last
25 or more years if no extreme disease problemappar market changes
become critical. This means that the possibilifies pest management are
restricted to after-planting measures. For exanfpdsh or composted organic
materials are frequently used in vineyards in Ctalanprove the development
of roots. However, the nematicidal effect of thesaterials is not very clear
and the costs may be as high as those of chemaedifrtents. Manure releases
some organic compounde.§ butyric and propyonic acid) and ammonia,
which may have nematicidal activity (Kaplan & NdE92). However, the
results obtained to date have been extremely variab the effects of organic
amendments on nematode populations depend on tineesof the materials,
their chemical composition, the elaboration procdke nematode species
present and the time of application (McSorley & |&@tr, 1996).
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The use of different rootstocks is a good altemeatiespecially under
replant conditions, but is restricted to new pldates. Furthermore, most of
these rootstocks are tolerant only to one or twoatede genera and sensitive
to the other PPN present in soil and may also alsfligh variability in
different fields. Their tolerance may change irfatiént places (Télizt al,
2007; Edwards, 1989) due to the presence of nemgtogulations that are
able to break the resistance (Anwaal, 2002).

2.3 Biological control

An alternative not well evaluated for nematode ng@naent in vineyards is the
use of microorganisms antagonistic to nematodesrels a great need for
information on nematode interactions with other amigms in soil and
particularly the rhizosphere. In soil, there arengnanteractions between PPN
and microbial organisms, some of which act as sggars. Bacteria and other
prokaryotes may parasitise nematodes directly, lost well-known being
Pasteuria penetranswhich has been reported to affect more than 200
nematode species (Stirling, 1991). Nematode-trapfingi, such as species of
Arthrobotrys can form mycelial structures that destroy nemegopevhile other
fungi such asPaecilomycespp. can penetrate and destroy eggs, females or
cysts (Putteret al, 2006).

Some other soil organisms that are antagonistimeématodes include
microartropods, other nematodes and protozoa (@Gaer2006; Rodriguez-
Kébana, 1991).

In spite of all the alternatives, efforts to incatigl soil with microbial
species antagonistic to phytonematodes have noth kmecessful for
agriculture for many reasons, such as specific hestatode, bad adaptation to
different soil conditions or agriculture manageménbng & Zhang, 2006;
Compantet al, 2005). The addition of organic amendments td san
stimulate or enhance microbial activities detrinaénto plant-parasitic
nematodese.g the use of chitinous materials (Rodriguez-Kabaeayl).

Bacteria also play an important role in this asstomn, especially bacteria
associated with the rhizosphere (rhizobacteria)ichwtare one of the most
abundant microorganisms in the rootzone (Germadaal, 1988). Their
presence can significantly modify the rhizosphaergrenment and directly or
indirectly affect the nematode or the host-parasiterrelationship, including
the antagonistic effect of some genera of rhizayéactsuch asBacillus or
Pseudomonaagainst fungi, soilborne bacteria and nematodesa fesult, they
are referred to as plant growth promoting rhizobaat (PGPR) (Dong &
Zhang, 2006; Compast al., 2005).
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2.4 Rhizobacteria and biological control of PPN

The presence of bacteria other thiasteuria penetranthat may have a direct
effect on PPN is an important issue to study. Ustdeding how nematode
populations are influenced by their host plants #edr associated bacteria is
essential to the development of management stestégi nematodes (Garbeva
et al, 2004).

Increasing attention is being paid to the biocdmiaiential of rhizosphere
bacteria from several plant species against vanast pathogens, including
nematodes and viruses (Zehndeal, 2000; Kloeppeet al, 1999).

According to Kloeppeet al (1992), rhizobacteria are rootzone bacteria that
colonise roots in the presence of indigenous sddroflora and can exert
beneficial effects on plant development throughwgho promotion and/or
biological control (PGPR).

Most development stages of PPN commonly occur & rhizosphere,
where they may be in intimate contact with theircrobial antagonists
(Insunzaet al, 2002; Sikora, 1997). The rhizosphere, the zdrsoib around
roots, differs from the bulk of soil in its biolagil and chemical properties and
supports much greater microbial activity than tb&t of soil, since carbon-rich
compounds are more abundant, allowing many moreetaand fungi to be
associated to this thin layer (Compaeital, 2009). All PPN are obligate
parasites and must enter this habitat to reach kst (Kerry, 2000), which
means different interactions in a complex systeikof&, 1997).

Antagonistic activity of rhizobacteria against savePPN has been
demonstrated, mainly endoparasitic nematodes (Bu@adenaet al, 2008;
Mendozaet al, 2008; Ali et al, 2002). These bacteria have the ability to
multiply and spread in the rhizosphere environmemitere most of the
development stages of nematodes commonly occur,ttead may colonise
potential infection sites on the root, or they na&y by direct contact with the
pathogens (Sikora, 1997). Bacteria have been showiffect nematodes by a
variety of mechanisms, including production of sfieenzymes, compounds
toxic to nematodes, such as ammonia, cyanide, bgdreulphide and volatile
fatty acids (Kerry, 2000), and/or some antibioti€hitinases can attack
nematode eggshells, while proteases can harm ektroctures of nematode
eggs or cuticular structures due their proteinagmh nature (Kerry, 2000;
Rodriguez-Kabanat al, 1987).

Some possible modes of action of these bacteria baen demonstrated.
These include direct effects on egg hatch and rawatnobility and indirect
effects such as alteration of root exudates andced resistance, which makes
roots less attractive.
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PGPR strains have repeatedly been reported to eetthecdamage caused
by a number of fungal plant pathogens (Johanstai, 2003; Welleret al,
2000), but fewer studies refer to biocontrol of PA¥th rhizobacteria and
endophytic bacteria seem to have the potentiatdoige plant damage due to
nematodes, mainly the endoparasitic nematadesspecies oMeloidogyne
Heterodera Globoderaand Pratylenchus(Mendozaet al, 2008; Siddiqui &
Mahmood, 1999; Kloeppeet al, 1991). Only a few investigations have
examined ectoparasitic nematodesg, Criconemella xenoplailuepfelet al,
1993) or trichodorids (Insunz al, 2002).
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3 Materials and Methods

Within the scope of this thesis work, a number dfectent studies were
performed, from a soil survey to greenhouse exparm

3.1 Survey of vineyards in Chile

A soil survey was undertaken to cover a wide argévated with grapes from
semi-arid to temperate climatic regions, comprisifiput 40,000 kin(Paper
).

Soil and root samples were taken from productiveeyards that were at
least four years old. Selection of the samplingssivas made on the basis of
vine age and grape cultivar, excluding those shgvegerious root problems
due to fungus, bacteria or insect damage.

Sampling was made with a shovel to 25-35 cm depttine rootzone of the
plants. About 25 subsamples were taken at randomatce an approx. 2-kg
sample covering up to 4 hectares when the soilframs the same soil series.
Each subsample was taken from a different plafeécBeg those that were in
similar conditions, and that represented the awerafythe sampled crop.
Nematodes were extracted from a 25C¢° smlume of soil by combining the
sieving and decanting method with Baermann’s fur(itdoper & Evans,
1993; Southey, 1986), using sieves of 710, 250,a&D45.um mesh size. For
better recovery of adults and the fourth juventkge ofXiphinemaspp., the
soil water suspension was sieved through the 78®88um mesh sieves and
then filtered on a nylon sieve of §@n mesh size for 24 hours (Brown & Boag,
1988). Genera and species identification and cogntiere carried out with a
dissection microscope (Carl Zeiss, Stemi 2000 GPa20 magnification.

Those vineyards where grapes were grafted ontostomids were not
considered, since these are not representatieeafdrmal cropping system in
Chile. Ten cultivars were considered for nematogdumtions, the five most
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commonly cultivated table grapes and the five noostmonly cultivated wine
grapes.

3.2 Rhizobacteria isolation and identification.

Eleven vineyards were chosen for root samplingetham low populations of
plant-parasitic nematodes or the presence of viaetpwith good growth in
spite of higher populations dfiphinema indexPlants selected were older than
seven years, ungrafted, cultivated under replantditions and with similar
agricultural management.

Roots and soil from different plants were collectégth a shovel to a depth
of 15-25 cm during summer, including new feedetsoo

During the spring of 2007 four vineyards were sad@nd the other seven
were surveyed during the following year.

To isolate rhizobacteria, pieces of feeding rodt® ¢m length) were
separated from the soil, washed, gently crushea sterile watch-glass, placed
in sterile phosphate buffer saline (PBS) at pHand shaken on a rotary shaker
at 250 revolutions per minute (rpm) for 30 minutes,allow extraction of
rhizobacteria that inhabit the rhizoplane and ehidosphere (Kloepper &
Beauchamp, 1992). Dilutions of the PBS solution evpiated onto half-
strength tryptic soy broth agar (TSBA, Oxoid LtdK)}Jand incubated for 48 h
in the dark at 22 °C. Pure cultures were subsetuémrinsferred to fresh
TSBA medium, grown for 24-48 hours, suspendedérilstfreeze medium (8
g nutrient broth in 1000 mL distilled water mixedL With glycerol solution)
and frozen at -80°C until further use. About 50tbaal isolates from each soll
were considered for further bioassays.

For bacterial identification, isolates were grownTSBA and incubated at
+28 °C for 24 h. Approximately 50 mg fresh weightells was harvested and
the fatty acid methyl esters (FAMES) were extracisddescribed by Sasser
(1990). After extraction, FAMEs were separated biewlett Packard 5890
series Il gas chromatograph. Individual FAMEs widentified and quantified
by the peak-naming table component of the Microhdahtification System
(MIS, Microbial ID, US).

3.3 Suppressive activity of the bacterial isolates on Xiphinema
index

The nematicidal activity of rhizobacteria was asedsby three experimental
procedures: 1) Evaluation of the effect of the éaal filtrates on the survival
of mobile stages of nematodes; 2) growth of asgaygasshouses using
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vitro plants to determine the plant-rhizobacteria-nedatmteraction; and 3)
evaluation of the effect of the rhizobacteria und®re natural conditions,
working with potted grape plants established in stiabes made from
unsterilised agricultural soil.

Most of the evaluations were performed on the eutgtic nematod.
index but considering that under natural conditionsiglaan also be infested
with other plant-parasitic nematodes, a set ofssssents was carried out on
the endoparasitic nematodiéeloidogyne ethiopicaalso an important pest in
vineyards.

3.4 Culture filtrates

This activity was performed with the rhizobactagalated from the first four
of the 11 vineyard soils sampled. Isolates werdivated on half-strength
TSBA (15 g/L), inoculated into Erlenmeyer flasksntaining 50 mL sterile
half-strength TSB and grown at 22 °C with rotarglshg at 180 rpm for 48 h.
Cell suspension concentration of all isolates vetissaed to 10CFU/mL.

After two times centrifugation at 4000 rpm for 2@notes, the supernatant
was collected. Aliquots of 0.5 mL of nematode suasjmn in sterile tap water
containing 50X. indexwere placed into sterile glass Petri plates ofn88
diameter with 1.5 mL of culture supernatant. Thelsées were maintained at
22-23 °C and the number of dead-like nematodes evasited for each
treatment under dissecting microscope at 16-li&henough time to evaluate
mortality. Dead-like nematodes were those that needh immobile when
gently and repeatedly touched with a needle. P&agenmortality was
calculated for each replicate.

To verify the nematostatic and nematoxic effecthef culture supernatants,
at the end of the exposure time the immobile nedestovere transferred to
sterile tap water for 48 h, to observe whetherveppoccurred.

3.5 Tests using in vitro plants

In order to assess whether the set of rhizobacigulated from the first four
soils had any effect oK. indexpopulations or infections and on the growth of
grapes, a greenhouse assay ugingtro grape plants was performed using 37
isolates.

Excised new shoot tips of virus-free grape placts,Thompson Seedless,
were selected and established vitro on Murashige and Skoog medium
(Murashige & Skoog, 1962). Aftém vitro shoot production, multiplication and
rooting phases, propagules were selected to beféraad to peat-moss and
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perlite substrate, moistened with half-strengthoelaived Hoagland nutrient
solution and grown in a 500-mL plastic pots.

After four to six weeks, when the plants had a teed root system, they
were transferred to a substrate adequate for neeaictivity, which consisted
of a sterile mixture of sand and loamy soil (3:1)v/

After 14 days, bacterisation of the grape plants warformed. For this,
selected rhizobacterial isolates maintained at°@@vere streaked to multiply
in half-strength TSB and incubated for 24 h ontamoshaker (160 rpm). After
incubation, the bacteria were pelleted (15 minate8000 x g). Pellets were
washed twice, suspended in an isotonic solutioM@80, (Johanssomt al,
2003) and adjusted to a final concentration of €GU/mL (Kluepfelet al,
1993). Grapevine plants were removed from the gotstheir root system was
washed with sterile distilled water and immersad2® minutes in the bacterial
suspension.

After inoculation, the vines were planted in 500-piastic pots containing
fresh sterile substrate and 50 mL of bacterial uhom were added to the soll
in each pot, around the root zone, as suggestddsoyzaet al (2002) and
Kluepfel et al (1993). Fourteen days after bacterisation, thé was
inoculated with approx. 400 specimensXfindex 70% adult females and
30% juveniles of different stages, extracted frém toots ofFicus caricaby
the Cobb’s sieving and decanting method, modifiedoeding to Brown &
Boag (1988). Two controls were used, a set of ramtdrised plants infested
with nematodes and a set of plants free from biacterd nematodes.

After 16 weeks, th&. indexpopulation, vegetative growth and root damage
were recorded.

3.6 Experiments with potted plants

This set of experiments was developed to evalltetfect of rhizobacteria in
the protection of roots of plants grown under maedural soil conditions
against plant-parasitic nematodes.

The bacterial isolates were prepared as descrilbediopsly and were
separated into two groups, according to informatbrtained in the previous
studies. The first group comprised 49 rhizobactésielates from sites 1-4,
most of them previously used in the other experisiefwo experiments were
replicated in two separate seasons, in spring 20@Bspring 2009 (assays 1
and 2, respectively). Each assay lasted one growe@ason, comprising 6
months of growth until the plants entered dormancy.

The second group comprised 90 isolates from grapewing in the
remaining seven vineyards (soils 5-11) not previpassessed. With these
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bacteria, only one experiment was carried out,lésting two seasons. Plants
were inoculated with these bacteria at the same #@miassay 2 on the first
group.

The plant material used consisted of Thompson 8sedfyrape plants
obtained by propagation of cuttings from virus-frées, in a steamed growth
medium consisting of 50% sand and 50% peat mossolyne. Two-month-
old plants were used for the greenhouse assays.

For bacterial inoculations, plants were removedmfrthe propagation
medium and the root system was soaked for 20 n@nnteacterial suspension.
The plants were immediately replanted in new gromddium using 3-L pots
filled with a steamed mixture of sand, loamy fishkil and composted organic
matter (2:1:1 by volume). An additional 100 mL baktbacterial suspension
was added to the growth substrate.

On day 14 after bacterial inoculation, the soil wassted with specimens
of X. indexby pipetting the nematodes suspended in steflevigter into the
rootzone. For assay 1 on the first group of bamte200 nematodes per pot
were added, while for assay 2 and the second gybbpcteria 400 nematodes
per pot were added.

Once inoculated, plants were grown in a shaded 202@ m greenhouse
covered by a rashell mesh, which intercepted 30%uafight and prevented
overheating of plants and pots. The maximum andinmim temperature
outside the greenhouse in mid-summer was approx.°@4and 15 °C,
respectively, and that within the greenhouse wa¥22&8nd 15 °C, respectively.

The effect of the isolates was evaluated at theogitide growing season, in
early autumn, by determining nematode populatiom$ @amage associated
with nematode feeding.

3.7 Effects of rhizobacteria on Meloidogyne ethiopica

A set of 16 rhizobacterial isolates previously usedexperiments to assess
their effect on parasitism by. indexwere evaluated. The first experiment was
performed to determine the effect of culture filta prepared as indicated
previously, on hatching d¥l. ethiopicaeggs.

Nematode eggs were extracted from grapevine rodtsted with M.
ethiopicaaccording to the method described by Hussey & &afk973). Then
0.5 mL aliquots of suspension in sterile tap watartaining approximately 50
eggs, with about 30% containing second-stage jla®J2) and 70% different
embryonic stages, were placed in 35-mm diameteilestgass Petri dishes. A
2-mL portion of culture filtrate was added to eptdte and all plates were kept
at 26 °C for 24 hours (Siddiqat al, 2007). Hatching was determined by
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counting the second stage juveniles hatched in ernBann funnel over a
period of 10 days, with counts every two days. Tematrol treatments were
used, TSB and the chemical organophosphate ned®tfenamiphos (1.5
pL/ml water).

The effect of bacteria on nematode parasitism wasssed in plants of cv.
Chardonnay obtained from grapevine cuttings antetbin steamed substrate.
The bacterial inoculum was prepared as indicatevipusly for the assay
experiments wittX. index

Two-month-old plants, with two leaves, were remquwsdshed with sterile
water and the roots soaked in bacterial susperisioR0 minutes. Inoculated
plants were planted in 3-L pots filled with a dtersubstrate composed of
sand:agricultural soil in proportions of 2:1. And#@nal volume of 100 mL
per pot of the bacterial suspension was addeddo gat.

Fifteen days after bacterial inoculation, 1000 eg§#. ethiopicawere
applied per pot.

Once inoculated, plants were grown in a shaded ¥@fhm greenhouse, in
the same way as plants inoculated withindex

Three controls were used, a chemical nematicidenfgohos (0.5 mL/pot),
a solution containing only the nematodes, and @toigc solution.

The treatments were evaluated six months afteuiation, once plants had
entered dormancy. Numbers of galls, eggs and sestagé juveniles were
recorded, as well as fresh weight of aerial pant$ @ots. Soil was processed
according to the soil sieving and Baermann funnethod, using 250 chrof
the substrate for J2 extraction (Christie & Pet851).

3.8 Experimental design and statistical analysis

For Paper I, most of the information was analyséth Wescriptive statistics,
which were useful for observations of nematoderitistion and nematodes
densities. The relationship between nematodes geant and associations
between them without or with environmental influesavere determined by
correspondence analysis (CA) and canonical correpe analysis (CAA),
respectively, using CANOCO software 4.5 (Leps & l&mier, 1999). For
Paper Il, multivariant analysis was performed tdaedeine relationships
between rhizobacteria and environmental variabkso@ated to grape root
growth, through redundancy analysis (RDA).

For greenhouse experiments aimdvitro tests (Papers II, Il and IV),
rhizobacteria isolates were compared with two @edhcontrols distributed
according to a completely randomised design. Th&a dibtained were
subjected to one-way analysis of variances (ANOWAY treatments were
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compared with Dunnett's test gt<0.05 or p<0.01 depending on the
experiment using Minitab Statistical Software fomdbws, release 13.

When necessary, nematode numbers were transfooried {x+1) prior to
application of multivariate analysis (Paper I).dPrio Dunnett’'s test, the data
were transformed to arcsine of percentage datae(Bdipand 1V).
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4 Results and discussions

4.1 Distribution of plant-parasitic nematodes in Chilean
vineyards (Paper I)

The survey carried out covered 1818 soil samplek h nematode genera
were extracted, but only four of these were cargid be highly pathogenic to
the root system o¥itis in Chile (Table 1). The most frequent genera ategr
in large populations werXiphinema(X. index, X. americanum sensu lato
Meloidogyne (three species, withM. ethiopica the most frequent),
MesocriconemdM. xenoplax andTylenchulugT. semipenetransSpecies of
Xiphinemawere present in 71% of the sampled area and nbtiee samples
was free of PPN.

The citrus nematodeTylenchulus semipenetranbad been detected in
previous surveys, mainly in grapes following citr(&ballay & Navarro,
2005). Based on recent reportshdéloidogynespp., the populations detected
correspond taVl. ethiopica(Carneiroet al, 2007; Carneiret al, 2003), a
species that in the past was misidentifiedvasincognita This has caused
confusion in the choice of cultivars, with sometloeém having been selected
because they were known to be tolerantMo incognita Mesocriconema
xenoplaxwas abundant and its importance is increasinghiteCCurrently the
use of nematicides is the only method used to obtiiis nematode, as no
rootstock has been reported to be tolerant orteggito it in Chile.

The genusXiphinemais widespread and has become the main root pest of
grapes, as it is representedyindexandX. americanum sensu latehich are
known to transmit thgrape fan leaf virugGFLV) andtomato ring spot virus
(TomRSV) respectively, both present in Chile (Augegrl, 1992). This is of
concern for farmers and nurserymen as regardsrplkeientation of a virus—
free plant production programme. Only 29% of tledd§ studied in our survey
were free fromXiphinemaspp. In most cases these fields were in new
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production areas. Several samples with a low nurobespecimens were from
areas with previous old vineyards, replanted wiiffiexent cultivars of V.
vinifera and in which no nematode increase or symptomgmént problems
were observed (McKenry, 1999), which may be dusame biotic or abiotic
factor (Kerry, 2000).

The population density of a determined taxon watyfaariable, as shown
by the parameters determined (Table 1). At leastafrihe species was present
in high density in every sample. Maximum soil p@tign densities per species
indicate the possible maximum infestation degreéiclv is even more
complicated considering that the vine may suppootemthan one type of
parasitism.

The CCA between cultivars and nematode taxa showedarrower
relationship betweeMeloidogynespp. and wine grape cultivars, mainly with
the cvs. Chardonnay and Cabernet Sauvignon. Meém¥iphinemaspp., M.
xenoplax and T. semipenetransvere more associated with table grape
cultivars. Soil texture was not a strong environtakwvector, with a low
influence over nematode distribution, meaning thetst genera showed a
weak association with it (Paper I).

The influence of the soil environment on the dyremof plant feeders is
considered the second most important factor dfierhbst plant (Cadet al,
2004; Norton, 1989). However, in Paper | there waly a low influence of
soil texture over nematode populations, as highatede population densities
were detected in both clayey and sandy soils. Ssmiténanagement activities
that affect soil porosity, such as the wide usegdfcultural lime (Cg50Qy) or
activities such as tillage, also produce a loosdr mcreasing the soil pore
spaces.

Cultivar had the largest influence on the sizeavhatode populations, since
all cultivars were sensitive to nematode infectioR®wever, there was a
narrower association betwedmeloidogynespp. and two wine cultivars and
also betweerXiphinemaspp., M. xenoplaxand T. semipenetrangand table
grape cultivars.

The explanatory variables used were not able tdagxmmost of the
nematode incidence in samples. Thus other factoust ndetermine the
presence of plant-feeding nematodes and identdicadf these factors is
necessary before new management programmes cavised!
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Table 1.Population densities and statistical parametenstfe five main taxa of plant-parasitic
nematodes per 250 éraoil associated with Vitis vinifera. along the major productive zone in
Chile (n = 1818)

Parameter X. inde: X. Meloidogyn: Mesocriconema  Tylenchulus
americanum spp.(J2)* xenopla: semipenetrans
s.l. J2)

Mean 160 67 149 49 266

S.E. 380 213 466 144 2224

Range 0-3850 0-3780 0-6816 0-1860 0-41350

Infested 48 48 45 49 13

samples (%)

* Meloidogyne ethiopicavas the most abundant species.
J2, second stage juvenile.

4.2 Screening of rhizosphere bacteria from grapevine for their
suppressive effect on Xiphinema index on grape plants
grown in vitro (Paper I1)

4.2.1 Bacterial isolated from grape roots, identification and distribution

More than 400 bacterial isolates were obtained frira 11 grapevine
rhizosphere sites. Isolates with a Similarity Ind&t) lower than 0.5 were
considered not reliably identified at genus le¥gk(ler et al, 2000), while 209
isolates were correctly identified and belonged 26 different genera,
comprising endophytic and epiphytic rhizobactedansidering the way the
roots were processed for the bacterial isolatioa fitost commonly occurring
genera wer@seudomonag=104) andBacillus (n=29), accounting for about
49.8 and 13.9% of the root-associated populatidestified, respectively.

The isolates with Sl higher than 0.7 were consdi@arectly identified at
species level according to Weller al (2000) and are presented in Table 2 in
Paper 1. The most frequent werBseudomonas putidg35.1%) and
Pseudomonas fluorescef8.1%). Human harmful bacteria likeéscherichia
coli were also frequently (7.6%) found. These bactera@ae however not
considered as potential bio control agents andreitided in the succeeding
tests. The composition of the microbial communiikewed that some species
were strongly correlated to the origin of the iatign water,e.qg. Pantoea
agglomeransand E. coli were found only in roots irrigated with river wagte
which contains more organic matter than the undergst water from deep
wells.

Fatty acid content is reported to be a reliablehoetthat allows accurate
differentiation at species, subspecies and sometbigevar and pathovar level
(Scortichini et al, 2005; Welleret al, 2000; Faraget al, 1999; Persson &
Sletten, 1995), although pathovars in some speeigsP. syringag may not
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be well differentiated (Welleet al, 2000). This means that in the future,
pathovar identification must be confirmed with atheethods.

4.2.2 Assessment of suppressive activity of rhizobacteria against Xiphinema
index

The first screening was performed with some isslatelected from the first
four soils sampled. Grapes producied vitro inoculated with the isolates
Stenotrophomonasp. 158, Bacillus brevis37 andComamonans acidovorans
49 had significantly higher shoot weights than oalnlants infested only with
nematodes. The same bacterial isolates, Phe&idomonas putidaolate 139,
also significantly increased root weight of inodath plants compared with
control plants not inoculated with the nematode.

Considering root damage, most of the plants indedlavith bacteria
showed lower levels of nematode damage and thenaukelifferences were
highly significant f<0.01) with the isolateB. brevis200,Bacillus cereud 46,
Bacillus megateriuml85, Pseudomonas corrugatd16, P. savastanoipv.
fraxinus 86, P. syringae pv. syringad99 and Serratia plymuthica213.
Significant differencespk0.05) were also observed with the isolaBedrevis
37, B. megateriuml33, Pantoea agglomeran8600, P. syringae glicinae30
andStenotrophomonas maltophili®8.

On immersion of nematodes in two assays with theireufiltrate, most of
the bacteria exuded or released some elementsbetasizes that caused the
death of the nematodes (Table 4 in Paper Il), cmiriig results obtained with
in vitro plants (Table 3 in Paper Il). Considering bothagsswith the
supernatants, 19 isolates showed mortality levelgpoto 50%, of whichB.
cereus 146, P. agglomerans3600, P. corrugata 216, P. savastanoi86, P.
syringael99 andS. plymuthic&213 also caused low damage to roots.

Final nematode populations showed a variation grebtn that of the root
damage and ranged from 78 to more than 3300 nemaipecimens per pot
(Table 3 in Paper Il). Nematode populations inssofl plants bacterised with
the isolatesB. megateriuml85, P. corrugata216, P. savastanopv. fraxinus
86 andS. plymuthica213 were significantly lowemp&0.01) than those in the
control, wherea®. brevisisolate 200 and. maltophiliaisolate 168 reduced
nematode population densify<Q.05).

Few studies have been performed on grapevine amg with rhizobacteria
isolated from grapevine roots except those by Batkal (2000) and Koset
al. (2003). Those authors worked on grapes with bacteolated from other
sources to promote growth and rooting of plantse Tiant response to
rhizobacteria assessed in Paper Il indicates #rdain bacterial isolates have
growth stimulating activity. The isolatés brevis37, C. acidovorans49 and
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Stenotrophomonasp. 158 increased both shoot and root weight, enhil
putida isolate 139 increased only root weight. Severatiraaisms have been
reported through which bacteria may increase graftplants, independently
of disease control. These include fixing atmosgheaiirogen, synthesis of
hormones (indoleacetic acid) or enzymes that degedldylene precursor, 1-
aminocyclopropane-1-carboxylate (ACC), among otk@iikk et al, 1998).

In this investigation, the stimulation of plant gtth was not directly
associated with reduced infection Xyindex as only withB. brevisisolate 37
was plant growth stimulation accompanied by sigatiitly low levels of root
damage (Table 3 in Paper Il). In addition, a deswea nematode populations
or root damage did not significantly increase tlesh weight of either roots or
canopy, except in the case of the bacterial isdatbrevis37. Nonetheless,
after 4 months of plant growth, most of the growHriables of bacterised
plants were larger than those of non-bacterisedraoplants infested with
nematodes.

Most of the rhizobacteria evaluated were associaidiu a certain level of
decrease in the population ¥f index although nematode populations were
significantly different from the control for onlyixsof these. Four of these
rhizobacteria showed significantly lower nematodepyations than the
control (<0.01), thus suggesting that the effect on nematddedue to
bacterial presence. However, most of the otherolaeteria, for which the
observed differences were not significant, alsaiced numbers of galls on the
roots compared with the control. This may suggesrtin nematostatic rather
than nematoxic effect of the rhizobacteria.

The data on the supernatants help to explain sdritee @ffects seen in the
assay with the pottedh vitro plants. Some isolates showed low damage to
roots and also low numbers of nematodeg, B. megateriuml85 (Table 4 in
Paper II). Nevertheless, the mortality ratexofindexcaused by filtrates was
less than 50%, which would be an indicator of a kiwert-term lethal effect
and some long-term nematostatic effect occurringdeun sublethal
concentrations.

Stenotrophomonas maltophilisolates have previously been reported to be
an antagonist of ectoparasitic nematodes of théyfdimichodoridae (Insunza
et al, 2002) and of the pine wood nemat@lersaphelenchus xylophil{&u
et al, 2007).

In Paper 11,.S. maltophiliaisolate 168 reduced root damageXoyindexand
population size, whil&. plymuthicasolate 213 also showed suppressioiX of
index (p<0.01). These data on the interactionSeénotrophomonaspp. with
plant-parasitic nematodes are a novel finding.
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4.3 Assessment of rhizobacteria from grapevine for their
suppressive effect on Xiphinema index (Paper III)

The use of potted plants was valuable in evaluatimg performance of
rhizobacteria under more natural conditions, wagkinth agricultural soil.

Of the 139 isolates bacteria assessedfrom soils 1-4 (group 1) and 5-11
(group 2), 17 isolates (12%) were shown to effetyiviecrease damage to the
root system caused by the nematodes (Tables 1 enBaper llI).

The damage level observed during assays 1 and Zhéorfirst set of
bacteria, which were carried out in different sessshowed that some of the
isolates were able to reduce root damage to theglin assay 1, 23 isolates
resulted in less damage to the root system thardhtrol inoculated wittX.
index(p<0.05), while 11 isolates had this effect in as®ay

The greater number of isolates showing efficacyirsgathe parasitic
activity of the nematode in assay 1 (23) comparéht assay 2 (11) is most
likely due to the lower initial population in assay which also resulted in a
lower level of damage (Table 1 in Paper Ill). Théial population may be
particularly important for the degree of damageasidering that only a few
nematodes feeding on a root apex can destroy itcande the typical gall
symptoms to appear (Wyss, 1978). Under field camit the fact that a more
extensive and rapid galling response occurs wher mematodes are present
is most likely one of the reasons why some chemmadl biological
nematicides show varying results in the contralooft damage.

Considering the effects of the bacterial isolatethe first set during assays
1 and 2, seven were found to be effective in detngathe damage in both
studies §p<0.05); Bacillus brevisisolate 37,B. megaterium69 and 133,
Cytophaga johnsonaé35, Pseudomonas fluoresce$, Rahnella aquatilis
203 andStenotrophomonas maltophili@6. The remaining isolates showed
more variability between assays, with some beifiigraint from the control in
assay 1 but not in assay 2,wce versa Furthermore, some isolates did not
induce any decrease in the damage level in eitmsan, despite the fact that
other isolates from the same species were faifgctbe in both assays. This
finding, which was observed in isolates such BEas brevis 200 andB.
megaterium 185, indicates that important differences can bcoatween
isolates obtained from the same soils.

Studies on the second group of rhizobacteria, fsoits 5-11, showed that
some of these isolates had good activity in sugprgghe parasitic activity of
X. index Ten isolates resulted in gall numbers that wageifscantly different
from the control. Most of the isolates caused aelomumber of galls/g root
than the control plants, although for some theipybation increases were
greater,e.g Agrobacterium radiobacte617,B. brevis716 andBurkholderia
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cepaciab26. In this assay too, different isolates of thee species resulted in
different degrees of root damageg Bacillus mycoides820 and 603 and
Bacillus pumilus502 and 1005 (Table 2 in Paper IlI).

Most of the plant roots treated with isolatedPsEudomonas putidg@ of a
total of 9) showed a lower damage index than the control.

Among the 10 most effective isolatégariovorax paradoxusl105 and
Pseudomonas pseudoalcaligerigkss showed the lowest numbers of galls/g
root. The other eight effective isolates wBremycoides820 and 530Bacillus
sphaericus 925B. thuringiensis 833Curtobacterium flaccumfaciens 1115
Pseudomonas putid805, Pseudomonas alcaligenég35 andP. viridiflava
1020.

A total of eight isolates, including two isolated @grobacterium
radiobacterandFlavobacterium odoratuprshowed lower root growth than the
control in spite of the fact the number of gallsswet significantly different
from the control. With the exception &f. alcaligenes635, not all of the
isolates that were able to reduce the level of daohage caused b¥. index
showed significant differences in root growth conagawith the control.

Among the seven isolates from the first group shtwhe able to decrease
root damage significantly in potted plants (Tabli@ Paper Ill), onlyB. brevis
37 andB. megateriunil33 displayed good nematode control and also eztuc
root damage in Paper Il. These isolates therefa dgood activity under
different sets of conditionsj.e. in in vitro tests using rhizobacteria
supernatants, in small pots with vitro plants and with large pots using a
mixture of field soil and plants from cuttings.

Considering the 17 isolates from both groups otdyécthat were effective
in decreasing root damage, seven were isolate8adifllus and five of
PseudomonasrThis confirms findings by Tiaset al. (2007) and Siddiquét al
(2005), who concluded th&acillus and Pseudomonagare the main genera
opposing nematodes in the rhizosphere. Their adgsoprobably linked to
increased chitinase and peroxidase activity or gheduction of secondary
metabolites or cuticle-degrading proteases, serine proteases (Liagt al,
2007). According to Huangt al (2010), some strains d8. megaterium
produce nematicidal volatiles, which are activeirgiguveniles and inhibit the
hatch of eggs ofeloidogyne incognitaMost previous studies referring to the
modes of action of these bacteria point out these¢hare associated with a
direct nematotoxic effect, rather than a nematestdtect inhibiting feeding,
movement or reproduction (Huarg al, 2010; Guet al, 2007; Lianet al,
2007).

Stenotrophomonas maltophiliaas previously been reported to be an
antagonist of PPN and in PaperSl maltophiliaisolate 168 was found to
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reduce root damage b¥. indexin vitro. It was also able to reduce the root
damage to the potted plants in field soil in Pdper

Three strains of/. paradoxusvere evaluated in Paper Il akd paradoxus
1105 was found to be effective in suppressing damaghe vine root system
(Table 2 in Paper Ill). In studies witHeterodera schachtiiV. paradoxus
inhibited hatching of juvenileg vitro by 100%, but had little effect on J2
infection of mustard roots (Neipp & Becker, 1999).

In Paper lll, the bacterial isolates tested didprowve to have an important
effect in stimulating root growth. For the firstogip of bacteria (soils 1- 4),
there were no differences between any of the issland the controls (data not
shown), while for the second group (soils 5-11)meostrains showed
differences from the control but these were negatie. eight of the isolates
reduced root growth significantly (Table 2 in Pag#), particularly F.
odoratum827. In Paper Il, of the 37 isolates used in asdagsd 2, a few
showed growth-stimulating activity, but that studyas shorter and was
performed within vitro plants under more controlled conditions.

4.4 Rhizobacteria performance under the three assessments
conditions

In all studies with the first group of bacteria ilsdl- 4) using adult and J4
specimens oK. index 89% of the bacterial isolates killed the nemasoaliter
16 hours of exposure to supernatant. Overall, 3R%eostrains were effective
in protecting the roots when inoculated into thevitro-produced plants in
small pots with sterile substrate and 16% were @bldecrease the damage to
the potted plants grown for 6 months in field solleis means that under more
natural conditions, their effects may be alteredthm soil, environment and
agricultural practices, which might affect root@uikation (Figure 2).

The seven isolates from the first group of bactara the 10 from the
second group obtained under potted conditions famgood set of
microorganisms to be evaluated in the next stegd fstudies in productive
vineyards experiencing nematode attacks, mainl)Xbindex Bacillus brevis
37 andB.megateriuml133 showed nematicidal activity in all our diffate
experiments, fronin vitro tests to field soils, and are thus suitable mailtéor
further studies.
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37 isolates from four soils

33/37 isolates different
from control = 89%

12/37 isolates different
from control = 32%

6/37 isolates different
from control = 16%

Figure 2. Decrease in percentages of mortalityXofindextested under three different assess
systems. a vitro, b) sterilized substrate-vitro plants c) agriculture soil-potted plants.

4.5 Effects of rhizobacteria on parasitism by Meloidogyne
ethiopica on grapevines (Paper 1V)

The 16 isolates tested previously agaiksindexwere also evaluated foul.
ethiopica considering that in vineyards various nematodeegge normally
parasitise crop roots at the same time.

Meloidogyne ethiopicas an endoparasitic nematode that has most of its
cycle life within the root of the host. The egge g@rotected by a gelatinous
matrix produced by the adult females and when trettgh, the second stage
juveniles (J2) are released in the soil and seatching for new roots to enter
and complete the life cycle. This is different frahe life cycle ofX. index
which has all its stages (eggs, four juvenile sagd, J2, J3, J4) and the
adults) in the soil, while foMeloidogynespecies, only J2 and some few adult
males are in the soil (Sasser & Carter, 1985).

The effects of rhizobacteria on parasitism My ethiopicaon grapevine
roots and its reproduction in inoculated plantsenraluated after 6 months of
incubation. For most of the parameters evaluatddntg treated with
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rhizobacteria had a lower degree of damage or feeggs and juveniles
compared with the controls.

In potted plants, all the bacterial isolates gavenaer number of galls than
the control plants infected with nematodes and teiykre significantly
different (p<0.05) (Table 1 in Paper IV). However, this was medkected in the
number of eggs present in the roots or juvenilesoih since of the eight more
effective rhizobacteria isolates, onlgerratia marcescen$ also gave a
significantly different number of eggs and juvegileompared with control
plants.

Seven of the bacterial isolates tested had anteffieqgarasitism and on
reproduction of the nematode in terms of eithedpaotion of eggs or juveniles
(Table 1 in Paper IV). Of these isolate€s, marcescen® was the most
effective, showing good activity as regards nundjegalls, eggs and juveniles.
The other effective isolates we@omamonans acidovorand9, Pantoea
agglomerans54, Sphingobacterium spiritivorun®4, Bacillus mycoides33,
Alcaligenes piechaud87 andSerratia plymuthic&13.

The effect of the isolates in decreasing parasibigrthe nematodes was not
directly associated with positive effects on plgmbowth, since only two
isolatesP. agglomeran®4 andPseudomonas savastariai6, gave plants that
had significantly greater root weight than plamsculated with nematodes
only (Table 2 in Paper V).

Studies of culture filtrates on hatching showed #irhizobacteria isolates
were effective after 24 hours of immersion compavdth TSB (<0.05)
(Table 3 in Paper IV). The lowest hatching rate waserved for eggs in
culture filtrates of isolates oPseudomonas putidd88 (14.3%),Bacillus
megaterium69 (16.9%), Bacillus pumilus 72 (20.6%) andPseudomonas
fluorescensl44 (25.4), all of which were as effective as ¢themical control,
fenamiphos§<0.05).

Similar hatching results have been obtained inraghelies, but with two or
three days of immersion (Mendoegal, 2008; Aliet al, 2002).

The inhibition of egg hatching observed in Paperniidy be caused by
secondary metabolites produced by the rhizobag¢tehach may result in egg
lysis and affect egg viability (Abo-Elyoust al, 2010; Mendozat al, 2008;
Neipp & Becker, 1999; Westcott & Kluepfel, 1993)ddqui et al (2005) and
Siddiqui & Shaukat (2003) reported that some méditso such as 2,4
diacetylphloroglucinol (DAPG) and cyanhydric acidroguced by
Pseudomonas spmhibit hatching oMeloidogyne javanicandM. incognita

The inhibitory effect of the rhizobacteria on hatchof nematode eggs was
not related to inhibition of parasitism in plantsyen with the two most
effective strainsP. putidal188 andB. megateriun®9, or the least effectivs.
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marcescens$, which showed completely different results wirestulated onto
roots of vines. This means that the effects obskirveitro do not necessarily
reflect the effectiveness of a bioantagonist ard ith a long-term assay (such
as 6 months in this study), many other factoraigrice the biocontrol activity.

Evaluation of the strains in terms of vine growthowed that plants
inoculated withP. agglomeran$4, P. savastanol76 andB. megateriunt9
had greater root weight (Table 2 in Paper IV), dedpese strains not showing
good antagonistic activity in potted plants. Somexhanisms such as fixation
of atmospheric nitrogen, synthesis of hormones {lAand antibiotic
production have been suggested to explain thist{Rradiet al, 2008; Rivest
al., 2007; Asghaet al, 2002; Glicket al, 1998).

The specie3. megateriumhas been reported to produce metabolites and
potentially to be a good candidate for biologicahizol of nematodes (Oliveira
et al, 2007; Neipp & Becker, 1999). Huarg al (2010) reported several
nematicidal volatiles and an antagonistic effect Mn incognita infection,
especially with inoculum concentrations between0lxhd 1x 18 CFU/mL,
much higher than in Paper 1V, which could expldia tifference in effect on
potted plants. It has also been reported thatnstraif this bacteria can
effectively promote plant growth by phosphate sililsdition or alter the root
system through induction of auxin and ethylene ftiom (LOpez-Bucicet al,
2007).

The seven rhizobacterial isolates which gave a ifsignt effect in
controlling M. ethiopicain Paper IV gave different results in the studytioa
ectoparasitic nematodé index(Paper 1l). There, most of the isolates showed
nematicidal activity when culture filtrates wereaated in Petri dishes, but
only S. plymuthica213 showed a good suppressive effect wheritro plants
were inoculated witlX. indexand bacteria.

In most previous studies on eggs or juvenilesvigloidogynespp., the
number of rhizobacteria strains able to kill nerdatis much largen vitro
than the number of strains with similar activityevhinoculated into pots or in
field assays (Huangt al, 2010; Oliveiraet al, 2007; Beckeet al, 1988). In
Paper IV, the 16 bacterial isolates tested wersigfificantly different from
the control in then vitro test on hatching rates, and seven showed a signifi
effect in decreasing the number of galls or nematagroduction rate. This
means that about 44% of the strains maintained tieenaticidal activity when
applied to potted plants, a high proportion by pyas standards (Mekett al,
2009). The reason for this higher proportion mayhae the strains used in this
study were isolated from grapevine roots and sedeftbm previous studies.

The effect of rhizobacteria on populations of nevdets from the genus
Meloidogyneand their impact in limiting nematode damage amg@roving
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growth of different crops has been studied previousowever, such studies
have mainly focused on interactions with incognita(Huanget al, 2010;
Kokalis-Burelleet al, 2002; Beckeet al, 1988),M. javanica(Siddiquiet al,
2007; Ali et al, 2002) and a few others, such Ms exigua(Oliveira et al,
2007). To the best of my knowledge, this is thetfassessment of the effects
of rhizobacteria oM. ethiopica The results obtained in Paper IV indicate that
the effects of rhizobacteria treatment Mn ethiopicaare similar to, or better
than, those on other species.

Considering the different parasitism habitsMbf ethiopicaand X. index it
must be considered that with the former the mogbsed stage to the presence
of toxic elements is the J2 stage, while all tages of the latter are exposed to
elements exuded by microorganisms. Thus, once 32 ethiopicaenters the
root, it is more protected by the root tissues ¢8a# Carter, 1985), unless
some endophytic rhizobacteria have an effect orother parasitic stages (J3,
J4 and adults), which has not been reported to date

It has been reported that different genera of PRWwdifferent sensitivity
to a same chemical active nematicide (Bunt, 19%8)ch may mean that they
also react in a different way to other elementhsoil.

The different parasitism performance of PPN mayp &éls associated with
differences in their cuticle structure or compasitieg. type of collagens or
soluble cuticle proteins associated with the octeat (Blaxter & Robertson,
1998). Meloidogyne incognitehas collagen-like proteins distributed through
the entire cuticle (Spiegedt al, 1995), but inX. indexthe structure of the
collagens is not known (Blaxter & Robertson, 1998)ere are also differences
between the species in terms of other epicuticlenpoments, such as
carbohydrate recognition domains, which means thay may contain
components with a different collagen sequence, gitagenous domains, or
collagens masked by other components (Spiegell, 1995). Other studies
have compared the nematicidal activity of exudabtesn a particular
rhizobacterial isolate on two different nematodgsectes, Panagrellus
redivivus and Bursaphelenchus xylophiluand completely different answers
have been obtained (Gat al, 2007). This selectivity must be considered in
strategies for effective use of rhizobacterialases$ in control programmes.
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5 Main findings, conclusions and future
perspectives

According to the results obtained in this thesisnay be concluded that in
fields cultivated with vines under low nematodessrges, it is possible to find
microorganisms able to play a role in limiting neotge growth and damage to
roots caused by PPN.

Some of the rhizobacteria evaluated suppressed tadengpopulation
densities and stimulated plant growth and mightunmadly suppressX. index
populations or damage caused to the root system.

Some of the isolates assessed for the controleoétioparasitic nematode
X. indexin grapevines proved also to be effective agdinstendoparasitic
nematodeM. ethiopicain assays with potted plants.

The rhizobacteria able to antagonise the ectog&rasi indexwere not the
same species as those showing activity agMngthiopica Only the bacterial
strainSerratia plymuthic&213 had an effect oX. indexin in vitro tests and on
M. ethiopicain potted plants. Under natural cultural conditiossils are
infested with several genera and species of PPNf aobiological control
programme is proposed to be implemented, a mixtfirssolates should be
used.

Some of the rhizobacteria studied in this thesesparomising candidates for
incorporation into prospective vineyard soils or ffmoculation of the roots of
new plants in order to control mixtures of PPN eiifeg vineyards. Further
experimentation is needed to determine their gbibt control parasitism by
other very aggressive parasitic nematodes, 8esocriconema xenoplaand
Tylenchulus semipenetransder field conditions.

The different tests described in this thesis toluata the direct effect of
rhizobacteria on PPN mortality showed differentoaity. ForX. index the
percentage control was 89, 32 and 16 % for testg wsilture filtrates, plants
developedin vitro and potted plants grown in agricultural soil, exsgvely.
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This means that the more complex the environmenthich the roots are
growing, the lower the nematode control effect bé tdifferent bacterial
isolates.

The mortality or control effect obtained in assesth potted plants was not
100% and rhizobacteria-treated plants had nemattogelations which may be
harmful if the initial populations are too high, rieularly with sensitive
cultivars. To improve the efficacy of treatmentmisy be necessary to modify
it in some respectg.g by increasing the number of CFU/mat.carrier and/or
the number of applications over the treatment perlo the longer term, if
bacteria have successfully colonised the roots tion may be superior to
that of chemical nematicides, since the latter degraded or leached into
deeper layers of the soll.

Isolates do not prevent grapevines from the risk trahsmission of
grapevine fan leaf viruby X. index since infection may occur even at low
vector densities, but can help to protect rootsfttirect damage.

Further studies are needed to identify the mechend action involved in
nematode suppression and the chemical nature obitdeetive compounds.
More studies, particularly under commercial fielénditions, are also
necessary to evaluate their performance in diftem@magement practices and
with a natural soil community.
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