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Abstract

Abstract

Pycnidial fungi belonging to the genAsnpelomyces quisquakse the most widespread natural
antagonists ofErysiphales A. quisqualisis a specific mycoparasite of many species of
Erysiphalesand the most studied biocontrol agent of powdeitgews. Genetically differerA.
quisqualis strains are available from culture collections amtk strain has been already
commercialized under the trade name of AQ10. Replata on the aggressiveness and
morphology and cultural patterns Af quisqualisstrains found in the literature are controversial
and incomplete. Screening is a crucial step instection of strains capable of providing highly
effective biocontrol. There is a need for furthevdstigations aiming at the identification of
phenotypic markers that can be used to differentggnetically distinct groups withiA.
quisqualisin order tofind more effective strains withil\. quisqualisspecies which differ
considerably with respect to their biocontrol effeeness

The first objective of the present work was to fyetihe presence of natural strains Af
quisqualisin a wide viticulture area (Trentino Alto Adigegien). We aimed to isolate and select
new strains better adapted to the local environalarinditions than commercial strain AQ10
and highly aggressive againstysiphaceador a potential development as biocontrol agents.
During a three-year survey, a limited amount ofireltparasitism oE. necatorby Ampelomyces
spp. (0.17-3.51 %) was observed. Pycnidia and @mtlAmpelomycespp. parasitizinde.
necator chasmothecia were found both in conventional, micgdly grown on and untreated
vineyards. Some of the isolatéd quisqualisstrains have conidia that are shaped differehtiy t
those of the commerciah. quisqualisstrain (AQ10) and are phylogenetically differendrir
AQ10.

Second objective of the thesis was to charactex@eralA. quisqualisstrains from different
hosts and geographic regions and possessing difféf& rDNA sequences and investigate
whether the host or site of origin of the straimgtheir cultural, morphological and/or growth
characteristics are related to their phylogenetozg which would indicate an adaptation to the
host or geographic area. Strains were moleculdrgracterized by sequencing the ITS rDNA
and sequence polymorphisms were used to classifygesup the strains. The results revealed

some significant variation among the selectedrstravhich provides evidence for the existence




Abstract

of different physiological forms within th&. quisqualisspecies. Phylogenetic analysis revealed
that theseA. quisqualisstrains can be classified into five different genegroups, which

generally correlate with the fungal host of origimd morphological and growth characteristics.

Finally, the pathogenicity, virulence and host mrgf a group ofA. quisqualisstrains was
assessed on different powdery mildew agents. Straiere screened both for their ability to
colonize different powdery mildews (mycoparasitativty) and forin vitro production of cell
wall degrading enzymes (CWDEs). This study showedpositive correlation between
mycoparasitic activity and production of chitobigasend protease®\. quisqualisstrains with
similar levels of mycoparasitic activity originateom the same host species and share an

identical ITS rDNA sequence.

In the 8" chapter it was investigated whether it is posstblenhance the efficiency of this
fungus in the biological control of powdery mildewsg increasing the conidial germination rate
of the fungus. The obtained results revealed tloahes natural extracts can stimulate the
germination ofA. quisqualisconidia and enhance its biocontrol ability of theevdery mildew.
This part of the thesis demonstrates that the cangermination efficacy oA. quisqualisstrains

is positively related to virulence against powderydew and can, therefore, be considered as
relevant factor in the selection of biocontrol agen

The results obtained in this thesis provide a deeapederstanding of the process of
mycoparasitism and a sound basis for developing s@eening strategies for detecting highly
effective A. quisqualis strains for the biocontrol of powdery mildews. Mover, we

demonstrated the existence Af quisqualis strains well adapted to local environmental
conditions. Their discovery may be the startinghpdor their development as biocontrol agents

to control powdery mildew under the environmentahditions found in Northern countries.
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Riassunto

| funghi che producono picnidi appartenenti al geanpelomyces quisquak®no i piu diffusi
antagonisti naturali deglErysiphales gli agenti causali degli oidiA. quisqualise un
micoparassita specifico di molte speciekysiphalese risulta essere I'agente di biocontrollo
degli oidi piu noto. Alcuni isolati dA. quisqualisdiversi geneticamente sono disponibili in
collezioni di colture ed uno di essi € gia statonotercializzado con il nome di AQ10. | dati
presenti in letteratura risultati di test colturatiorfologici e di prove di aggressivita con divers
isolati diA. quisqualissono piuttosto contrastanti ed incompleti. La delez di isolati altamente
efficaci rappresenta un passo cruciale per il bitrotio degli oidi. C’e la necessita di ulteriori
investigazioni che mirino all'identificazione diredteri fenoticipi che possano essere impiegati
per la differenziazione di diversi gruppi genetiiA. quisqualiscon lo scopo di individuare
isolati piu efficaci all'interno della stessa spedahe differiscono per la loro capacita di

biocontrollo.

Il primo obiettivo del presente lavoro era quellovdrificare la presenza di isolati naturaliAli
quisqualisall’interno di un ampia area viticola (regione fitiao Alto Adige). Lo scopo era di
isolare e selezionare nuovi isolati meglio adatédle caratteristiche climatiche locali rispetto
all'isolato commerciale AQ10 ed altamente aggressd confronti dei funghi appartenenti alla
famiglia delle Erysiphaceaeda poter sviluppare quali nuovi agenti di controlimlogico.
Durante i tre anni di monitoraggio e stata osservsia ridotta parassitizzazione natural&di
necatorcon Ampelomcyespp.(0.17-3.51 %). Chasmoteci Hi necatorparassitizzati da picnidi
e conidi diAmpelomycespp. sono stati individuati sia in vigneti biologche incolti ma anche
in vigneti sottoposti ai trattamenti chimici conzenali. Alcuni degli isolati diA. quisqualis
identificati producevano conidi di forma diversapetto a quelli dell’isolato commerciale

(AQ10) ed erano filogeneticamente diversi da AQ10.

Il secondo obiettivo della tesi era quello di ctmatzare isolati dA. quisqualisprovenienti da
ospiti e regioni geografiche diverse e con unardasequenza ITS rDNA ed indagare se I'ospite
o regione di origine degli isolati o le loro caeaistiche colturali, morfologiche e/o di crescita
sono correlate al loro gruppo filogenetico indicamal tal caso un adattamento all’'ospite oppure

by

all'area geografica. La caratterizzazione moleenldegli isolati e stata fatta seguendo la
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metodologia descritta da Szentivanyi attraverso diterminazione della lunghezza dei
polimorfismi della regione amplificata rDNA-ITS. polimorfismi di sequenza sono stati
utilizzati per classificare e raggruppare gli isolad risultati hanno rivelato molte variazioni
significative tra gli isolati selezionati, evideamdo in tal modo l'esistenza di diverse forme
fisiologiche all’interno della speci@. quisqualis.Le analisi filogenetiche hanno rivelato che
guesti isolati diA. quisqualispossono essere classificati in cinque differentipgr genetici, i
quali in linea generale correlano con I'ospite fumagdi origine e le caratteristiche morfologiche
e di crescita.

Infine, la patogenicita, virulenza e spettro d’espli un gruppo di isolati d\. quisqualise stato
determinato su diversi agenti di oidio. Gli isolatino stati selezionati sia per la capacita di
colonizzazione di diversi oidi (attivita micoparaigs) sia per la produzione in vitro di enzimi
degradanti pareti cellulari (CWDESs). Questo stuldéo mostrato una correlazione positiva tra
I'attivita micoparassitica e la produzione di chitasi e proteasi. Isolati dh. quisqualiscon
livelli simili di attivita micoparassitica eranoigmati dalle stesse specie ospiti e mostravano una

sequenza ITS rDNA identica tra loro.

Un paragrafo addizionale e stato aggiunto pericaré la possibilita di migliorare I'efficacia di
guesto fungo nel controllo biologico degli oidiratterso un aumento del tasso di germinazione
dei conidi del fungo. | risultati attuali hannoelato I'esistenza di alcuni estratti naturali idp

di stimolare la germinazione dei conidi &i. quisqualise migliorare la sua capacita di
biocontrollo degli oidi. Questo studio ha dimostrahe la capacita di geminazione dei conidi di
A. quisqualisé legata a differenze di virulenza nei confrorgil’didio e puo percido essere
considerata come un fattore importante nella satezdi nuovi efficaci agenti di biocontrollo.

Il lavoro presentato in questa tesi fornisce una miofonda comprensione del processo di
micoparassitismo e offre una base solida per lugpo di nuove strategie di selezione per I
individuazione di isolati dA. quisqualisaltamente efficaci nel biocontrollo degli oidi.oltre,

noi abbiamo accertato I'esistenza di isolati Ali quisqualis bene adattati alle condizioni

ambientali locali e la loro scoperta potrebbe rappntare il punto di partenza per il loro
sviluppo quali agenti di controllo biologico deihio nei Paesi del Nord.
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Chapter 1: Introduction

1.1 Natural antagonists of powdery mildew fungi

Powdery mildews (Ascomycotina, Erysiphales) are esoof the world’s most frequently
encountered plant pathogenic fungi and they arengntbe most significant plant diseases,
despite extensive research on their pathogenegideraiology and control. They are often
conspicuous owing to the profuse production of danthat give them their common name.
Among the economically important plants, importarps like grapevine, apple, strawberry, but
also cereals and several vegetables and ornamegrtegn in the field or greenhouses, are the
major targets of powdery mildew fungi. They infésaves, stems, flowers, and fruits of nearly
10,000 species of angiosperms (Braun, 1987). Unalted epidemics oErysiphalesmay result

in yield losses, as well as a reduction in the igpalf the production. During the winter, the
fungus survives either as mycelia in the dormartsbof grapevine or as chasmothecia, which
are the fruiting bodies arising from the sexuagistdn the spring, primary infections originating
from ascospores commonly appear randomly as sedttehitish and powdery spots on leaves
(2-3 mm in diameter) that mainly appear close ®ttiank. The two main methods for disease
control currently available in crop production aepeated applications of fungicides and the use
of cultivars resistant or tolerant to powdery mide However, both methods have their own
limitations (Hewitt, 1998). Public attitude and @owmental concerns towards the use of
pesticides as well as the development of powdelgawi strains resistant to different fungicides
have reduced the appeal of chemicals (Whipps & ldems2001; Bélanger & Benyagoub, 1997;
Ishii et al., 2001). Moreover, in some countrigsuaber of fungicides effective against powdery
mildews are no longer registered for greenhousdymtoon, due to restrictions in pesticide usage
(Jarvis & Slingsby, 1977; Menzies & Bélanger, 199B)ltivars resistant or tolerant to powdery
mildew infections have been developed in a numberaps, but their use is limited, especially
in fruit and vegetable crops (Bélanger & Benyagdi97). All these constraints have led to the
search of alternative methods to control powderidemis. Non-fungicide products, such as
soluble silicon, oils, salts and plant extractsluicing resistance in plants infected with powdery
mildews or acting as prophylactic and/or curatiaetérs are in focus, especially in greenhouse
production (Bélanger & Benyagoub, 1997; Menzies &ldBger, 1996; Pasini et al., 1997,
McGrath & Shishkoff, 1999). On the other hand, #eploitation of antagonistic trophic
interactions between plant inhabiting microorgarsisaifers an opportunity for their use in

biological control of plant diseases, yet few exBaphave reached the market. Microbial
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Chapter 1: Introduction

biocontrol agents (BCASs) of plant pathogen, if faltg selected, may offer a valid alternative to
chemical fungicides in crop protection against weesects, and disease in both agriculture and
forestry (Cook & Baker, 1983; Andrews, 1992). Thiethod is based on the knowledge of
natural interaction between pests or pathogen lagid matural enemies. Some of the beneficial
organisms used in the biocontrol are mass prodanddavailable for large-scale distribution in
crops with the aim to reduce damage populatiorrgamic farmingMicrobial biocontrol agents
have several mechanisms to antagonize their hBetg. different mechanisms for controlling
pests or diseases by BCAs are known: i) inhibitadnthe pathogen by the production of
metabolites produced by another organism (antibjpsi) consuption of the same resource
present in limited quantity, insufficient for thersival of both organisms (competition); iii)
direct attack on the pathogen and using it astrarirsource (mycoparasitism); iv) production of
several metabolites reducing damages due to the mspons to the pathogen (induction of
resistence). Attempts have been made to use micdigtteria, mycophagous arthropods and
other possible non-fungal biological control ageagsinst powdery mildews, but these studies
have provided no promise of practical control taded&iss, 2003). The most promising

biological control trials have involved a numberfafigi antagonistic to powdery mildews.

1.1.1 Antagonistic fungi in nature

The names of all the fungal species reported asalaantagonists of powdery mildews and/or
used in biocontrol experiments against them arsgmted in Table 1. Some of these fungi are
well-known natural antagonists of powdery mildewsr example,Ampelomycesspp. or
Tilletiopsisspp. were repeatedly isolated from plants infeetéd powdery mildew worldwide
(Kiss, 1998; Falk et al., 1995; Knudsen & Skou, 3;98lecan et al., 1990; Urquhart et al.,
1994). Other fungi, such &ephalosporiunspp.,Cladosporiumspp. orTrichotheciumspp. are
cited as being frequently associated with powdeitgdew colonies (Braun, 1987). Furthermore,
Pseudozyma flocculosa known worldwide and this species is considevee of the most
efficient biocontrol agent of powdery mildews (A& Bélanger, 2001). A number of species
included in Table 1, such #@phanocladium albunfHijwegen & Buchenauer, 1984) were also
reported to inhibit naturally the sporulation amdwth of powdery mildews, but available data

on their natural occurrence and/or biocontrol aigtigre very limited. Some of these data need

10



Chapter 1: Introduction

further confirmation. Other fungi, such asichodermaspp. (Elad, 2000; Elad et al., 1998),
Penicillium chrysogenunor Fusarium oxysporum(Hijwegen, 1988) were used in some
biocontrol trials against powdery mildews, but tivegre never found to be naturally associated

with powdery mildew colonies.

Due to the biotrophic nature of powdery mildewsndal antagonists can act against them
through antibiosis and mycoparasitism only. Contigetifor nutrients and/or space, the third
major mechanism of microbial antagonism, is notitda against powdery mildews. The niche
they occupy in the phyllosphere could be coloniaely by other plant pathogens and certainly
not by biocontrol agents. Mycoparasitism of powdemnjdews byAmpelomycespp. is one of
the best known mechanisms of fungal antagonismsd latracellular mycoparasites suppress
the sporulation of the attacked powdery mildew nigcend kill all the parasitized cells (Kiss,
1998; Falk et al., 1995; Hashioka & Nakai, 1980ha# the sporulation rate of the pathogen is
high, the mycoparasites usually cannot stop theaspof powdery mildew colonies. In contrast,
other phyllosphere fungi acting through antibiosisch ag®>seudozymapp. orTilletiopsisspp.,
can kill powdery mildew colonies rapidly and coniplg, causing plasmolysis of their cells
(Hajlaoui et al., 1994; Choudbury et al., 1994)m@oauthors have proposed to enlarge the
possible modes of action of antagonists by consigeinduced resistance as a part of the
antagonistic effect (Bélanger & Labbé, 2002). Thduction of plant defence might be a
plausible mechanism in cases when neither mycoiarasnor antibiosis can explain the
efficacy of a biocontrol fungus (Elad, 2000; Elad a&., 1998). Most probably, in many
biocontrol agents the antagonistic effect is basednore than one mode of action (Cook &
Baker, 1983; Bélanger & Labbé, 2002)erticillium lecanij for example, was reported as a
mycoparasite of powdery mildews that penetratertbells either directly or by means of
appressoria (Heintz & Blaich, 1990). However, adowg to recent studies, antibiosis also plays
an important role in this interaction (Bélanger &hlbée, 2002). However, in most antagonists,

the modes of action against powdery mildews are gelsr unknown.

11



Chapter 1: Introduction

Table 1. A list of fungi tested as potential biocontrol ateagainst powdery mildews.

Antagonist

Powdery mildew

Plant host

Mode of actio

Acremonium alternatu
A.strictun
A.lanosoniveul
Ampelomyces quisque

Aphanocladium albu

Aspergillum fumigatt

Cladosporium spongiost

Cladosporium sj

Cephalosporium s

Calcarisporium arbusco

Cladobotryum variui
Chaetomium sp
Drechslera spicifer
Fusarium oxysporu

Paecilomyces farinos

Penicillium chrysogenu
P. fellutanur
Peziza ostracodern

Pseudozyma sy

Scopulariopsis brevicau

Sphaerotheca fuligine
S. fuligine:

S. maculari

Many specie

Erysiphe cichoracearu
S. fuligine:

S. pannos

E. cichoracearut
Phyllactinia dalbergia
Ph. corylee

S. fuliginei

Leveillula taurict

S. fuliginei

S. fuliginei

S. fuliginei
Podosphaera leucotricl
E. cichoracearui

E. cichoracearui
S.fuliginee

E. mart

L. taurice

S. fuligine:

E. cichoracearui
S.fuliginee

S. fuliginei

E. polygon

S. pannosi

Blumeria gramini

S. fuliginei

Cucumis sativt
C. sativu
Strawberr

Many specie

C. sativu

C. sativu

Rosa sy

C. sativu
Dalbergia sisso
Morus albs
Cucurbita pep
Capsicum annuu
Citrullus lanatu:
C. sativut

C. sativu

Malus domestic
C. maxim

C. maxim

C. sativu
Lupinus polyphyliL
C. annur

C. sativu

C. maxim

C. sativu

C. sativu
Trifolium pratens
Rosa sy

Triticum aestivur

C. sativu

Mycoparasitism ®

Mycoparasitisr
Antibiosis *,
Antibiosis ‘
Antibiosis ‘
Antibiosis ‘
Antibiosis *
Antibiosis *
Antibiosis *
Antibiosis *

~
¢
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Chapter 1: Introduction

Table 1. (continued)

Antagonist Powdery mildew Plant host Mode of actio
Sesquicillium candelabrt S. fuligine: C. sativu 7
Sepedonium chrysosperrr  S. fuligine: C. sativu 7
Tilletiopsis albescel S. fuligine: C. sativu Antibiosis
B. graminit Hordeumvulgare Antibiosis
T. minol S. fuliginei C. sativu Antibiosis
E. mart L. polyphyllu: Antibiosis
B. graminit H. vulgare Antibiosis
T. pallescer B. graminit Hordeum vulgar Antibiosis
S. pannosi Rosa s| Antibiosis
S. fuliginei C. sativu Antibiosis
T. washingtonens S. fuliginei C. sativu Antibiosis
Tilletiopsis sf S. fuliginei C. sativu Antibiosis
Trichoderma harzianu S. fusc C. sativu Induced resistence
T. viride S. fuligine: C. sativu 7
Verticillium lecani S. fuliginei C. sativu Mycoparasitism
E. necato Vitis sp Mycoparasitism
V. fungicol: S. fuliginei C. sativu 7

8The mechanism of action is unknown

13



Chapter 1: Introduction

1.1.2 Potential relevance for biocontrol

Crops are constantly under the attack of pest atftbgens. In the past harvest losses due to pest
and diseases often caused food shortage and skreiges (i.e.Phytophthora infestansn
potatoes in Ireland). It is therefore understanelddadw the development of chemical pesticides
were applauded in the past century. Soon afterirthial enthusiasm, synthetic compounds
showed their serious drawbacks: toxicity and negaéffect on human health, environmental
pollution, but also outbreaks of uncontrolled remget pests due to the disruption of ecological
balance and loss of efficacy related to resistarg#tins in the pathogen population. In EU,
consumers and policy makers concerns on pestieidesuraged, through specific and stringent
regulations, the removal of highly toxic pesticidesm the market. Incorporation of transgenes
to obtain genetically modified plants resistanpésts and pathogens can help in future to solve
point wise particular problems. Therefore, chemiralustry is nowadays looking for new
generation pesticides, which must be safe for amessi and have a low or null impact on the
environment. The exploitation of antagonistic tnopimteractions between plant inhabiting
microorganisms offers an opportunity for their uséiological control of plant diseases, yet few
examples have reached the market. Microbial bioobmtgents (BCAs) of plant pathogen, if
carefully selected, may offer a valid alternativee ¢hemical fungicides, being them safe,
biodegradable and renewable. Many potential BCAgehaeen tested against several plant
pathogens and various mechanism of action have tescribed (competition for space and
nutrients, antibiosis, induced resistance, hypagtasm), but they are far from being fully
understood. The most promising biological contmls have involved a number of fungi
antagonistic to powdery mildews and have resultedhe development of two biofungicide
products, AQ10 Biofungicide and Sporodex, whichénaeen registered and commercialized in
some countries. AQ10 contains the conidia of airsted a pycnidial fungusAmpelomyces
quisqualis(Hofstein et al., 1996) while Sporodex is basedh@donidia of a basidiomycetous
yeast,Pseudozyma flocculog®aulitz & Beélanger, 2001). Other biocontrol fumgive also been

studied extensively for the same purpose.

Integrated management programs were also developethining the use of some biocontrol
agents, such a#@\. quisqualisin grapevine and cucumber (Hofstein & Fridlend&§94;

Sundheim, 1982) an®. flocculosain rose (Bélanger & Benyagoub, 1997) together veth
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reduced amount of fungicide. The results obtainétl whe two, already registered biocontrol
agents, as well as with other extensively studiedy&l antagonists of powdery mildews such as
other Ampelomycesand Pseudozymaspecies, Verticillium lecanii Tilletiopsis spp. and
Acremonium alternaturhave been thoroughly reviewed (Paulitz & Bélange01; Bélanger &
Benyagoub, 1997; Elad et al., 1996; Menzies & Bgéain 1996; Bélanger & Labbé, 2002).
However, the list of antagonistic fungi tested agtipowdery mildews is much longer. A
number of fungal antagonists were used in onlyam@&vo trials, in which they were reported to
be potentially useful against powdery mildews, thvaty were not included in any further studies.
This may be due to undisclosed limitations or teeotfactors. Most probably, the lack of data on
the biocontrol potential of a number of antagonistkects only the degree of their evaluation.

1.2 Mycoparasitism byAmpelomyces quisqualis

Pycnidial fungi belonging to the genusmpelomyce<Ces. are the oldest known and the
commonest natural antagonists of powdery mildewas llave been intensively studied in crop
protection practice. lis specific to the fungi belonging to the Erysigsa(Powdery mildews).
The interactions between host plants, powdery milflengi and Ampelomycesnycoparasites
are one of the most evident cases of tritroph@ti@hships in nature, because this relationship is
common world-wide and takes place exclusively onahglant surfaces, thus facilitating its
direct observation (Kiss, 1998). However, it hasereed little attention in fungal and plant
ecology, although it could be used as a modeludysthe significance of mycoparasitism in the
natural dynamics of plant parasitic fundi. quisqualisis naturally present worldwide with
seemingly a wide host range (16 spp. of Erysiphate27 different host plantsh. quisqualis
has been considered to be a single species fong@ time, but its taxonomy has become
controversial and probably merits extensive rewigiButton, 1980; Kranz, 1981). Variation in
the morphology of conidia, cultural characteristiesd rDNA ITS sequence of differeAt
quisqualisstrains has been described, suggesting that tlmmiml ‘A. quisqualis’ has been
applied to a range of strains representing a specinplex. In the absence of a formal
taxonomic reassessment, the use of the binomAal duisqualis for all the pycnidial
hyperparasites of powdery mildew fungi is techrjcalot correct and a taxonomic revision is
clearly needed. Until recently. quisqualiswas often confused with several other spedies:
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qguercinus A. humulj A. heracliand Phoma glomerataDuring recent decades, the spedes
quisqualishas undergone several taxonomic reorganizationstires in the assignment of the
fast-growing strainsif vitro radial growth of 3-4 mm da}) to P. glomerataand other
Ampelomycesspp., the slow-growing strains (0.5-1.0 mm dphave been assigned
quisqualissensu stricto (Kiss, 1997; Kiss & Nakasone, 1988)lecular analyses based on the
internal transcribed spacer (ITS) region of the learc ribosomal RNA gene (rDNA) have
revealed a high level of genetic diversity améngjuisqualissensu stricto strains (Angeli et al.,
2009; Kiss, 1997; Kiss and Nakasone, 1998; Kisal.e2011; Liang et al., 2007; Nischwitz et
al., 2005; Sullivan and White, 2000; Szentivanyiaét 2005). Recently, phylogenetic studies
have indicated that ITS groups could be relatethéohost fungus, suggesting, in most cases, a
degree of mycohost specialization, although noexnaé for a strict association has been found
(Park et al., 2010; Pintye et al., 2012). Biocohnpratential of differentA. quisqualisstrains has
been assessed on more than 15 powdery mildew {iingg et al. 2004). There is no evidence
for host specificity, so it is current practice donsiderA. quisqualisa pycnidial intracellular

mycoparasite of all powdery mildews world-wide (&Kist al. 2004).

1.2.1 An overview of the biology and natural occurence

A. quisqualisis a naturally occuring mycoparasite specific agadifferent powdery mildew
agents. It can grow saprophytically, but has littkance to longer survive in natural environment
without the host. Conidia dk. quisqualisare produced in pycnidia (fruiting bodies) develbpe
intracellularly within powdery mildew hyphae, coiughores (specialized spore-producing
hyphae), and chasmothecia (the closed fruitingdsodf powdery mildews). In ca. 10-20 h under
conditions of high humidity (Jarvis & Slingsby, I97conidia germinate and the hyphae of the
mycoparasites can then penetrate the host. Thg statle of mycoparasitism is apparently
biotrophic, the later coincide with the death o thvaded cytoplasm (Hashioka & Nakai 1980,
Sundheim & Krekling, 1982). Parasitized powderydei colonies can continue their radial
growth, but their sporulation stops soon afiequisqualispenetrated their mycelia. The conidia
concentration on the leaves is relevant: germinatapidly decreases above a concentration of
10° cfu mr* due to the production of a self inhibitor (Gu & K897). There is no indication that

in vitro toxic metabolites or allergenes are pragtichowever there is no report on absence of
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toxicity and allergenicity of metabolites produaating the parasitic phase. Also the specificity
to the powdery mildew is questioned as under higltulum dosages it may be possible for this
BCA to attack non-target fungal species and utdilhiost range is identified, it is difficult to
determine the risk to beneficial fungi and otheil mganisms (Brimner & Boland 2003).
Moreover, toxin production has not been detectedu{Ber et al. 1981) in contrast to other
pycnidial mycoparasites. The presence of host fumgecognized byA. quisqualis a water-
soluble substance from powdery mildew conidia skatas the germination of its conidia in vitro
(Gu & Ko 1997), and growth directed to the host g has also been observed. As with
phytopathogenic fungi, penetration of the host walll involves both enzymatic and mechanical
processes with appressorium-like structures (Sunudi& Krekling 1982). Extracellular lytic
enzymes have been identified in liquid culturesfofquisqualis which may play a role in the

degradation of the powdery mildew hyphal walls dgnpenetration.

A. quisqualishas been found on more than 64 species of powaddew on 256 species of
plants (Kiss, 1997; Kiss, 2003; Kiss et al, 2008 4-year study of the natural incidence Af
quisqualisin the field in a total of 27 species of powderiidew fungi infecting 41 host plant
genera showed that, in 16 out of the 27 powderydewmil species studied, pycnidia Af
qguisqualiswere present. The intensity of the mycoparasitidefined as a percentage of the
powdery mildew mycelia parasitized By quisqualisranged from 0 to 65 % (Kiss, 1998). This
wide host range, combined with tolerance to a nunadfefungicides used against powdery
mildews, make#\. quisqualighe ideal candidate for use as a biological coratgaint (Falk et al.,
1995; Sundheim & Tronsmo, 1988; Sztejnberg etlaB9).

1.2.2 Biocontrol potential and its exploitation insustainable agriculture

Biological control, a phenomenon based on the amisggn between micro-organisms, is
considered as an alternative way to prevent or reggppowdery mildews in some crops.
Microbial biocontrol agents have several mechanistos antagonize their hosts and
mycoparasitation is an effective tool to contrchrgl pathogens. It is demonstrated by the fact
that an hyperparasife. quisqualisof plant pathogen fungi was the first microbiahdicide to be
commercially developed and it is currently the mately used, not only in organic agriculture,

but also on conventional integrated pest manager(ieiM). Infact, a product based oh.
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guisqualisconidia (AQ10 Biofungicide) is registered and coenamalized.A. quisqualiss one of
the most successful commercialized biocontrol egesfifective against powdery mildews on
several crops (Whipps & Lumsden, 2001). Yarwood3@)9was the first author to identify the
potential role ofA. quisqualisas a biocontrol agent, although the first impdrtafficacy trial
was reported by Jarvis and Slingsby (1977) who asednidial suspension of the mycoparasite
to control cucumber powdery mildew in greenhous€18 is widely exploited to control
powdery mildew of various crops but report datatlbe effectiveness in the powdery mildew
control by AQ10 application are contradictory (§#berg, 1993). In some experiments, good
control of powdery mildews of various crops wasiaced but other trials showed that the
biocontrol was ineffective, although parasitisnmpofvdery mildew colonies on the treated crops
did occur (Angeli et al., 2009; Gilardi et al., 2)1There are a number of biotic and abiotic
factors that do not seem favourable for the widemsghrand activity ofA. quisqualisagainst
powdery mildew fungi and temperature and relativenidlity represents two important limiting
factor in its use in biocontrol. However a numbgexamples of acceptable disease control have
been reported for greenhouse and field-grown vétgetarops. Repeated applications are
generally necessary, and high humidity and rairdall in spread to developing mycoparasite.
The use of mycoparasites, entrains the tolerance adrtain level of disease as they can only
attack established infections. Evolutionary consitlens indicate also that mechanisms allowing
the host to survive must be active such as fastavty and spread than that the hyperparasite or
a mechanism that induces a reduction of aggresstgenon a weakened host. As many other
BCAs its activity is often inconsistent, due to thek of information of its interactions with the
host and environment. A good knowledge of the meishas involved in mycoparasitism would

help to design formulation additives or to seléias with enhanced abilities.

1.3 Aim of the thesis

This work fulfils the task 1 and task 2 of the atyi of AMPELO, a project founded by the
Autonomous Province of Trento and started in 200& wide objective of the project was to
provide the basis for an advanced approach forldewvey low impact fungicides, being them

microbial, enzymatic or chemical, through underdtag the molecular mechanism of host
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recognition, parasitisation and virulence regulatiof a mycoparasite A( quisquali¥ of

commercially worldwide important diseases (powdailgews).

Grapevine is one of the most important crops imiine-Alto Adige (Northern Italy), with a
cultivated area of approximately 10,000 Eaysiphalesare among the most damaging plant
diseases in Trentino Alto adige region. Powderydeml, caused by the obligate biotrophic
fungusErysiphe necato(Schw.) Burr, is the most important diseases because of themreof
pathogen inoculum and favorable environmental dard for its development. Uncontrolled
epidemics ofE. necatormay result in yield losses, as well as a reductiothe quality of the
produced wine (Gadoury et al., 2001; Ough & Bef@y9). Control diseases relies mainly on the
use of chemical fungicides alternative methods dontrolling powdery mildews have been
studied, includinghe use of microbial biocontrol agents (Paulitz &éthnger, 2001; Elad et al.,
1995) A. quisqualigs a widespread hyperparasite of powdery mildevesk(Et al. 1995; Kiss
2003; Kiss 1998) and it is the most studied bioadragent of powdery mildews (Kiss, 1997).
This thesis has two principal objectives. The fissthe investigation on the natural occurence of
A. quisqualison variousErysiphaceaespecies cultivated in environments with a moderate
climate using the Alpine Valleys of Northern Itdlirentino region) as case study. The second is
the biological and mycoparasitic characterizatibthe genetically differenf. quisqualisstrains

in order to develop a quick and simple method flecing new strains better adapted to the
local environmental conditions than commercial istrAQ10 and highly aggressive against

Erysiphaceador a potential development as biocontrol agents.

To achieve this, the work was structured in théoWing order:

In chapter 2 we evaluated the occurrencé€nfsiphe necatochasmothecia in Trentino-Alto
Adige region and monitored their development in Wreeyards during a three-year survey.
Moreover, the presence Af quisqualison grapevine powdery mildew in a wide viticultaea

in Northern Italy (Trentino-Alto Adige region) waassessed. Wild strains morphologically
distinct from the commercial. quisqualis(AQ10) isolated from parasitized chasmothecia,
commercial AQ10 strain and other strains obtaineenfgenetic resource collection or other

sources (CBS) are included in the following invgastions.
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In chapter 3 the population & quisqualispresent in the vineyards of Trentino region togeth
with AQ10 and other strains were morphologicallydaphysiologically characterized.
Furthermore, all strains were molecularly charamter following the methodology described by
Szentivanyi (2005) determining the length polymaspts of the amplified rDNA-ITS region
and the amplicons fully sequenced. Sequence polymsmns were used to classify and group the

strains and the phylogenetic relationship amonmtivas evaluated.

Chapter 4 regarded evaluation of some traits asativith strain aggressiveness and testing the
hypothesis that the ability &. quisqualisstrains in colonizing powdery mildew pathogens and
the ‘in vitro” production of cell wall degrading enzymes (CWDEskreted by the fungi are
important factor in selecting. quisqualisstrains for biocontrol. Mycoparasitic and enzymati
assays were developed for the rapid and specitiectien of new, highly effective strains for
biocontrol.

In the last chapter (5) a general protocol wasvedrior optimizing the production of pure, high
concentrationA. quisqualisspore suspensions. We attemped to improve theiesfty of the
hyperparasite in the biological control of powdaryidews by adding a certain number of

additives to the inoculum in order to overcome Hdityirequirements of the fungus.
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Chapter 2: Natural parasitism Bynpelomyces quisqualis

Abstract

In Northern Italy,Erysiphe necatooverwinters almost exclusively as chasmotheciamF2004

to 2008, we investigated the occurrence of natpeahsitism of grapevine powdery mildew
chasmothecia bAmpelomyces quisqualis the Trentino-Alto Adige region, in northern kal
The survey was conducted in 18 vineyards in autug@®! and 2005 and in 45 vineyards in
autumns 2006 and 2007. The incidence of powderglawilsigns (white powdery mycelia and
conidia), the number of chasmothecia and their ldpweent pattern, and the incidence of
parasitism byA. quisqualisvere assessed. The productiorEohecatorchasmothecia on leaves
is related to the incidence and severity of theaie on leaves at the end of the season and is not
correlated with the elevation of the vineyard, whis inversely related to the temperature. A
limited amount of natural parasitism & necatorby Ampelomycespp. (0.17-3.51 %) was
observed in all of the years of the survey. Pyenahd conidia oAmpelomycespp. parasitizing

E. necatorchasmothecia were found both in conventional, miogdly grown on and untreated
vineyards. Some of the isolaté&impelomycestrains have conidia that are shaped differently
than those of the commercial quisqualisstrain (AQ10) and are phylogenetically differerrfr
AQ10.

2.1 Introduction

Grapevine powdery mildew, caused by the obligatérdyphic fungusErysiphe necato(Schw.)
Burr., is one of the most important grapevine diseaselaly, because of the presence of
pathogen inoculum and favorable environmental dard for its development. Uncontrolled
epidemics ofE. necatormay result in yield losses, as well as a reductiothe quality of the
produced wine (Gadoury et al., 2001; Ough & Berg79). During the winter, the fungus
survives either as mycelium in the dormant budgrapevine or as chasmothecia, which are the
fruiting bodies arising from the sexual stage (B&liLafon, 1978; Pearson & Goheen, 1988).
Mycelium preserved inside the bud is thought teegrge to so called flag shoots in spring. The
infected flag shoots are stunted, deformed and redvevith white powdery mycelium and
conidia (Rumbolz & Gubler, 2005). In contrast, ahathecia represent the main source of

primary inoculum in regions with cold winters, sumhare found in northern Italy. In the spring,
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ascosporic infections originating from chasmoth@cmmonly appear randomly in the vineyard
as scattered whitish and powdery spots on leavés 3Imm in diameter) that mainly appear on
leaves close to the trunk (Grove, 2004; Pearsonafddry, 1987; Sall & Wrysinski, 1982;
Ypema & Gubler, 2000). Grapevine is one of the mimgtortant crops in Trentino-Alto Adige
(northern ltaly), with a cultivated area of approgtely 10,000 ha. Chasmothecia are thought to

be the main overwintering form &. necatorin this region (Angeli et al., 2006).

Ampelomyces quisqual(@es. is a naturally occurring mycoparasite of sveowdery mildew
species Erysiphale$, includingE. necator(Falk et al., 1995a; Kiss, 1998; Sundheim & Kregli
1982).A. quisqualishas been considered to be a single species @orgatime, but its taxonomy
has become controversial and probably merits exemsvision (Kiss & Nakasone, 1998). The
morphology of the conidia and pycnidia of differeht quisqualisisolates and the growing
patterns of colonies of these isolates on laboyatwedia are highly variable (Kiss et al., 2004).
The pycnidia ofAmpelomycespp. also vary in shape depending upon the fusigatture in
which they were formed. They are pear-shaped, fpsithped or nearly spherical when they are
formed insideE. necatorconidiophores, hyphae or chasmothecia, respegtitgicnidia contain
cylindrical to spindle-shaped conidia, which areastonally curved and two-spotted (Falk et al.,
1995a). Recent molecular studies have hypothesimexistence of more than one species in
the genusAmpelomycesAnalyses of the internal transcribed spacer (Ifggjon of the nuclear
ribosomal RNA gene (nrDNA) of several putatie quisqualisstrains have uncovered a high
level of genetic diversity (Kiss, 1997; Kiss & Nakme, 1998; Sullivan & White, 2000;
Szentivanyi et al., 2005), which suggests thatihemial A. quisqualisshould be regarded as a

species complex (Kiss & Nakasone, 1998).

A. quisqualishas been found on more than 64 species of powaddew on 256 species of
plants (Kiss, 1997; Kiss, 2003; Kiss et al., 200&)is wide host range, combined with tolerance
to a number of fungicides used against powdery emij makesA. quisqualisthe ideal
candidate for use as a biological control agenkk(Etal., 1995b; Sundheim & Tronsmo, 1988;
Sztejnberg et al., 1989). Ak quisqualisstrain isolated in Israel has been formulatedstered,

and commercialized in several countries underrdietname “AQ10” (Sztejnberg, 1993).

A. quisqualiscan grow saprophytically for short periods of timmut has little chance of

surviving for longer periods in natural environmgentithout parasitizing a powdery mildew
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host. It requires water to germinate and to infemt/dery mildew colonies. Infections can occur
in less than 24 h at 25 °C (Kiss et al., 2004; %end & Krekling, 1982) A. quisqualisnvades
and grows within powdery mildew hosts (Hashioka &kidi, 1980; Sundheim & Krekling,
1982). Parasitized powdery mildew colonies are,dldttened and off-white to gray in color.
Pycnidia are formed within hyphae, conidiophoremidia and the immature chasmothecia of
powdery mildews. Once the mycoparasite has begupraeduce pycnidia, the hyphae and
conidiophores swell to several times their normahgkter and the amber color of the pycnidial
walls of A. quisqualismay be visible through the cell walls of the h@salk et al., 1995a).
Several studies have shown tlatquisqualiscannot parasitize matuke necatorchasmothecia
(Falk et al., 1995a; Kiss et al., 2004). Paragitizkasmothecia are typically dull, fawn-colored,
and flaccid and range from 64 to 13@n in diameter (5)A. quisqualisparasitism reduces
powdery mildew sporulation, as well as the produciof chasmothecia and may eventually kill
the entire mildew colony (Falk et al., 1995a; Fallal., 1995b; Hashioka & Nakai, 1980; Kiss et
al., 2004; Sundheim & Krekling, 1982).

While a few studies have reported the presende glisqualison several powdery mildews on
several plants (Kiss, 1998; Kiss et al., 2004) shaly has reported on the extent of the natural
occurrence ofA. quisqualison grapevine powdery mildew. The aims of this gtugtre i) to
assess and quantify the presencémipelomycespp. on grapevine powdery mildew in a wide
viticulture area in northern Italy (Trentino-Altodfge region); and ii) to characterize the isolates
present in the area. We also evaluated the ocagrehchasmothecia in Trentino-Alto Adige

region and monitored their development in the vardy

2.2 Material and Methods

2.2.1 Study sites, assessment, and sampling

The study was carried out from 2004 to 2007 inTtrentino-Alto Adige region of northern Italy.

Sampling was carried out between 15 and 31 Octobd8 vineyards from 2004 to 2007.
Additionally, 27 vineyards were sampled in 2006 &@@7, respectively. The vineyards were
randomly selected. The sampled vineyards included/entionally and organically managed

vines; abandoned (untreated) vineyards were als@wed. The chemical fungicides used in the
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conventionally managed vineyards included mancoZelpet, dimethomorph, zoxamide,
iprovalicarb, quinoxyfen, spiroxamine, copper, $uip acylalanines, strobilurins and triazoles.
In the organic vineyards, only sulphur and copperemusedA. quisqualis(AQ10; Ecogen,
Langhorne, PA, USA) was not used in any of the nooed vineyards during the survey period.
The size of each sampled vineyard ranged betwe@rms6 1200 t In each vineyard and year,
four replicates of 25 leaves each were randomliecd at the fifth leaf from the shoot. For
each replicate, the percentage of infected argh@npper surface of the leaf (whitish, powdery
spots) and the number of infected leaves were Wsaassessed. Disease severity (percentage of
infected leaf area) and incidence (percentagefetiad leaves) were calculated. A disk (2 cm in
diameter) was cut from the central part of eachpadnleaf. TheE. necatorchasmothecia on the
upper side of each leaf disk were counted undeer@a@microscope (Nikon SMZ 800, Tokyo,
Japan). To identify the optimal times for assesspagasitism by and development of
Ampelomycespp., the ripening of chasmothecia was surveyedkiydmsetween August and
November in an untreated experimental vineyard @shiava) in S. Michele all’Adige on a
sample of 100 randomly collected leaves. The nundfechasmothecia was assessed as
described above. Chasmothecia were classified three categories according to their color,
which reflects their development stage: yellow (ygy brown (semi-mature), and black
(mature). On each leaf (100 leaves per vineyartieated when black chasmothecia were 50 +
10%), Ampelomycespp. mycoparasitism oE. necatorwas assessed under a light microscope
(Hund Wetzlar H 600LL, Wetzlar, Germany), in teraighe presence of parasitized dull, flaccid
and fawn-colored chasmothecia, brownish intracallyycnidia inE. necatorhyphae, and/or
cylindrical, spindle-shaped, and two-spotted camidin detail, E. necator mycelium and
chasmothecia were transferred into Eppendorf tilyesrushing the upper surface of sampled
leaves (four tubes for each replicate of 25 leawaesl) stored at 4 °C. One hundred chasmothecia
from each tube were mounted in lactophenol andrgbdeunder a light microscope to asses the
percentage of parasitized cleistothecia, as wealhapresence dimpelomycespp.pycnidia and
conidia. SinceAmpelomycespp. infect and produce pycnidia only inside yowarg semi-
mature chasmothecia, as reported in several studigmrasitism ofE. necator(Falk et al.,
1995a; Kiss et al., 2004), when black chasmothe@es 50 + 10 % of the total, we selected
yellow and brown chasmothecia and excluded matark drown chasmothecia. Chasmothecia

were gently crushed by pressing the cover slip dkverglass slide on which the sample was
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spread, to allow the releaseArihpelomycespp. conidia and pycnidia. The possible presence of
Ampelomycespp. pycnidia in the sample was recorded. Thelemie ofAmpelomycespp.in
each vineyard was calculated as the percentagg. ofecator chasmothecia parasitized by
Ampelomycespp. During 2005 to 2008, between April and Mayeath year, the vineyards
were monitored weekly to check for the presendagfshoots.

2.2.2 Isolation, identification, morphological, andmolecular characterization
of isolates ofAmpelomyces spp.

Ampelomycespp. samples on parasitized chasmothecia and iayeete initially identified by
comparing the morphological characteristics of txserved conidia and pycnidia with those
described in the literature (Falk et al., 1995asi1998; Kiss et al., 2004). Some of the
Ampelomycespp. samples were isolated by transferring thed@monto potato dextrose agar
(PDA, Oxoid, Hampshire, UK) amended with 2 % chfophenicol (Sigma, St. Louis, MO,
USA). Morphological identification and measuremeatycnidia and conidia (length, width,
and shape) were carried out on twenty replicatgsnfdia) for each isolate. Five isolates (ITA 1,
ITA 2, ITA 3, ITA 4, and ITA 5) were selected fdne genetic analysis, each representing the
different morphological shapes (fusiform or ellighofound in homogeneous areas of Trentino
region (Trento North, Trento South, and Rovereldle mycelium of each of five 20-day-old
Ampelomycespp. isolates grown on PDA was collected from iR#ishes and freeze-dried.
DNA was extracted from gg of homogenized lyophilized mycelia, using the locSpin Plant
Kit (Macherey-Nagel, Diren, Germany) according tanofacturer’s instructions. The ITS
region of the nuclear ribosomal DNA was amplifiesing the specific fungal primers ITS1 and
ITS4 (White et al.,, 1990). PCR was performed in @ene Amp PCR System 9700 (Perkin
Elmer, Waltham, MA, USA) and the following cyclirmrameters were used: initial denaturing
step at 95 °C for 3 min, 35 cycles of denaturirggp st 95 °C for 30 s, primer annealing at 60 °C
for 30 s, extension step at 72 °C for 30 s andha fxtension at 72 °C for 7 min. PCR products
were detected by electrophoresis on 1 % agarosia g&8E buffer supplemented with ethidium
bromide (0.5ul/ml). PCR products were purified using the ExoSAPenzymes (USB
Corporation, Staufen, Germany) and sequenced usgirgig Dye Terminator v1.1 Cycle

Sequencing Kit (Applied Biosystems, Foster City, ,CASA). Both DNA strands were
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sequenced with the primers used for PCR ampliboatelectrophoresis was carried out using an
ABI 3130xl Genetic Analyzer (Perkin Elmer). The sensus sequence was assembled using
Pregap4 and Gap4 (Staden et al., 2000). Searches peeformed in the NCBI/GenBank
database to find the closest relatives of the sempeeisolates and the similitude percentages
through the BLAST method (Altschul et al., 1990heTClustalW?2 program, available for free
on the internet (Larkin et al., 2007), was use@dnstruct multiple sequence alignments using
the DNA identity matrix and to visualize the evadumary relationship between the input
sequences. The alignments were checked and edsied Bioedit 7.0.5.2. (Hall, 1999) to
generate an alignment of the same length for imigrphylogenies. Maximume-likelihood and
neighbor-joining analyses based on ITS region sezpgewere conducted using respectively the
programs BioEdit 7.0.5.2. and Mega4 (Tamura et281Q7) with the Jukes-Cantor substitution
model and with rate uniformity among sites. All piosis containing gaps and missing data were
eliminated. The branches of the inferred tree wested by bootstrap analysis (Felsenstein,
1985) with 1000 replicates. The trees were visedliasing TreeView 1.6.6 (Page, 1996).

2.2.3 Meteorological data and statistical analysis

Meteorological data (rain, hourly temperature agldtive humidity) were collected by the local
agro-meteorological service (http://meteo.iasmmagtéo/). Sum of hours with optimal
temperatures (from 20 to 27 °C) for powdery mildfection and disease development and
total rain (Pearson & Goheen, 1988) were calculdtech May 1 to October 31. Statistical
analyses were performed using Statistica softwafe (8tatsoft, Tulsa, OK, USA). Disease
incidence and severity data were Arcsin-transforioedormalize the data. One-way analysis of
variance (ANOVA) was used to compare differencesthie incidence and severity in the
different years. Means were separated using Tuk&sss ¢ = 0.05). The Chi-square test
followed by Ryan’s multiple comparison tes? £ 0.05) (Ryan, 1960) was used to compare

differences in the presenceAipelomyces the different years.
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2.3 Results

2.3.1 Natural occurrence of. necator

The assessment of powdery mildew infections in shenpled vineyards at the end of the
growing seasons detected increases in diseasetgemed incidence between 2004 and 2007
(Fig. 1). The monitoring showed both high incidenead high severity dE. necatorinfections

in 2006 and 2007 (34 and 45 % of average sevenity4® and 67 % of average incidence in all
vineyards, respectively) probably because of therfble climatic conditions for powdery
mildew (Pearson & Goheen, 1988) present after senaihrough the end of the growing season
(Fig. 2). In 2006 and 2007, it was cooler and minduring the last part of the season, as
compared to the earlier seasons (data not shovimjlas to the findings concerning disease
severity and disease incidence on leaves, the aopu$ ofE. necatorchasmothecia were lower
in 2004 and 2005 than they were in 2006 and 20@y. @. There was a very high correlation
between the severity of powdery mildew infectiondeaves in the vineyard (average of the four
replicates) and the number Bf necatorchasmothecia per unit of leaf area (average ofdte
replicates; Fig. 4). A similar high correlation walsserved between powdery mildew incidence
and the number of chasmothecia per unit of ledhsararea. In 2004, 2005, 2006, and 2067, R
values were 0.938 (y = 4.3898x — 63.046), 0.952 4/6758x — 65.763), 0.984 (y = 5.4574x —
88.023), and 0.972 (y = 6.2413x — 156.83), respelsti There was no correlation between the
number of chasmothecia per unit of leaf area arcetévation of the different vineyards, which
is inversely related to temperature. No flag shegtse seen in the vineyards in the years of the

survey and infections began (seemingly) randomth@&monitored vineyards.
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Figure 1. Average powdery mildew incidence (a, percentageafes that were infected) and severity (b,
percentage of leaf area that was infected) in dmgsy in the Trentino-Alto Adige region that were
sampled at the end of each growing season (15-81b&. Four replicates (25 leaves per replicatew
assessed in each vineyard. Gray bars indicatevéirage of the 18 vineyards monitored over the 4syea
black bars indicate the average values in the Bgyards that were only surveyed in 2006 and 2007.
Error bars represent one standard error of the m€atumns with the same letter (a-d) are not
significantly different from one anothd? £ 0.05) according to Tukey's test.
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Figure 2. Periods with suitable temperature for powdery ewldsum of hours with temperature between
20 °C and 27 °C) and total rain from May 1 to OetioBl of each year in S. Michele all’Adige (Tremwtin
Alto Adige region).
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Figure 3. Number of chasmothecia per unit of leaf area’dmthe sampled vineyards in the Trentino-
Alto Adige region at the end of each growing seaf31 October). Four replicates (25 leaves per

replicate) were collected and chasmothecia weratedwon leaf disk samples cut from the middle ahea
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leaf. Gray bars indicate the average value forlevineyards monitored for the four years; blacksba
indicate the average values for the 27 vineyards were only surveyed in 2006 and 2007. Error bars
represent the standard errors of the means. Colunthsthe same letter (a-d) are not significantly
different @ < 0.05) according to Tukey's test.

60C 1 200 200 2006 2007 i
* Lo | [u] E|
50C | - == - _E‘F/_"EI
’8? ./'/i'o
5 40C |
Y— |
®
o
& 30C
S
Z 20C -
«
[&]
2 10c |
5
=
8 0 ‘
c
O 0 10 20 30 40 50 60 70 80 90
-100

Powdery mildew severity (%

Figure 4. Correlation between powdery mildew severity arelniimber of chasmothecia per unit of leaf
area in the monitored vineyards in the TrentinmAtdige region at the end of the growing season
(2004-2007). Four replicates (25 leaves per refg)caere surveyed for disease incidence and ore dis

was excised from each leaf for the chasmotheciatoau

2.3.2 Development of powdery mildew chasmothecia

Almost identical results were obtained during eatlthe four years of the survey. Therefore,
only data collected in 2005 are presented here. fireesigns of the initial development of

chasmothecia were observed Bnnecatofinfected leaves in the experimental vineyard of S.
Michele all’Adige in the beginning of August. Thember of translucent white masses, which

represent the primary stage of chasmothecia foomatuickly increased during August whilst
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the amount of dark mature chasmothecia began tease rapidly after the middle of October
(Fig. 5).
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Figure 5. Development of chasmothecia on leaves in an ateidevineyard in S. Michele all’Adige in
2005. Each week, the number of chasmothecia omaleaof 100 infected leaves (one leaf disk, 1 cm in
diameter, cut from the central part of each leaf} wounted. The percentages of young (yellow cdjore
semi-mature (brown colored), and mature (dark-braaetored) chasmothecia per square centimeter of
upper leaf surface were determined. Numbers représe total number of chasmothecia counted on each
date.

2.3.3 Occurrence ofAmpelomyces spp. in E. necator

E. necatorchasmothecia were naturally parasitizedAmpelomycesnd fruiting bodies of the
mycoparasite (pycnidia and conidia) were found ufghmut Trentino-Alto Adige region on
leaves of different vine cultivars. Some of thesdtivars are highly susceptible to powdery
mildew (e.g., Schiava, Muller Thurgau, Lagrein, dldego, Marzemino, and Chardonnay), some
are moderately susceptible (e.g., Nosiola, TramiReot Gris, and Pinot Noir) and some are not
susceptible at all (e.g., Riesling, Merlot, Cabé®auvignon, and Moscato Giallo). The results
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of this four-year monitoring program underline tlygenerally low natural presence of

Ampelomycespp. in the vineyards of the Trentino-Alto Adiggin (Table 1).

In the first two years no differences in the petage of parasitism in the vineyard were seen, but
the total number of chasmothecia parasitizedAbpelomycesignificantly increased over the
period of the studyyf = 102.98; df = 3;P < 0.001). The average rate of parasitism among
chasmothecia in all of the monitored vineyards eahffom 0.17 % (2004) to 3.51 % (2007).
Once Ampelomycespp. were first found in a vineyard, it was alsarfd in that vineyard in
following years.Ampelomycespp. was found on leaves, mainly as conidia irapazedE.
necator chasmothecia and, in four vineyards, as pycnidighie powdery mildew mycelia.
Because of the limited number Bf necatorsamples parasitized Bympelomycespp and the
limited numbers of available untreated/abandoned arganic vineyards in the area, no
relationship between treated (conventional andobiokl treatments) or untreated/abandoned
vineyards andA. quisqualis parasitism of powdery mildew could be identifiedl. weak
relationship was observed between the number afrobthecia per unit of leaf surface area and
the percentage of chasmothecia parasitizedtpelomycespp. during the period 2004-2007
(R*= 0.366, y = 7E — 0.8% 0.0165 + 0.5218).
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Table 1. Incidence oErysiphe necatoand presence émpelomycespp. on grapevine in Trentino-Alto Adige region @2&2007)

. . . . Vineyard with Chasmotheci Average of
Monitored vineyards Incidence of powdery Chasmothecia " ; .
Year . . presence of parasitized by chasmothecia parasitized
mildew? per unit leaf aréa b
Ampelomycespp” Ampelomycés by Ampelomyce$
Type No. (% + SE (No./cn? + SE (No.) (% + SE (%)
conventione 16 22.8 £ 3.6! 35+12.6 0 0
o004 Organic 1 40.0 £ 3.9. 102 £ 10.21 0 0 0.17 a
untreate 0 - - - -
abandone 1 100 £ ( 420 £ 22.7 1 3.C
conventione 16 25.0+£2.9 46 £11.1! 1 2.C
005 Organic 1 90.0 £ 3.0 402 =+ 18.6 1 3.C 0.44 a
untreate 0 - - - -
abandone 1 100 + ( 433 +£24.5 1 3.C
conventione 35 30.1+3.4 77 +12.6 6° 9.2+4.3
organic 2 90.0 +4.2. 401 +£20.8 1 5.C
2006 untreate 7 95.0 £ 3.2! 427 £ 17.51 3 57+£23: 1.97b
abandone 1 10Cx0 457 £ 21.8! 1 4.C
conventione 35 58.8 £ 2.6! 207 £ 15.8 1c° 10.5 £ 3.5
organic 2 100 + ( 502 £ 26.5! 1 7.5
2007 untreate 7 96.2 £ 2.5. 441 +20.2 4 6.3 +2.5! 351c
abandone 1 100 £ ( 521 +17.9 1 5.C

#Values are means of four replicates (25 leaveb)gzar vineyard. Leaves were randomly collectethatend of the growing season (after harvest, itolr-
November) and examined under the light microsc8pendard errors of the means are reported (SE).

®Vineyards wherdmpelomycespp. conidia were found in at least one chasmihec

¢ Average of parasitized chasmothecia in the virgs/avhere parasitism was present. The percentagarasitized chasmothecia was calculated by checking
100 chasmothecia per site.
d Average of parasitized chasmothecia in all mondon@eyards. Values followed by the same lettec)(are not significantly differen(< 0.05) according to
they’-test followed by Ryan’s multiple comparison test.
¢ Ampelomycespp. pycnidia were also found.
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2.3.4 Identification and morphological characterizéion of Ampelomyces spp.

Pycnidia of theAmpelomycespp. isolates varied in shape (ovoid, ellipsoidglobose). They
were found only in powdery mildew mycelia. No pydiai were observed in immature or semi-

mature chasmothecia. Moreover, the ranges of piycrides were quite variable.

Conidia of Ampelomycespp. were found in chasmothecia and in mycelia.i@arsize was
variable within isolates. The conidia ranged frofn51to 14.5um in length (major axis) and
from 2.5 to 3.5um in width (minor axis). Differences in the shafesiform or ellipsoidal) of the
conidia were observed among isolates collectediffierdnt vineyards (Table 2). Molecular
analysis, based on ITS sequencing, showed thabfalhe collected isolates belong to the
Ampelomycegenus. The most similar NCBI library strains dasteld in Table 3, together with
their accession numbers and similarity percentageds. The ITS sequences of the five selected
Ampelomycestrains were analyzed together with the sequebtaned from AQ10 and with
otherAmpelomycesequences from GenBank, from different collectiand from different host
species, in order to evaluate their phylogeneteity. A 511 nucleotides long alignment was
used to infer phylogenies. Both the maximum-liketd (not shown) and the neighbor-joining
trees (Fig. 6) showed the same clustering of thenst The five wild strains grouped into two
different clades with an optimal bootstrap supgb@0 %): the isolates named ITA 1 and ITA 2
grouped together with AQ10 and no differences vadreerved between these three sequences.
The fusiform-shaped conidia of ITA1 are similartihe conidia of the commercidl. quisqualis
(AQ10). The other three wild isolates, named ITATA 4, and ITA 5 grouped together with the
sequence from the ATCC collection. There were mitr&n 80 differences between the
sequences of these isolates and AQ10’s sequende, thwbse isolates differed from one another

by only one base.
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Table 2. Ampelomycespp.strains found on grapevine leaves in the Trentitto-Adige region in the different homogeneous areas
(2004-2007)

Locatior Aree Yeal Type of vineyar Conidia shap’ Isolate nam
Callianc Trento Sout 200¢ Abandone Fusifornr ITA 2
Sorn Trento Nortl 200t Organic Ellipsoida SOFR
S.Michele all’Adige ! Trento Nortl 200t Conventione Fusiforr SM1
S. Michele all'Adige ; Trento Nortl 200¢ Conventione Ellipsoida ITA4
Rovere della Lur Trento Nortl 200¢ Conventione Ellipsoida ROV
Lavis Trento Nortt 200¢ Conventione Fusiforn LAV
Nave S. Rocc Trento Nortt 200¢ Conventione Ellipsoida NAV
Mezzocoron Trento Nortt 200¢ Untreate Fusiforn MEZ
Pergolese Trento Sout 200¢ Conventione Ellipsoida PER :
Pergolese Trento Sout 200¢ Untreate: Fusiforr PER :
Maso Rove TrentoNorth 200¢ Untreate Fusifornr ITA3
Pressan Roverett 2007 Conventione Ellipsoida PRE
Nomi Roverett 2007 Conventione Ellipsoida NOM
Besenello Trento Sout 2007 Conventione Ellipsoida BES ]
Besenello Trento Sout 2007 Untreate: Ellipsoida ITA1
Nogared: Roveret 2007 Conventione Ellipsoida ITAS

@ Twenty conidia oAmpelomycespp.per each isolate were examined under the lightosaope.
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Table 3. Comparison of ITS sequences of five wild isoldtasd in the Trentino-Alto Adige region and

other isolates from GenBank with the most simil@BN library strains

Fungal isolat Sequence leng(bp)  Closest NCBI library stra Similarity (%)
ITA1 58¢ Ampelomyce sp. AQ10 (AF03578:° 10C
Ampelomycesp.HMLAC214 (DQ490765) 100
ITA2 64¢ Ampelomyce sp. AQ10 (AF03578: 10C
ITA3 58t A. quisquali (AF126817 97
ITA4 582 Ampelomyces quisque (AF126817 97
ITAS 57t Ampelomyces quisque (AF126817 97
AQ1C 52C Ampelomycesp.HMLAC214 (DQ49076! 99
CBS 128.7 587 Ampelomycesp.CBS130.79 (U8244 99
CABI 27285, 58¢ Ampelomyce sp.HMLAC214 (DQ49076! 99
ATCC 25( 60t A. quisquali (AF126817 97

& Accession number.

311AQ10
3 1TA 2
100) cABI 272851
ITA 1
CBS 128.79
| ITA 3
ITA 5
100
ATCC 250
70
ITA 4

C
0.01

Figure 6. The Neighbour Joining tree of nidempelomycespp. sequences as inferred with Mega4
software package (34) using the Jukes-Cantor sutigti model and rate uniformity among sites. All

gaps and missing data of the 511 characters loiggnaént were eliminated. On the branches are
indicated the bootstrap values. The scale bar septe the number of inferred substitutions per it

(nucleotide residues).
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2.4 Discussion

Powdery mildew caused lfy. necatoris an important disease of grapevine in the Trerfifio
Adige region, second only to downy mildewlgsmopara viticola If it is not controlled
(untreated or abandoned vineyards), the disease bemome extremely widespread and
devastating (Table 1). Chasmothecia were formellithe monitored vineyards in each year of
the study, confirming that the initiation and deyghent of chasmothecia in Italian vineyards
can occur in any year in which conditions are fabte for disease development (Cortesi et al.,
1995). The high incidence of chasmothecia in tmeyards of the Trentino-Alto Adige region,
which was associated with the absence of flag shimothe monitored vineyards, could imply
that chasmothecia are the primary inoculum andicanprevious results, which had indicated

that chasmothecia represent the main source ofiimocin the spring (Cortesi et al., 1995).

The monitoring of powdery mildew infections carriedt during the course of this four-year
study led to the detection of a highly significaetationship between the level of powdery
mildew infection (incidence and severity) and theamtity of overwintering chasmothecia
formed on leaves. The amount of chasmothecia wasrgy low in conventional vineyards and
therefore their presence could be probably redumedpplications of an effective method of
disease control during the growing season. Evesonfie reports have stated that most of the
chasmothecia die during the winter without having apportunity to release ascospores
(Cortesi et al., 1995), a reduction in the numbeaverwintering chasmothecia by hyperparasites

may nevertheless be useful for reducing the amoiuptimary inoculum present in the region.

In the Trentino-Alto Adige region, chasmothecia evésrmed on the surface of infected leaves
beginning in the late summer. The many studiestomecatorchasmothecia have reported
unclear and sometimes contradictory effects of remmental factors on the development of
chasmothecia (Gadoury & Pearson, 1988). Reportdbars field studies have suggested that the
formation of ascocarps is triggered by severe poydaldew infection, drought, cold, heat or
environmental conditions that are generally unfatste for the parasite. Host nutrition and host
resistance have both been reported to affect ttmeatton of chasmothecia (Gadoury & Pearson,
1988). Our results suggest that the concentrationhasmothecia per unit of leaf area was
mainly related to the level of disease in the vardy which is usually the result of complex

interactions among the amount of initial inoculutime efficacy of disease control measures,
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cultivar susceptibility, the physiology of the cr@gnd the weather conditions during the growing
season. The elevation of the vineyard, which igisely related to temperature, was not related

to the concentration of chasmothecia.

A. quisqualiss one of the most successful commercialized bitvobagents. It acts directly by
invading and destroying host cytoplasm (Hashiokidakai, 1980). The present study is the first
extensive investigation of quantitative aspectéofjuisqualison grapevine powdery mildew in
Italy. Ampelomycespp. were observed parasitizing colonies and cbtssoia ofE. necatoron
grapevine leaves in the main viticultural areasT #ntino-Alto Adige region suggesting that,
although at low levelsAmpelomycespp. was naturally present in the region. Thidifig also
adds support to the claim that chasmothecia panmasiis probably widespread wherewvir
quisqualis is present (Falk et al.,, 1995a). In Trentino, tbgel of natural chasmothecia
parasitism byA. quisqualison leaves was shown to be lower than that obsearvétéew York
State (Falk et al., 1995a), but similar to what wegsorted for chasmothecia on vine bark in New
York State. The conidia size of the Italian isodateas quite variable and generally longer than

reported in literature (Falk et al., 1995a).

Even ifA. quisqualigAQ10) was not directly used in the monitored yaels during the studied
period, it is and was used in the surrounding aféa. similarity between the ITS sequences of
two of the isolates and that of AQ10 may suggest tie commercial strain could have become
established in the area. The fact tAatpelomycesvas found continuously in certain vineyards
may indicate that, in some areas, it may find &lgtzlimatic conditions for parasitism. Among
the isolatedAmpelomycespp., three strains that are probably new weretiitksh (ITA 3/ITA 4,

ITA 2, and ITA 5). The ITS sequences of these sgravere different from that of the
commercialAmpelomycestrain (AQ10). In any case, further exhaustive isicdre necessary

for any inferences concernidgnpelomycespp. population genetics.

The widespread presence of the disease at thefdhd growing season did not correspond to
high levels of parasitism in the same season. @tlelels of infection observed in the Trentino-
Alto Adige region, the potential for the mycopatasto naturally reduce the levels of
overwintering inoculum available for the next grogi season and/or to impede disease
development were relatively low. A few hypotheses de raised to explain the minimal

presence oA. quisqualison E. necatorin the region. The prevailing environmental coiwthis
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may not meet the requirements of the mycoparakites (et al., 2004; Sundheim & Krekling,
1982). It is also possible that the low level ofvyoery mildew disease before the beginning of
the survey (from 1999 to 2003) (Mescalchin et 2005) may also have reduced the natural
population of the mycoparasite in the area.

NumerousAmpelomycemycoparasites are found around the world (Liang.e2007). Some of
the A. quisqualisstrains isolated in the Trentino-Alto Adige regiaere different from AQ10.
Therefore, they may represent new isolates thatbateer adapted to local environmental
conditions and their discovery may be the staroognt of their development for use as
biocontrol agents to control powdery mildew undee tenvironmental conditions found in
northern countries. Further analyses are necessaogtter characterize the aggressiveness of
these isolates again&. necatorand their environmental requirements for develammend

parasitism.
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Abstract

Powdery mildew fungi are parasitized by strainstloé genetically distinctAmpelomyces
quisqualis To investigate whether differences in the phyilggeand other -cultural,
morphological and physiological characteristics tbkese different strains are related to
differences in their geographic origins or the reystcies from which they were isolated, several
strains of different species d&rysiphaceaecollected in different countries and possessing
different ITS rDNA sequences were selected and adtarized. The results revealed some
significant variation among the selected strainkictv provides evidence for the existence of
different physiological forms within the\. quisqualis species. Two groups that display
differential growth on artificial media were ideigd. These groups also differ in the
morphology of their mycelium, but not in the morfdgy of their pycnidia and conidia.
Temperature greatly affected timevitro growth of theA. quisqualisstrains and growth rate was
closely correlated to colony color. Differenceghe conidial germination of distinct strains were
observed during the recognition phase of the parasiationship. The germination of each of
the investigated strains was greatly stimulatedalbbyf the examined powdery mildew species
and not only by the conidia of their original hoss Italian strain isolated from grapevine in the
Trentino Alto-Adige region was identified as theast that germinates the most quickly in the
presence of powdery mildew conidia. Phylogenetialysis revealed that thege quisqualis
strains can be classified into five different genefroups, which generally correlate with the

fungal host of origin and morphological and growttaracteristics.

3.1 Introduction

Ampelomyces quisqualis a widespread hyperparasite of powdery mildevedk(Et al., 1995a;
Kiss, 2003; Kiss, 1998 he natural occurrence 8f quisqualison variousErysiphaceaespecies
has been reported in different geographic regidmgé¢li et al., 2009a; Kiss, 1997; Kiss et al.,
2004; Rankovic, 1997). Most research Anquisqualishas focused on its potential use as a
biocontrol agent against powdery mildews of variousps (Bélanger & Labbé 2002; Paulitz &
Bélanger, 2001; Sundheim & Tronsmo, 1988; Szteple¢tral., 1989). Its biology and biocontrol

potential were reviewed by Kiss et al. (2004).
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This mycoparasite invades and destroys host cyopl&illing the parasitized powdery mildew
cells (Falk et al., 1995ab; Hashioka & Nakai, 19€3s et al., 2004). Intracellular pycnidia Af
qguisqualisare commonly found in hyphae, conidiophores anchatore ascomata of powdery
mildews (Kiss et al., 2004). These pycnidia varglmape depending upon the fungal structure in
which they are formed (Sundheim & Krekling, 198R).ccnidia contain cylindrical to spindle-
shaped conidia, which are occasionally curved adspotted (Falk et al., 1995a). Recently, the
microcyclic conidiogenesis of powdery mildews hagib investigated (Kiss et al., 2009). When
mildew colonies are treated with a suspensioofjuisqualisconidia, pycnidia are formed in

microcyclic conidiophores, thereby acceleratingabexual reproduction &. quisqualis

The concentration oA. quisqualisconidia is an important factor affecting their p@ration.
Germination has been shown to dramatically decredssn conidia are at a concentration of
more than 10conidia mf*, due to the production of self-inhibitory subses¢Gu & Ko, 1997).
A. quisqualisconidia do not germinate well in sterile, distllevater. However, their germination
is significantly enhanced in the presence of cenafipowdery mildew fungi (Sundheim 1982).
The presence of host fungi is recognizedAbyquisqualisand a water-soluble substance from
conidia of powdery mildew fungi has been showntimglate the germination &. quisqualis
conidiain vitro (Gu & Ko, 1997). After penetration, the hyphaetltd mycoparasite continue to
grow and produce their intracellular pycnidia afieio 8 days in the mycelia of their fungal host
(Hashioka & Nakai, 1980; Sundheim & Krekling, 198igh relative humidity and
temperatures between 20° and 25 °C enhance thethgawd sporulation of. quisqualis but
this mycoparasite survives and is active againstdeoy mildew even at temperatures below
12°C (Jarvis & Slingsby, 1977; Philipp & Cruger,789.

A. quisqualigs known to be a slow-growing fungus with ianvitro radial growth rate of 0.5-1.0
mm d* on Czapek-Dox agar supplemented with 2 % malekiMCzA) at 23 °C (Kiss, 1997;
Kiss & Nakasone, 1998). Until recentlf. quisqualiswas often confused with several other
speciesA. quercinusA. humulj A. heracliandPhoma glomerataUnlike A. quisqualis these
other powdery mildew mycoparasites do not prodatecellular pycnidia and they also grow
more quickly, within vitro radial growth rates of 3-4 mmi‘dKiss et al., 2004; Sullivan &
White, 2000). In the past, scientists identifiedddlthese fast-growing strains as quisqualis
(e.g., Mhaskar, 1974a; Kiss, 1997). Later, a mokacuydhylogenetic study of rDNA ITS

sequences (Kiss & Nakasone, 1998) revealed thasltve-growing and fast-growing strains
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belong to two distinct groups. The slow-growingasts are genetically more diverse; whereas
the fast-growing ones show a close phylogenetatioziship withEpicoccum nigrumwhich is
known to have a pycnidiaRhomalike state (Kiss et al., 2004). It seems likelwttlthe fast-
growing strains are, in facRhomaspecies; whereas tru&. quisqualisstrains always grow

slowly in culture and produce intracellular pycaign powdery mildew mycelium.

SeveralA. quisqualisstrains are available from culture collections amg strain has been
formulated, registered and commercialized under tiagle name of AQ10 (Kiss, 1997;
Sztejnberg, 1993). Many molecular analyses basedheninternal transcribed spacer (ITS)
region of the nuclear ribosomal RNA gene (nrDNAyédaevealed considerable genetic diversity
among A. quisqualisstrains (Angeli et al., 2009b; Liang et al., 200Fark at al., 2010;
Szentivanyi et al., 2005). Recently, ITS sequeraresmicrosatellite markers have been used to
show that a set oA. quisqualispopulations found in apple powdery milde®Roflosphaera
leucotrichg are quite genetically distinct from populatiomdlected from several other powdery
mildew species infecting other plant species (Kssl., 2011). Although the genetic diversity
within theA. quisqualisspecies has already been characterized, we stiilbdknow whether the
differences in the phenotypic characteristics dfedent strains ofA. quisqualisare related to

their phylogeny.

The morphological and cultural characteristicshi$ hyperparasite on different fungal hosts and
plants have been reported to be extremely vari@aésare et al. 1980; Shin and Kyeung 1994;
Speer 1978). Some older studies focused on theeshragh size of the pycnidia and conidia on
culture media (e.g., Mhaskar, 1974a, Mhaskar & R8@4b) and fungal hosts (e.qg., Kiss, 1997;
Rankovic, 1997). However, all of these studies weaeried out when fast-growing strains
(Phoma glomerataand Ampelomycespp.) were still classified a&. quisqualis Therefore, a
thorough investigation ofA. quisqualissensu strictuis lacking. More physiological and
phenotypic information is required to complete heture of the genetic differences that have
been identified in previous studies (Liang et20Q7; Park et al., 2010; Kiss et al., 2011).

In the present work, we selected sevérafuisqualisstrains from different hosts and geographic
regions, all characterized by the formation ofan#llular pycnidia and slow radial growth at
room temperaturen vitro (defined as Type IlI; Kiss, 1997), features coroesiing to the

characterization oA. quisqualis sensu strictWe investigated the cultural, morphological and
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growth characteristics and phylogenetic relatidi$) of these strains. The objectives of this
study were to determine whether the host or siteorgdin of the strains or their cultural,
morphological and/or growth characteristics aratesl to their phylogenetic group which would
indicate an adaptation to the host or geograplaa.dfurthermore, some physiological tests were
performed as we looked for evidence of any hostifpity or temperature adaptation of strains

affecting the recognition phase of the host-pagasieraction.

3.2 Material and Methods

A total of 28 A. quisqualisstrains isolated from different crops, sites amavgery mildew
species were included in this study (Table 1). \Wlected strains isolated from grapeviiitié
vinifera), cucumber Cucumis sativysand apple NMalus domesticain different geographic
regions, as well as strains isolated from wild andirnamental species. Only slow-growing
strains [e.g., Type Il (0.5-1.0 mm™d (Kiss, 1997)] producing intracellular pycnidia thin
powdery mildew mycelia were selected. The strairgewobtained from culture collections
(ATCC, American Type Culture Collection, Rockvill®iD, USA; CBS, Centraalbureau voor
Schimmelcultures, Baarn, Netherlands; CABI, Commealtih Agricultural Bureaux
International, Egham, UK; DSMZ, Deutsche Sammlung Wlikroorganismen und Zellkulturen
Gmbh, Braunschweig, Germany) or provided by indigidscientists (L. Kiss, PPI, Plant
Protection Institute of the Hungarian Academy ofeSces, Budapest, Hungary; D. Angeli,
FEM, Fondazione Edmund Mach, S. Michele all' Adijaly).
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Table 1. Designation, plant host, area and year of isalasource and GenBank accession numbefs qiisqualisstrains included in this study.
All strains are Type Il (growth rate: 0.5-1.0 mi) &ind were acquired from culture collections (ATGIBS, CABI, DSMZ) or provided by
individual scientists (L. Kiss, PPI; D. Angeli, FEM

Designatiol Host fungu Host plan Geographical origin and year of isolal Sourc(® GenBank accession r°
ATCC20024! Erysiphe necatc Vitis vinifere New York, USA, 198 ATCC AF12681°
ATCC20024( E. necato V. vinifere New York, USA, 199 ATCC HQ10803!
ATCC20024 E. necato V. vinifere New York, USA, 199 ATCC HQ10803:
ATCC20024! E. necato V. vinifere New York, USA, 199: ATCC HQ10803:
ATCC20024! E. necato V. vinifere New York, USA, 199 ATCC HQ10803:
ATCC20025( E. necato V. vinifere New York, USA, 199 ATCC HQ10803:
ITA1 E. necato V. vinifere Italy, 2007 FEM HQ10804
ITA2 E. necato V. vinifere Italy, 2007 FEM HQ10804t
ITA3 E. necato V. vinifere Italy, 2007 FEM HQ10804!
ITA4 E. necato V. vinifere Italy, 2007 FEM HQ10805!
ITAS E. necato V. vinifere Italy, 2007 FEM HQ10805:
CBS128.7 Erysiphecichoracearur Cucumis sativt Canada, 19 CBs HQ10803
CBS129.7 E. cichoracearur C. sativu Canada, 197 CBsS HQ10803!
CBS130.7 E. cichoracearur C. sativu Canada, 197 CBs HQ10809
CBS131.7 E. cichoracearur C. sativu Canada, 197 CBsS HQ10804
DSM222: E. cichoracearur C. sativu Germany, unknow® DSMZ u8245(
MYA -338¢ Podosphaer leucotriche  Malus domestic Hungary, 199 PP AY66381*t
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Table 1. (continued)

Designatiol Host fungu Host plan Geographical origin and year of isolal Sourc(® GenBank accession r°
MYA -3391 P. leucotriche M. domestic Hungary, 199 PP HQ10804.
MYA -339¢ P. leucotriche M. domestic United Kingdom, 200 PP HQ10804-
MYA -339¢ P. leucotriche M. domestic Germany, 20C PP AY663817
MYA -339¢ P. leucotriche M. domestic United Kingdom, 200 PP HQ10804!
AQ1C Powdery mildew’ Chata edul Israel, unknow® Ecogen ltali. ~ AF03578:
DSM222¢ Erisiphe herac Daucussp Germany, unknow® DSMZ HQ10804.
DSM462¢ Sphaerotheca fuligine Leontodo sp Germany, unknow® DSMZ HQ10804:
CABI27285! Powdery mildew’ Schinus moll Ecuador, 19¢ CABI HQ10803!
CABI38023:  Powdery mildew Alliaria petiolate Switzerland, 19¢ CABI HQ10803!
ATCC20105!  Oidium hortenisa Lycium halimifoliun Hungary, 199 ATCC AF03578:
MYA -3401 Oidium hortenisa Hydrangeamacrophylle  United Kingdom, 199 PP HQ10804t

4 ATCC, American Type Culture Collection, Rockvill®lD, USA; CBS, Centraalbureau voor Schimmelcultugsarn, Netherlands; CABI, Commonwealth
Agricultural Bureaux International, Egham, Unitedngdom; DSMZ, Deutsche Sammlung von Mikroorganisnuenl Zellkulturen Gmbh, Braunschweig,
Germany); FEM, Fondazione Edmund Mach, S. Michdlddige, Italy; PPI, Plant Protection Institute ¢fie Hungarian Academy of Sciences, Budapest,

Hungary.

® GenBank accession numbers of the rDNA ITS sequences
“Unknown species.
YData not available.
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Table 2. GenBank accession numbers of the rDNA ITS seqemdant hosts, area and year of isolation andcgoof publishedh.

qguisqualissequences included in the ITS sequence analysis

GenBank accession r*  Host fungu Host plan Geographical origin and yeof isolatior ~ Sourct

GQ32414° Erysiphe necatc Vitis vinifere Seoul, South Korea, 20 Park et al. (201!
GQ32414.° E. necatc Vitis flexuos Jeju, South Korea, 20 Park et al. (201!
DQ49075! Podosphaera xantt Cucurbita pep China, 200 Lianget al. (2007
DQ49075: P. xanthi Cucumis moscha China, 200 Liang et al. (200°
DQ49075! P. xanthi Cucumis sativt China, 200 Liang et al. (200"
DQ49075! P. xanthi Cucurbita maxim  China, 200 Liang et al. (200"
AY66381¢ Podosphaer leucotriche Malus domestic Hungary, 200 Szentivanyi et al. (200
AY66381¢ P. leucotriche M. domestic UK, 200z Szentivanyi et al. (200
AY66381¢ P. leucotrichi M. domestic UK, 200z Szentivanyi et al. (200
AY66382( P. leucotriche M. domestic Germany, 20C Szentivanyi et al. (200
AY66382] P. leucotrichi M. domestic Hungary, 200 Szentivanyi et al. (005
GQ32409° Erysiphe ranuncu Clematis apiifoli Seogwipo, South Korea, 2C Park et al. (201!
GU32999 ™" Golovinomycecichoracearur  Zinnia elegan Yangpyeong, South Korea, 2( Park et al. (201!
DQ49076. Arthrocladiella mougeot Lycium chinens China, 200 Liang et al. (200°
DQ49076 Oidiumsp Castanopsist. China, 200 Liang et al. (200"

#GenBank accession numbers of the rDNA ITS sequences

®Strains identified in the maximum-likelihood treémthe same isolate numbers used by Park etGLOR
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For phylogenetic comparison, 15 sequences of ITNADf strains of A. quisqualiswere
retrieved from GenBank (Table 2). Strains werectetkaccording to the fungal host of origin.
The selected strains represent the four major sladported in a recent study by Park et al.
(2010).

3.2.1 Cultural, morphological and physiological cheacteristics

The cultural behavior and morphological charactiessof the pycnidia and conidia of the 28
selectedA. quisqualisstrains were evaluated on six different types eflia: potato dextrose agar
(Oxoid, Hampshire, UK, 39 g'ltwice-distilled water), sucrose nutrient agar (56ugrose, 28 g
nutrient agar, twice-distilled water to 1 I), yeastlt dextrose agar (10 g dextrose, 5 g peptone, 3
g yeast extract, 3 g malt extract, 20 g agar, twlisélled water to 1 1), nutrient agar (Oxoid, @8

It twice-distilled water), Czapek agar (Oxoid, 33.K'gwice-distilled water) and cornmeal agar
(Oxoid, 17 g T twice-distilled water).

The Petri-dish cultures of fungus were preparedh 20 pl of a suspension sferile distilled
water containind.0? conidia mi*. The color of the mycelia and pycnidia was assebsgevisual
observation of colonies grown for 14 days at 25iriGhe dark. We measured the length and
width of 60 pycnidia and 60 conidia per strain (&) replicate) on glass slides under a light
microscope (Hund Wetzlar H 600LL, Wetzlar, Germanihe radial growth rate of thA.
guisqualisstrains was evaluated at temperatures of 10°, 2A05,25° and 30 °C on Petri plates
containing potato dextrose agar (PDA) that wereutteted as described above. Cultures were
incubated in the dark for 30 days and the radialvgn of the colonies (20 per replicate) was
evaluated by measuring the diameter of each cdleioe a week. All of the experiments were

conducted with three replicates (plates) per strain

Furthermore, the recognition of the fungal hostfbyjuisqualisstrains at different temperatures
was studied. We evaluated the effects of the canumfi four powdery mildew species,
Podosphaera xanth{from cucumber)E. necator(from grapevine)Podosphaera aphan{grom
strawberry) andPodosphaera leucotrichéirom apple), on the germination rates of fiveesttd
A. quisqualisstrains. Each of the tested strains belongs taffareht genetic (ITS) group

(identified in this study) and was collected frondiferent host plant in a different geographic
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area (AQ10, ITA3, CBS129.79, MYA-3391 and MYA-340Bach strain was paired with an
isolate of the fungal host from which it was or@ly isolated and three other powdery mildews.
Sterile distilled water suspensions of the conafi@ach powdery mildew strain (1 x°l€nidia
mi™) together with eaclA. quisqualisstrain (1 x 10 conidia mI*) were prepared, for a total of
20 combinations. Suspensions of oAlyquisqualisconidia in sterile distilled water were used as
controls. Six drops (10 pl each) per combinatidmeg replicates) were put onto a glass slide,
which was placed in a Petri dish (RH = 100 %) atwdesl in a dark incubator kept at 25 °C,
which is the temperature that Gu and Ko (1997) usedtieir study of the factors affecting the
germination of A. quisqualis conidia. We evaluated the germination rates andngdebe
elongation of 150 conidia per strain (three repésa 50 conidia per replicate) under a light

microscope after 24 h.

We also evaluated the effect of temperature ongdrenination ofA. quisqualisconidia in the
presence of the fungal host. In this experiment,tested two powdery mildew specieB. (
xanthii from cucumberand E. necatorfrom grapevine) and the twA. quisqualisstrains that
were the most and least responsive to powdery mildenidia in the previous experiment. We
evaluated both the germination rate and the tulyegakion of those strains at three temperatures
(15°, 20° and 25 °C) using the method described@bo

3.2.2 Phylogenetic analysis

The phylogenetic relations of the 28 strains aredyin the present study and another 15 strains
selected for phylogenetic analysis were inferreaimfrmaximume-likelihood and maximum-
parsimony analyses in which the sequences of tegpective ITS rDNA regions were compared
(White et al. 1990). The additional 15 sequence#T8frDNA from A. quisqualisstrains that
were analyzed by Park et al. (2010) were retridveah GenBank (Table 2). The strains isolated
by Park et al. (2010), whose GenBank accession atsnbegin with GQ and GU, were
identified here with the same isolate humbers usedPark et al. (2010), to make it easier to
recognize them across the two studies (SMKC2296&3)324149, SMKC22519 = GQ324144,
SMKC22511 = GQ324095, SMKC23914 = GU329997).
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The 28 selected strains (Table 1) were grown on RDDAR1 days at 25 °C. DNA was extracted
from approximately 20Qg of homogenized, lyophilized mycelium, using thecho Spin Plant
Kit (Macherey-Nagel, Duren, Germany) accordinghe manufacturer’s instructions. The ITS
region of the nuclear ribosomal DNA was amplifieding ITS1 and ITS4 fungal-specific
primers (Gardes and Bruns 1993). PCR was perfousedy the Gene Amp PCR System 9700
(Perkin Elmer, Waltham, MA, USA). PCR products wergified using ExoSAP-IT enzymes
(USB Corporation, Staufen, Germany) and sequensedja Big Dye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, ,CASA). Both DNA strands were
sequenced with the primers that had been used@& &mplification and electrophoresis was
carried out using an ABI 3130x| Genetic Analyzeerffn Elmer). The consensus sequence was
assembled using Pregap4 and Gap4 (Staden et d; B@Q://staden.sourceforge.net/). Blast
searches were performed in the NCBI/GenBank databas

(http://www.ncbi.nlm.nih.gov/Genbankuising the program Megablast to find long strescbée

alignment between very similar nucleotide sequentég ClustalW2 program (Larkin et al.
2007; http://www.ebi.ac.uk/Tools/clustalw2/indexdht was used to construct multiple sequence
alignments and to identify evolutionary relatioqshiamong the input sequences. Maximum-
likelihood (ML) and maximum-parsimony (MP) analydessed on ITS region sequences were
conducted using the Mega4 program (Tamura et al. 0720

http://www.megasoftware.net/mega.hfnaind a p-distance model (Nei and Kumar 2000) was

used to calculate within-group and between-grogpadces. A phylogenetic tree inferred from
the ITS rDNA region sequences was constructed usiagTreeView program, version 1.6.6
(Page 1996; http://taxonomy.zoology.gla.ac.uk/rod/treeview.html Phoma  glomerata

(AF126816),A. quercinus(AF035778) andA. humuli (AF035779) were also included in the

model.

3.2.3 Clustering and statistical analysis

Morphological experiments (size of pycnidia andid@) were performed in three replicates per
strain and medium and standard deviations of tkeeages were calculated. A one-way analysis
of variance (ANOVA) was performed on log-transfodmand arcsin-transformed data. If
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significant differences were detected, treatmeramagstrains and media) were separated using
Tukey’s test ¢ = 0.05).

Growth tests involved two independent experimerith thiree replicates per experiment. A two-
way ANOVA was performed on log-transformed and @artansformed data from two
experiments and revealed no significant Experimentreatment (temperature) interaction.
Therefore, cluster analyses were performed usirgpfeware package for multivariate data
analysis capable of performing K-means cluster yamesl (Multi-Experiment Viewer, TMEV).
The Euclidean distance between each of the sampiles a given cluster and their respective
cluster centroid was calculated. The angular coefiits (a) and the correlation coefficienpsdf

the linear regression curves were also calculddada from the two experiments were pooled
and averages of six replicates are presented itealand Figure 1. Statistical analyses were
performed using Statistica software 7.0 (Stats®ttlsa, OK, USA). Significant differences

between treatments (strains and temperatures)sepagated using Scheffé’s test{0.05).

Germination tests involved two independent expenthevith three replicates per experiment
and 50 conidia per replicate. Two-way ANOVA wasfpened on both the log-transformed and
arcsin-transformed data from the two experimentd gevealed no significant Experiment x
Treatment (temperature) interaction. Thereforea dedm the two experiments were pooled.
Averages of six replicates are presented in Fig@asb and 3a—b. Significant differences

between treatments (strains and powdery mildewsg eeparated using Tukey’s testH0.05).

3.3 Results

3.3.1 Cultural, morphological and physiological cheacteristics

Cultural and morphological analysesAf quisqualisstrains indicated that two different colony
types can be distinguished after 14 days on akdesiediaA. quisqualisstrains that form dark-
brown colonies and those that form olive-green mi@l® (mycelium and pycnidia; Table 3).
Furthermore, mycelial growth and pycnidial and daadiformation were all greatly increased on
three of the tested media (potato dextrose agarpse nutrient agar and yeast malt dextrose
agar), in comparison with the other media. The ystoidl morphology of pycnidia and conidia

(Table 3) revealed differentiation in color and dimions of the fruiting bodies of the tested
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strains. In all of the examined strains, the calod shape of the pycnidia varied from light to
dark (brown or green) and from ovoid to ellipsoadth increasing age of the culture. The length
and width of the pycnidia ranged from 30 to 95 pmd &Fom 25 to 55 um, respectively. A great
deal of variation in width and length was obseraetbng the pycnidia of individual strains, but
no significant differences were found between sgdP = 0.112). The conidia of the different
strains also varied in size. They ranged from 6.%4.5 um in length and from 2.3 to 3.5 pm in
width. However, there were no significant differeadetween strains according to Tukey’s test
(P =0.073).

Temperature greatly affected the growth raté& ofjuisqualisgrowth on PDA. The highest radial
growth rates for all strains were measured betwlggrand 25 °C. At the extreme temperatures
of 10° and 30 °C, sharp reductions were observedhén growth rates (Fig. 1). K-means
clustering based on Euclidean distances showedathamperatures of 15°, 20° and 25 °C, the
slow-growing Type Il strains (Kiss 1997) could hether clustered into two different growth-
rate groups that were significantly different freach other. At all of these temperatures, the two
groups included the same isolates, which we refexst slow-growing (0.70—-0.82 mni)dand
very slow-growing (0.34—-0.63 mnitji(Table 4). At 10° and 30 °C, K-means clusteringlgsis
revealed two growth-rate classes, which do notusielexactly the same strains as the groups
observed at the other tested temperatures (TableHdyvever, no statistically significant
differences were observed between the two clagse9(09). At 10 °C, the strains grew at a rate
of 0.18-0.43 mm & whereas at 30 °C, they grew at a rate of 0.0B3-tf d".

Our results indicate that, for all of the testadists except for MYA-3401, there is a relationship
between the growth rates at 15°, 20° and 25 °Ccafahy color. Strains that grew fairly slowly

at these temperatures formed dark-brown colonies stirmins that grew very slowly at these
temperatures formed olive-green colonies. Howegeen with the limited number of strains

examined, it is possible to demonstrate a relatignisetween growth rate and the original fungal
host. Strains isolated from apple, grapevine araimmiber plants belonged to the same growth
rate group at temperatures between 15° and 25 AGh® other hand, no relationship between

the growth rate and the geographic origin of thaiiss was observed.
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Table 3. Morphological characteristics of tie quisqualisstrains included in this study

Designation Colony coldr Length and width (um + SB)
mycelia pycnidia pycnidium conidium
ATCC200245 Olive green Light/dark olive green 652288115 8.9+1.9 x 2.7+0.4
ATCC200246 Olive green Light/dark olive green 58x181+12 8.4+1.6 x 2.910.4
ATCC200247 Olive green Light/dark olive green 57%182+14 7.9+£1.3 x 2.820.4
ATCC200248 Olive green Light/dark olive green 58x181+12 8.5+£1.9 x 2.8+0.4
ATCC200249 Olive green Light/dark olive green 64+230+11 8.4+1.7 x 2.9+0.5
ATCC200250 Olive green Light/dark olive green 59132+ 8 8.5+1.8 x 2.8+0.4
ITAL Dark brown Light/dark brown 72423 x 42+13 8MUf x 2.8+0.4
ITA2 Dark brown Light/dark brown 67+ 9 x 39+12 988 x 2.9+0.5
ITA3 Olive green Light/dark olive green 54415 =434 8.0+1.7 x 2.9+0.4
ITA4 Olive green Light/dark olive green 56116 x 33+ 7.3+1.5 x 2,910.5
ITAS Olive green Light/dark olive green 64113 x Jr+ 7.31£1.5 x2.7+0.4
CBS128.79 Dark brown Light/dark brown 59410 x 35+10 7.1+1.3 x 2.6+0.2
CBS129.79 Dark brown Light/dark brown 66+14 x 41+7  7.3x1.5 x 2.8+0.5
CBS130.79 Dark brown Light/dark brown 6419 x 38+9 .0#1.6 x 2.9+0.5
CBS131.79 Dark brown Light/dark brown 71+18 x 3748  9.1+1.9 x 2.9+0.4
DSM2222 Dark brown Light/dark brown 67116 x 4149 9#1.2 x 2.7+0.4
MYA-3389 Olive green Light/dark olive green 72+208+12 7.9£1.0 x 2.6+0.2
MYA-3391 Olive green Light/dark olive green 61+1684+9 7.8+1.8 x 2.7£0.4
MYA-3394 Olive green Light/dark olive green 69+13868+11 8.7+1.8 x 2.810.4
MYA-3398 Olive green Light/dark olive green 65+1(B4+7 9.1+1.8 x 2.8+0.4
MYA-3395 Olive green Light/dark olive green 66+17B%+10 9.6+£1.6 x 2.7£0.4
AQ10 Dark brown Light/dark brown 55410 x 3245 7.58% 2.6£0.3
DSM2225 Dark brown Light/dark brown 62415 x 3610 .681.4 x 2.9+0.4
DSM4624 Dark brown Light/dark brown 5819 x 367 #1%6 x 2.8+0.4
CABI272851 Dark brown Light/dark brown 66+15 x 33+1 8.5+1.6 x 2.7£0.4
CABI380234 Olive green Light/dark olive green 56484112 9.5+1.8 x 3.0+0.4
ATCC201056 Olive green Light/dark olive green 58137112 8.1+1.2 x 2.6+0.2
MYA-3401 Dark brown Light/dark brown 731£19 x 44+14  10.6+2.6 x 2.9+0.5

@Colors of mycelia and pycnidia on the six testedragedia. Three agar plates per strain were examiisaially
following 14 days of incubation at 25 °C in theklar

® Values are means from cultures grown on the sidian€860 pycnidia and 360 conidia per strain). Mmigicant
differences between media were detected when Tskegts were applied (> 0.05). Standard deviations of the
means are reported (SD).
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Figure 1. Effect of temperature (10°, 15°, 20°, 25° and @) 8n the growth oA. quisqualisstrains over

30 days on potato dextrose agar. The radial groatds of 28 strains, which divided into slow-grogin
and very slow-growing groups at each temperatuespeesented (pooled data). K-means clusteringgusin
the software TMEV (Multi-Experiment Viewer) was lason the Euclidean distance between each of the
strains at each temperature. Significant differerimween groups were separated by ANOVA. Presented
values are means of six replicates derived from itwdependent experiments with three replicates per

experiment. The standard deviation of the six ogpdis is presented.
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Table 4. Growth rates of theA. quisqualisstrains at five different temperatures. Data are

expressed in terms of the angular coefficients @jrof the linear regression curves.

Temperature (°C)

ID code 10 15 20 25 30
AQ10 0.324¢®  0.8187 1.0257 0.8152 0.1384
ITAL 0.3699 0.7141 0.8294 0.7525 0.0875
ITA2 0.3578 0.7813 0.8526 0.6817 0.2126
DSM2222 0.3686 0.6964  0.8047 0.6698 0.1545
DSM2225 0.3263 0.8272 0.8024 0.7044 0.0799
DSM4624 0.4339 0.7454  0.7851 0.6732 0.2862
CBS128.79 0.4276 0.7720 0.8145 0.7617 0.3303
CBS129.79 0.4089 0.7638 0.7545 0.7360 0.3185
CBS130.79 0.3701 0.7816 0.8032 0.6985 0.3271
CBS131.79 0.3543 0.8004  0.8473 0.7136 0.3646
CABI272851 0.3224  0.7148 0.8130 0.7700 0.2798
ITA3 0.3797 0.5044 0.4922 0.5287 0.3010
ITA4 0.2459 0.4308 0.4394 0.6286 0.2697
ITAS 0.2637 0.4872 0.4517 0.5222 0.2492

ATCC200246 0.2343 0.5359 0.5398 0.4925 0.3099
ATCC200245 0.2567 0.3929 0.5671 0.5349 0.1711
ATCC200247 0.2809 0.4464 0.5935 0.5977 0.0825
ATCC200248 0.3292 0.4676 0.5405 0.5447 0.2176
ATCC200249 0.1957 0.4747 0.4604 0.4932 0.1180
ATCC200250 0.1805 0.3430 0.4474 0.4816 0.0692

MYA-3389 0.2448 0.4805 0.5008 0.5270 0.1371
MYA-3391 0.2856 0.5062 0.5589 0.5738 0.1389
MYA-3394 0.3191  0.4697 0.4402 0.5269 0.1736

MYA-3395 0.2061 0.5545 0.6459 0.5956 0.1616
MYA-3398 0.2763 0.5510 0.6349 0.6290 0.1717

CABI380234 0.1831 0.4107 0.5517 0.6213 0.1074
ATCC201056 0.3412  0.5259 0.5712 0.5294 0.1092
MYA-3401 0.2384 0.4486 0.5264 0.4797 0.1249

& Strains belonging to the slow-growing and veryastgrowing clusters are listed in bold and italiosspectively.
Radial growth was measured twice a week for 30 éndans clustering using the software TMEV (Multi-
Experiment Viewer) was based on the Euclidean mitstaneasured between each of the strains at eagetature.
Presented values are means of six replicates defieen two independent experiments with three oepés per
experiment.
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Physiological tests with different powdery mildepesies and®. quisqualisstrains showed that
the germination rate and germ-tube lengthAofquisqualisconidia increased greatly in the
presence of powdery mildewonidia. This stimulation of germination is not psvy mildew
species-specific. All of the tested powdery mildewsreased the germination rate and tube
elongation of thé\. quisqualisstrains isolated from different host species (Fags-b). However,

in some cases, significant differences in the itidacof germination were detected among the
different powdery mildews. For example, the coridiarmination of CBS129.79 (originally
isolated from cucumber) was stimulated more stiprigt grapevine powdery mildew and
cucumber powdery mildew than by strawberry powdaildew. The conidial germination of
MYA-3391 (originally isolated from apple) was mastongly induced by grapevine powdery
mildew and was less affected by strawberry and eapolwdery mildews. We observed big
differences among the conidial germination rateghef different strains, independent of the
powdery mildew species. The conidial germination|dA3 and MYA-3401 was strongly
induced by conidia of all of the tested powderydew species (both in terms of germination rate

and tube elongation); whereas AQ10 was generadlyethst responsive.

In the second experiment, in which we investigdtedeffect of temperature, we again observed
that, in the absence of powdery mildew conidia,gaemination rates and germ-tube elongation
of strains ITA3 and AQ10 were very poor (Figs. a-Both parameters were strongly enhanced
in the presence of powdery mildew conidia, withstatistical differences between the effects of
E. necatorand those oP. xanthii Just as in the previous experiment, ITA3 was iBagmtly
more induced by powdery mildew conidia than AQ1@y¢F 3a—b). We did not observe any
changes in the general behavior of the t#o quisqualisstrains at the different tested
temperatures. In fact, temperature (within theetsainge) had no effect on germination rate, but
did seem to affect tube length. In the presenceowsfdery mildew conidia, tube elongation for

both strains was always greater at the two higtraperatures (20° and 25 °C) than at 15 °C.

In these two experiments, AQ10 exhibited signiftbatower germination rates and less tube
elongation in the presence of powdery mildew caids compared to the strain ITA3 (Figs. 3a—
b). However, on agar plates incubated at the exantemperatures, AQ10 and ITA3 were
classified as slow-growing and very slow-growirgspectively. Thus, the growth rates of strains
of A. quisqualison artificial media are not correlated with thegrgination rates and tube

elongation in the presence of a host fungus.
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Figures 2a-b. Effects of different powdery mildew specieBogosphaera xanthifrom cucumber,
Erysiphe necatofrom grapevinePodosphaera aphanisom strawberry andPodosphaera leucotricha
from apple) on the conidial germination (%) (a) daade elongation (um) (b) of five selected straifis
Ampelomyces quisqualidleasurements were taken in aqueous suspensiotginiog mixtures ofA.
quisqualisand powdery mildew conidia that had been incub&bgeéther for 24 h at 25 °C. Identical
column designs indicate exposure to the same pgwdadew species. Columns labeled with the same
letter (a-d) are not significantly differenP (< 0.05) according to Tukey's test. Three replicated
conidia per replicate) of each strain were evatliaReesented values are means of six replicatégeder

from two independent experiments with three repdisger experiment.
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Figures 3a—b.Effect of temperature on the conidial germinati®) (a) and tube elongation (um) (b) of
two selected strains éfmpelomyces quisqualis the presence of two different powdery mildeveaps
(Podosphaera aphanifsom cucumber anérysiphe necatofrom grapevine). Measurements were taken
in agueous suspensions containing mixture&.ajuisqualisand powdery mildew conidia that had been
incubated for 24 h at three different temperati&s, 20° and 25 °C). Identical column designsdatk
incubation at the same temperature. Columns labgléd the same letter (a-e) are not significantly
different according to Tukey's test € 0.05). Three replicates (50 conidia per replicafe¢ach strain
were evaluated. Presented values are means ofigates derived from two independent experiments

with three replicates per experiment.
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3.3.2 Phylogenetic analysis

In the phylogenetic analysis, the A3 quisqualisstrains clustered into five different groups (1—
5), revealing genetic diversity among theqlisqualisstrains included in the present work (Fig.
4). A. quisqualisstrains with similar ITS sequences were often isoldrom the same powdery

mildew host. In factstrainsisolated from powdery mildew of apple (clade 3)wdery mildew

of cucumber (clade 1) and powdery mildew of grapeviclade 4 and 5) with bootstrap (BS)
values between 98 and 99% mainly clustered inta ftitferent genetic groups. However,

different sequence similarity was observed amorgjrs in clade 1 (92-100 %), clade 3 (99—
100 %), clade 4 (95-100 %) and clade 5 (97-100 Strins isolated from apple powdery
mildew and classified within clade 3 displayed teast ITS diversity, even though they were
collected in three different geographical areas.

Comparing clades, clade 1 containing strains iedldtom cucumber had the greatest ITS
sequence diversity. In fact, these strains canilded! into two different subclades, the first
composed of strains collected in Canada (1A) aedsdécond made up of strains collected in
China (1B). The strains within each of these sutedasshare exactly the same ITS sequence (100
%). Comparing strains according to their host, dtrains from grapevine clearly displayed the
highest level of ITS diversity. These strains fetb two different clades: clade 4, which includes
strains isolated in China, and clade 5, which ideki strains isolated in the USA and lItaly.
Taking a closer look at the ITS sequence clustanngade 5, we see that, with the exception of
ATCC200250, the Italian strains seem to differ frima American strains. The only ITS clade
which includes strains isolated from different miyasts and in different geographical regions
was clade 2. This clade contains two strains froapgvine powdery mildew (ITA1 and ITA2),
one strain from cucumber powdery mildew (DSM2222) aine strains isolated from several
different ornamental plants. The 12 strains in €l@d(BS value of 83 %) were further divided
into two subgroups: subclade 2A (nine sequencesg)saiclade 2B (three sequences), which
were supported by BS values of 83 and 99 %, respégt and which each had ITS-similarity
scores of 98-100 %. Among the strains includeduibckade 2A, only the ITS sequence of
strains DSM2225 and DQ490767 differed from thahefcommercial strain AQ10.

Interestingly, strains isolated from the same fulitgsst and assigned to the same ITS group

(clades 1, 3, 4 and 5) showed similar colony molqupy and growth characteristics. Strains
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belonging to clades 3, 4 and 5 are green and Jew-growing; whereas strains belonging to
clade 1 are brown and grow more quickly. Againdel@ is an exception in that it includes

strains that differ in the color of their colonisd theirin vitro growth rates.

99 |
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-0l DQ490762 (CN)
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smKkc22511  (KR) N
8 cABI272851  (EC-bs) >
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Figures 4. The maximume-likelihood tree for the ITS rDNA seques of 43Ampelomyces quisqualis
strains. Sequences were inferred with the Mega#vacé package, using the Jukes-Cantor substitution
model and rate uniformity among sites. The gapthén450-character-long alignment were handled as
missing characters. The bootstrap values were rastafrom maximume-likelihood and maximum-
parsimony analyses. The values shown above theclieanare percentages of 1000 replicates; scores
below 50 % are not shown. The scale bar repreg€ehtsubstitutions per nucleotide position. The five
groups (1-5) discussed in the text are indicatedhentree. Different colors are used to indicate th
different powdery mildew host species: blue = appteen = grapevine, red = cucumber, no color =roth
species). In brackets: geographic origin, colonipc@and growth pattern of each strain. Geographic
origin: DE = Germany, UK= United Kingdom, HU = Huamy, CA = Canada, CH = Switzerland, IT =
Italy, IL = Israel, EC = Ecuador, CN = China, KRSauth Korea, US = United States of America. Colony
color and growth pattern: bs = brown, slow-growibgs = brown, very slow-growing; gvs = green, very

slow-growing).

3.4 Discussion

A. quisqualisstrains have mostly been studied for use in tlmdogical control of powdery
mildew on different plant species. Data on the rholpgy and cultural patterns 8f quisqualis
strains found in the literature are controversial ancomplete. There is a need for further
cultural and morphological investigations aimingled identification of phenotypic markers that
can be used to differentiate genetically distinaiugs (Park et al. 2010) within the trde
quisqualisfe.g., Type Il (Kiss 1997)].

With this study, we aimed to understand whetherettae relationships between the origins
(host, geographic location) of different strainsfofquisqualisand their phylogeny and/or other
characteristics (cultural, growth, morphology, pbiegy), in order to establish the existence of
any host/geographic adaption of this mycoparasher. results provide solid evidence for the
existence of different physiological forms amongwsigrowingA. quisqualisstrains [e.g., Type

Il (Kiss 1997)] isolated from different fungal hesfThese physiological forms vary in terms of
their cultural, morphological and physiological cheteristics. In the present study, tAe
quisqualisstrains cultured on artificial media did not difie the dimensions or shape of their
fruiting bodies (pycnidia and conidia). Thus, theserphological characters are insufficient for

accurate identification of different strains in tlaboratory. Based on colony characteristics and
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growth rates on artificial media, two fairly homogelis groups can be clearly distinguished:
dark-brown, slow-growing strains and olive-greeeyw slow-growing strains. Thus, a clear
relationship was detected between the growth rate amlony color ofA. quisqualisstrains.

Moreover, we demonstrated the existence of a oglsliip between the original fungal host and
cultural and growth characteristics. In contrass, did not identify any relationship between the

geographic origins of the different strains andrtirevitro growth rates.

As expected, temperature greatly affects the grovetie of A. quisqualis We observed
differences in the behavior of different strains ditferent temperatures and six strains
(DSM4624, CBS128.79, CBS129.79, CBS130.79, CBSB3ICABI272851) grew faster than
the others at all of the tested temperatures.

Powdery mildew strongly affects the germinatiorAofquisqualisconidia during the recognition
phase of parasitism, but specialization is indeitinn fact, the germination rates and tube
elongation of all of the examingd quisqualisstrains could be stimulated by all of the examined
powdery mildew species and not only by the conafi¢heir original fungal host. However, we
did observe statistically significant differenceaang the tested strains. Strain ITA3 was most
strongly stimulated and, interestingly, among laé tested strains, the commercial strain AQ10

was stimulated the least by the presence of conidiifferent powdery mildew species.

Furthermore, the present study clearly shows thatgrowth rate oAA. quisqualison artificial
media is not related to the conidial germinationtle germ-tube elongation &. quisqualis
during the recognition phase of parasitism. Thessfae think that a screening program based
onin vitro growth rates is not the right way to select ssahthis mycoparasitic fungus for use

in biocontrol programs.

Finally, phylogenetic analysis of the ITS rDNA seque revealed a high level of genetic
diversity among Type Il strains @f. quisqualisand suggested th&S groups could be related
to the host fungus. In most cases, a degree of hegtcspecialization was present in #he

guisqualisstrains, as demonstrated by the phylogenetic esucbhnducted by Park et al. (2010).
Our study revealed that strains isolated from thenes host species had similar cultural,
morphological and growth characteristics and grdupgo the same ITS group. Moreover,
among the strains isolated from cucumber powdefglani and grapevine powdery mildew, we

observed differentiation among. quisqualisstrains that was congruent with differences in
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geographic origin. Therefore, it appears that, ame cases, powdery mildew fungi aAd
qguisqualismight have coevolved through the processes ofi@pEation and adaptation without

the mycoparasite losing the ability to be stimudaby other hosts.

Our results indicate that the Type Il strainsfofquisqualisexamined in our study are widely
scattered among four clades and two subcladesfiddriby Park et al. (2010). Furthermore, this
study reveals the presence of an additional cl&jleéh@t includes the Type Il strains isolated
from grapevine powdery mildew whose morphology aiysiology were analyzed in this
experiment, as well as all of the American straihgrapevine powdery mildew. Clade 5 appears
homogeneous in regard to the mycohé&str{ecatoy, as well as colony color and growth pattern.
However, the clustering of strains within clade @ymsuggest a certain tendency toward
geographic—genetic differentiation, suggesting fpbsdocal adaptations of this mycoparasite
that should be verified in wider studies. Cladei@&ludes the commercial AQ10 strain, as well
as five strains (CABI272851, MYA-3401, ITAL, ITA3MKC22511) that were isolated after the
commercialization of AQ10 and have identical IT§wnces, suggesting that those five strains
may have originated from AQ10 treatments appliethan same area. This would indicate that
the commercial strain can spread and persist ir@aOn the other hand, the strain DQ490762
belonging to Clade 2A which was isolated after ¢benmercialization of AQ10 and having a

different nucleotide sequence, probably represguistinct strain.

Screening is a crucial step in the selection ois$r capable of providing highly effective
biocontrol. Future studies should attempt to cjawhether the conidial germination ratesAof
quisqualisstrains are related to differences in virulenceiagt powdery mildew, which would

be a relevant factor in the selection of bioconageénts.
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Abstract

The use of mycoparasites is a highly elegant metidaocontrol, as the agent is specific and
can expand its activity on its own, and it presamtsrisk to the environmenfAmpelomyces
quisqualis best typifies the potential of mycoparasites, tass ihighly specific to powdery
mildews, does not produce any toxic metabolites eaa easily be mass-produced vitro.
However, the level of parasitization varies betwséins, and the cause of this variation is
unknown. In this study, twenty four selected ssasolated from different host mildews and
possessing different ITS rDNA sequences were etedufar their ability to colonize cucumber,
grapevine and strawberry powdery mildews andirovitro production of cell wall degrading
enzymes (CWDEs)Individual strains differed significantly in enlagent of the colonization
area by intrahyphal formation of pycnidia withinwatery mildew colonies and in inhibition of
host conidiation. Pronounced differences inith&itro activity of chitobiases, proteases gid
1,3-glucanases were also observed between st\asfound a positive correlation between
mycoparasitic activity and chitobiases and protedsé not glucanases. Furthermore, principal
component analysis showed that quisqualisstrains with similar levels of mycoparasitic
activity originated from the same host species ahdred an identical ITS rDNA sequence.
These results provide a deeper understanding opribeess of mycoparasitism and provide a
sound basis for developing new screening stratdgredetecting highly effectivé. quisqualis

strains in the biocontrol of powdery mildews.

4.1 Introduction

Biotrophic fungi belonging to thErysiphaceadamily are the causal agents of powdery mildews
that are among the most damaging plant diseasddwide (Glawe, 2008). Control of powdery
mildew diseases relies mainly on the use of chdnficyicides, yeintensive use of these can
result in the accumulatioof toxic compounds that are potentially hazardausumans and the
environment. In orderto reduce the use of chemical pesticides, altermathethods for
controlling powdery mildews have been studied,udeigthe use of microbial biocontrol agents
(Paulitz & Bélanger, 2001; Elad et al., 1998mpelomyces quisqualis a specific pycnidial

mycoparasite of several species Erfysiphalesand has a wide distribution in tropical and
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temperate climates (Angeli et al., 2009a; Kisd.e2804; Rankovic, 1997). It is the most studied
biocontrol agent of powdery mildews (Kiss, 19973 anformulation based on & quisqualis
strain originally isolated in Israel (CNCM I-807a$ been registered and is marketed under the
trade name of AQ10 (Sztejnberg, 1993).

During recent decades, the specids quisqualis has undergone several taxonomic
reorganizations resulting in the assignment offé#s¢-growing strainsirg vitro radial growth of
3-4 mm day') to Phoma glomeratand othe’Ampelomycespp., the slow-growing strains (0.5~
1.0 mm day') have been assigned Ao quisqualissensu stricto (Kiss, 1997; Kiss & Nakasone,
1998). Molecular analyses based on the internaktrébed spacer (ITS) region of the nuclear
ribosomal RNA gene (rDNA) have revealed a high llegk genetic diversity amond.
guisqualissensu stricto strains (Angeli et al., 2009b; Kif397; Kiss & Nakasone, 1998; Kiss et
al., 2011, Liang et al., 2007; Nischwitz et al.080Sullivan & White, 2000; Szentivanyi et al.,
2005). Recently, phylogenetic studies have indec#état ITS groups could be related to the host
fungus, suggesting, in most cases, a degree of mgtspecialization, although no evidence for
a strict association has been found (Angeli et2812; Park et al., 2010; Pintye et al., 2012).
Furthermore, different forms in terms of -culturamorphological and physiological
characteristics have been observed witAin quisqualissensu stricto strains isolated from

different powdery mildew agents (Angeli et al., 2D1

A. quisqualisinvades the powdery mildew host and grows witlie mycelium and fruiting
bodies. It forms pycnidia within the hyphae, coamhores and immature chasmothecia of the
host, and its development suppresses asexual awelsgporulation of the powdery mildew
(Hashioka & Nakai, 1980; Sundheim & Krekling, 1988rowth of A. quisqualisgerm-tubes
towards powdery mildew hyphae has also been obdegfS8andheim & Krekling, 1982)A.
quisqualisrecognizes the presence of the host and a waldrlsosubstance from powdery
mildew conidia has been shown to stimulate gerronatf A. quisqualisconidiain vitro (Gu &

Ko, 1997). Toxin production has not been deteateAl iquisqualigKiss et al., 2004), in contrast
to another pycnidial mycoparasi€pniothyrium minitangMachida et al., 2001; McQuilken et
al., 2003).

Mycoparasitism is a complex mechanism and hydmlgtizymes have been reported as key

factors responsible for fungal cell wall lysis acell degradation (Cook & Baker, 1983). Several
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fungi have been shown to produce these enzymeshagdplay an important role in biological
control (Adams, 2004, Elad et al., 1982; Elad etZ85; McQuilken & Gemmell, 2004; Mucha
et al., 2006). Unden vitro conditions, exposure of phytopathogenic fungi ticlgnzymes such
as chitinases, proteases or glucanases can nesidgradation of the structural matrix of fungal
cell walls (Lorito et al.1994a; Lorito et al.1994b; Oppenheim & Chet, 1992; Pozo et al., 2004;
Viterbo et al., 2004 Gruber & Seidl-Seiboth, 20IP)e role played by lytic enzymes produced
by another mycoparasitic fungu3yichoderma harzianum,in biological control has been
explored in depth in many studies which have demnatesi the importance of chitinases,
proteases anfl-1,3-glucanases in degradation of the fungal calll wf phytopatogenic fungi
(Geremia et al.1993; Haran et al., 1996; Lorito et d994b; Monteiro et al., 2010; Salmoski et
al., 2009).

Penetration of the host cell wdlly A. quisqualisis likely to involve both enzymatic and
mechanical processedppressorium-like structures have been reportedthat point of
penetration (Sundheim & Krekling, 1982), althougttld is known about Iytic extracellular
enzymes ofA. quisqualis Philipp (1985) identified hydrolytic enzymes iguid cultures ofA.
quisqualis which may play a role in degradation of powdemdew hyphal cell walls during
penetration. At that time, howevdt, glomerataand othelAmpelomycespp. A. quisqualisfast-
growing strains) had not been separated fldnquisqualissensu strictgKiss, 1997), after
therefore it is not possible to unequivocally atite the reported activities to strains of the
quisqualissensu strictaggroup. A few years later, Rotem et al. (1999) destratted thatA.
quisqualiscan excrete an ex®-1,3-glucanase in culture and during mycoparasjteamd showed
that culture filtrates ofA. quisqualisstrain AQ10 could degrade hyphal wallsRddosphaera

xanthiiin the absence of active mycelium.

Yarwood (1932) was the first author to identify fhetential role ofA. quisqualisas a biocontrol
agent, although the first important efficacy tras reported by Jarvis and Slingsby (1977) who
used a conidial suspension of the mycoparasiteotttral cucumber powdery mildew in
greenhouse. The commercial strain AQ10 is usedntra powdery mildew in various crops but
the reported data on its efficacy are contradici@ygtejnberg, 1993). In some experiments, it
effectively controled powdery mildews in variougs; other trials resulted in unsatisfactory

levels of biocontrol, although parasitism of powdenildew colonies on the treated crops did
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occur (Sztejnberg, 1993). Repeated applications ganeerally more effective, while high
humidity and rainfall help the mycoparasite to sprand develop. Some preliminary biocontrol
experiments suggest there may be different levelsflicacy among different strains a.
quisqualis (Angeli et al., 2009b)There is still considerable interest in finding rogarasitic
strains withinA. quisqualisspecies that afford more effective plant protectimen the existing

biofungicide strain.

The present work aims to ascertain whether i) gest differentA. quisqualisstrains (isolated
from different powdery mildew hosts) have differdavels of mycoparasitic activity against
powdery mildews; ii) the level of mycoparasiticigity is linked to the genotype and/or fungal
host of origin; iii) there is a correlation betwestycoparasitic activity, genotype aind vitro
production of CWDEs inA. quisqualis Our approach is based on characterizing the
mycoparasitic activity of thé. quisqualisstrains in terms of their ability to inhibit comaion in
different powdery mildew pathogens and intra-hypleaination of their intracellular pycnidia
within powdery mildewsn vivo. At the same time, production of cell wall degraflenzymes
(CWDEs) was measured undarvitro conditions. Analysis of the data indicates whiabtdrs

are important in effective mycoparasitismAofquisqualissensu stricto.

4.2 Materials and methods

4.2.1 Fungal strains and pathogens

A total of twenty-four genetically different strairbelonging to thé\. quisqualissensu stricto
group (Kiss, 1997) isolated from different plansites and powdery mildew species were
included in the present study (Table 1). The ssraiere obtained from culture collections
(ATCC, American Type Culture Collection, Rockvill&)SA; CBS, Centraalbureau voor
Schimmelcultures, Baarn, Netherlands; CABI, Commealiin Agricultural Bureaux
International, Egham, United Kingdom; DSMZ, Deuts@ammlung von Mikroorganismen und
Zellkulturen Gmbh, Braunschweig, Germany) or wen@vjgled by individual scientists (L. Kiss,
PPI, Plant Protection Institute of the Hungariarademy of Sciences, Budapest, Hungary). Five
strains were isolated by myself (Angeli et al. 2008nd belonged to the collection of FEM

(Fondazione Edmund Mach, S. Michele all’Adige, yjalPhenotypic and genetic relationships
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among these strains have already been identifiedj€i et al., 2012). During the experiments
the strains were grown on Potato Dextrose Agar (PO*oid, United Kingdom) in the dark at
25 °C (Gu & Ko, 1997; Angeli et al., 2012). For tpterm preservation, the strains were kept in
glycerol 10 % at-80 °C using microbank vials (Pro-Lab Diagnosticchtnond Hill, ON,

Canada).
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Table 1. Designation, hosts, area and year of isolationfceguTS group and GenBank accession numbessngielomyces quisqualirains

included in this study.

ITS Geographical origil
ID code? Fungal host Plant host Source GenBank
group”  and year of isolation

ATCC 20024! Erysiphe necatc Vitis vinifere 5 New York (USA), 198 ATCC AF12681
ATCC 20024/  E. necato V. vinifere 5 New York (USA), 199 ATCC HQ10803!
ATCC 20024! E. necato V. vinifere 5 New York (USA), 199 ATCC HQ10803.
ATCC 20025/  E.necato V. vinifere 5 New York (USA), 199 ATCC HQ10803
ITAL E. necato V. vinifere 2A Italy (1), 2007 D. Angeli (FEM  HQ10804
ITA2 E. necato V. vinifere 2A Italy (1), 2007 D. Angeli (FEM  HQ10804:
ITA3 E. necato V. vinifere 5 Italy (1), 2007 D. Angeli (FEM] HQ10804
ITA4 E. necato V. vinifere 5 Italy, 2007 D. Angeli (FEM  HQZ10805!
ITAS E. necato V. vinifere 5 Italy, 2007 D. Angeli (FEM  HQ10805.
CBS 128.7 Erysiphecichoracearur ~ Cucumis sativt 1 Canada (CDN), 19° CBs HQ10803
CBS129.7¢ E. cichoracearur C. sativu 1 Canada (CDN), 19° CBs HQ10803:
CBS 130.7 E. cichoracearur C. sativu 1 Canada (CDN), 19° CBs HQ10803
CBS 131.7 E. cichoracearur C. sativu 1 Canada (CDN), 19° CB< HQ10804(
DSM 222: E. cichoracearur C. sativu 2A Germany (D), ¢ DSMZ u8245(

MYA 3389 Podosphaer leucotriche Malus domestic 3 Hungary (H), 199 L. Kiss (PPI AY66381¢t
MYA 3391 P. leucotriche M. domestic 3 Hungary (H), 199 L. Kiss (PPI HQ10804.
MYA 3394 P. leucotriche M. domestic 3 UnitedKingdom (GB), 200 L. Kiss (PPI HQ10804-
MYA 3395 P. leucotriche M. domestic 3 Germany (D), 20C L. Kiss (PPI AY663817
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Table 1. (continued)

ITS Geographical origil
ID code? Fungal host Plant host Source GenBank
group®  and year of isolation

MYA 3398 P. leucotriche M. domestic 3 United Kingdom (GB), 20C L. Kiss (PPI HQ10804!
AQ1C Powdery mildew’ Catha eduli 2A Israel (IL), ©° Ecogen ltali AF03578:
DSM 222t Erysiphe heracl Daucussp 2A Germany (D), € DSMZ HQ10804.
DSM 462« Podosphaera xantl Leontodoisp 2A Germany (D), ¢ DSMZ HQ10804.
CABI 27285.  Powdery mildew’ Schinus moll 2A Ecuador (EC), 19¢ CABI HQ10803!
MYA 3401 Oidium hortensia Hydrangea macrophyl 2A United Kingdom (GB), 19¢ L. Kiss (PPI HQ10804

@ Type Il strains deposited in culture collectioAS CC, CBS, CABI, DSMZ) and provided by individualisntists (L. Kiss, D. Angeli).
®ITS rDNA grouping according to Angeli et al. 2012.

®GenBank accession numbers of the rDNA ITS sequences

4Species is unknown.

®Year of isolation is unknown.

82



Chapter 4: Mycoparasitic activity éfmpelomyces quisqualis

The aggressiveness of the quisqualisstrains was tested againdte pathogengrysiphe
necator PodosphaeraphanisandP. xanthij which were collected in the Trentino-Alto Adige
region between 2008nd 2011 from naturally infected grapevine, strawpend cucumber
plants, respectively. Fresh colonies of powderydewl were maintained under controlled
greenhouse conditions at 25 + 1 °C and 70 = 10 Rtive humidity (RH) at a fixed daily
photoperiod of 16 h. Subsequent inoculations ofgery mildew were carried out every 30 days
by shaking leaves bearing sporulating mildew oweed-week-old plants with at least five true
leaves (Angeli et al., 2009b).

The Trichoderma atroviridestrain SC1 has been used as a positive control in enzgmati
experiments as the activity of chitinolytic, protg@ and glycolytic enzymes ifirichoderma
spp. has already been extensively characterize@i¢kk et al., 2001; Benitez et al., 200%).
atroviride SC1 wadsolated from decaying hazelnut in northern Itahgl as currently deposited
in the CBS restricted collectionCBS 122089)in accordance with the regulations of the
Budapest Treaty.

4.2.2 Mycoparasitic activity: ability of A. quisqualis to reduce conidiation of

powdery mildewsin vivo

The ability of the 24A. quisqualisstrains to inhibit conidiation d&. necator, PaphanisandP.
xanthii on their respective host plants was assessed wodéolled conditions. Two-week-old
grapevine, strawberry and cucumber plants wereuiated with their respective powdery
mildew pathogensP. xanthiiinoculation was carried out by spraying a susmemsi distilled
water and Tween 80 (0.01 %) containing 1 ® dénidia/ml, while in the case & necatorand

P. aphanisdry inoculation was effected by shaking infectedvies bearing sporulating mildew
over the plants. The amount of strawberry and giapepowdery mildew inoculum was
determined by counting conidia on glass slidesqudmetween the plants during dry inoculation
and was expressed as the number of conidia perTdre choice of different inoculation methods
was based on preliminary trials carried out torope the methodology (data not shown). Plants
were incubated in the greenhouse at 25 + 1 °C &t 10 % of RH at a fixed daily photoperiod
of 16 h. As soon as powdery mildew conidiation &ppd on the upper surface of the leaves (5,

7 and 12 days after infection for cucumber, strawband grapevine, respectively) plants were
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immediately treated witl\. quisqualis(see below). Powdery mildew conidiation appeared as
homogenous infection on cucumber and grapevineefgavhile several powdery spots appeared

on strawberry leaves.

Conidia suspensions & quisqualisstrains were prepared as follows:quisqualisstrains were
grown on PDA in Petri dishes for two weeks at 25iri@he dark (ten plates per strain); conidia
were harvested by adding 20 ml of sterile distiveakter and Tween 80 (0.01 %) to each plate
and concentration was adjusted to 1 & dénidia/ml under a light microscope (Hund Wetar

600LL, Wetzlar, Germany) using a Thoma-Zeiss cagnthamber.

Plants bearing sporulating colonies Bf xanthii and E. necatorwere homogeneously treated
with the suspension containing 1 x®b@nidia/ml ofA. quisqualisusing a hand air-sprayer. Only
two basal leaves per plant, previously infectedlie relevant powdery mildew, were treated (5
ml of suspension per leaf). For strawberry, a dobphe suspension containify quisqualis
conidia (10 ul each) was applied to powdery mildgpots of approximately 3 mm diameter. Six
spots per leaf were treated. Plants with powdetgteani andA. quisqualignfections were kept at
25 °C and 95 % RH for 48 h, after which humidityswaduced to 70 + 10 % RH. Control plants

with powdery mildew lesions were sprayed with dleti water and Tween 80 only.

Reduction in powdery mildew fungal conidiation wassessed by counting the numberEof
necator P. aphanisandP. xanthiiconidia produced by the pathogens on the leasartO days
after A. quisqualistreatment compared with untreated infected plahte two basal leaves of
each grapevine and cucumber plant were collectedegives per strain) and leaf disks of 1.8 cm
diameter were cut (6 disks per grapevine leaf, i$Bsdper cucumber leaf). The leaf disks were
transferred to 50 ml tubes containing 5 ml (grapeyior 15 ml (cucumber) distilled water with
Tween 80 (0.01 %). For strawberry, two leaves pentpvere picked and a leaf disk of 3 mm
diameter was cut from each lesion and transfeweal2 ml tube containing 1 ml distilled water
with 0.01 % Tween 80. In all three cases, tubeewertexed for 1 min and for each leaf four
droplets of 20 pl were mounted on glass slides.c€oinations of powdery mildew conidia were
measured under a light microscope and conidia wetmted using a Thoma-Zeiss counting
chamber. Results were expressed as the percertdgetion in the number of powdery mildew

conidia compared with leaves treated with powderydew only. Three independent
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experiments each with six replicates (plants witfo tinoculated leaves) per treatment. (

guisqualisstrain) were performed.

4.2.3 Mycoparasitic activity: intra-hyphal formation of A. quisqualis pycnidia

within powdery mildews

Intra-hyphal formation of intracellular pycnidia tfe 24A. quisqualisstrains in grapevine&(
necator), strawberry (P. aphanis) and cucumber . xanthi) powdery mildew colonies was
measured following Kiss’s (1998) methodology withme modifications. Potted plants were
kept in a greenhouse and their leaves inoculatédl tveir respective powdery mildews. Leaves
with powdery mildew infection were detached frore fflants and the surfaces checked for the
presence of freshly sporulating colonies EBf necatoy P. aphanisand P. xanthii under a
stereomicroscope. Each sporulating powdery mildelerny (lesion), marked with a permanent
label on the lower leaf surface, was inoculatechvait2 ul droplet of anA. quisqualisconidial
suspension (1 x f0conidia/ml) spotted in the middle of the lesionix aves bearing five
inoculated lesions each were examined for eaclnstf@ assess the inoculum area of each
fungal strain, a leaf disk of 5 mm diameter was fooitn each lesion from three leaves and put
onto a glass slide. The area covered by conidgbesusion was measured at 40x magnification
with a laser microdissection system (Leica LDM 7@&@ght Microscope, Leica, Germany). The
average expanse of the 15 inoculation areas mehsias then subtracted from the total area
covered by pycnidia measured at the end of the rempat (see below). The three other
inoculated leaves were kept in Petri dishes (180 amd placed on plastic nets floated on water.
Petioles were submerged in water in order to gueealeaf survival and high relative humidity.
These plates were placed in a climate chamber1ith daily illumination at 25 °C for 14 days.
After this period, a leaf disk of 5 mm diameter vwag from each lesion and put onto a glass
slide. The total area witA. quisqualigycnidia in the powdery mildew mycelium was meadure
at 40x magnification under the microscope. Theed#hce between the total area covered by
pycnidia and the average surface area below theulation drop, determined as described
above, was calculated. Intra-hyphal enlargememt. gfuisqualisstrains in the powdery mildew
mycelium was expressed as fimay'. Three independent experiments, each with three

replicates (leaves with five lesions) per treatn{@niguisqualisstrain), were carried out.
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4.2.41n vitro production of CWDEs by A. quisqualis culture filtrates

Glucanase activityvas assessed according to the procedure estabbgHedtem et al(1999) to
characterize ex@-1,3-glucanase activity iA. quisqualisstrain AQ10. The amount of pmol of
glucose liberated during the reaction was deterdwiéh a glucose hexokinase reagent (Sigma),
according to the manufacturer’'s instructions. Ghase activity was expressed @asol of

glucose A* mg™* of dried mycelium.

Protease activity was determined using the amifisubstrate azocasein according to Girard and
Michaud (2002) with some modifications. Briefly6amm plug of the pycnidia-coated area was
excised from 14-day-old. quisqualisPDA cultures. The agar plug was placed in a stérb ml
tube containing 120 ul of an azocasein solutio®g1w/v in 50mM Tris-HCI, pH 8.8) and
incubated for 7 days at 25 °C. The reaction was 8tepped and the undigested substrate was
precipitated by the addition of 300 pl of cold himroacetic acid solution (10 %, w/v). After
centrifugation for 5 min at 13000 rpm, a volumel@0 pul of supernatant was transferred to 96-
multiwell plates and 85 pl of NaOH (1N) was addedach well. Absorbance was then read at
440 nm using a spectrophotometer and proteaseitpctivas expressed as the ratio of the

absorbance value per ml of supernatant.

To induce production of chitinases & quisqualisstraings 6 mm plugs from pycnidia-coated
PDA plates were transferred to sterile tubes cairtgi200 pl of a carboxymethyl-chitin-remazol
brilliant violet (CM-chitin-RBV, Sigma) solution (1% in 50mM Tris-HCI, pH 7.5) and
incubated at 25 °C for 6 days. At the end of tleibation period, the tubes were centrifuged for
5 min at 13000 rpm and supernatants were assessduefr ability to degrade colloidal chitin
(endochitinase activity) and for thelM-acetylf3-1,4-D-glucosamminidase activity (chitobiase
activity). For endochitinase activity, a volume 30 pl of supernatant was transferred to 96-
multiwell plates and absorbance was read at 550usimg a spectrophotometer according to
Quecine et al. (2008). The compound 4-methylumieejli-N-acetylf3-D-glucosaminide (4-MU-
GIcNAc, Sigma), where the 4-methylumbelliferyl gpois linked by(3-1,4 linkage to theN-
acetylf3-D-glucosaminide monosaccharide, was used to ast@sbiase activity (O’'Brien &
Colwell, 1987). A volume of 50 pl of supernatantswaixed with 200 ul of 4-MU-Glc NAc
solution (10uM in 100 mM sodium phosphate buffer, pH 6.0) ane thaction mixture was
incubated at 37 °C for 10 min then stopped by agl@d pl of NaCO; (0.2 M). The amount of
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free 4-methylumbelliferyl was determined by measgifluorescence with excitation at 360 nm
and emission at 450 nm using a spectrofluorome@@itobiase activity was expressed as

milliunits (mU) of enzyme mtf.

In all the enzymatic testd,. atroviride SC1 was included as a positive control under timeesa
conditions. Non-inoculated Potato Broth was useaexgative control in the glucanase assays
while non-inoculated PDA was used as negative obirtrthe protease and chitinase tests. Three

independent experiments each with three repliqgagesreatment (strain) were performed.

4.2.5 Data evaluation and statistical analysis

The mycoparasitic bioassays were arranged in soraizéd complete block design. Data from
the mycoparasitic and enzymatic experiments wese fested for homogeneity of variance. A
two-way analysis of variance (ANOVA) was then peried on log-transformed data from the
three independent experiments and revealed nofisegmi experiment x treatment interactions.
Data from the three experiments were thereforequbdAverages of all replicates are presented
in Table 2, Table 3 and Figure 1. Statistical digahces among treatments were computed with
Statistica software 7.0 (Statsoft, Tulsa, OK, USAH means were separated using the Tukey’s
HSD (P< 0.05).

A Principal Components Analysig®CA, Wold et al., 1987) was performed using Statistica
software 7.0 in order to visualize any potentiaketations between the mycoparasitic activity of
A. quisqualisand the genotype and fungal host of origin of $f@in. Four variables were
included: ability to reduce powdery mildew conidiatra-hyphal spread of pycnidia into the
host, genotype (ITS group), and the fungal hoststren was originally isolated from. The first

two principal components were plotted to visuatize grouping of samples.

Spearman'’s correlation coefficienHo andcorrelation coefficientsr] of the linear regression
curves weraised to calculate correlations between mycopatasitd enzymatic activities. The
statistical analysis included all tested strainthwihe exception oATCC 200245 and ATCC
200249 which were identified as outliers and rendofrem the data. Data were analyzed for
significance using Statistica software 7.0. Mearssenseparated using the Tukey's HSD test

after significant F-test (R 0.01) with a one-way analysis of variance (ANOVA).
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4.3 Results

4.3.1 Mycoparasitic activity: ability of A. quisqualis to reduce conidiation of

powdery mildewsin vivo

The trials on the different pathosystenis (ecatorgrapevine,P. aphanisstrawberry andP.
xanthircucumber) showed that all 24. quisqualisstrains tested significantly reduced the
number of conidia on treated leaves compared witheated controls. On strawberry (Fig. 1a),
the strains belonging to ITS group 1 isolated fil@nmxanthii (cucumber, Canada, Table 1) and
most strains of ITS group 2A, including strainslased from different fungal hosts, (ITA 1 and
ITA 2 from E. necatoy CABI 272851 fromSchinus molleDSM 4624 fromS. fuliginea,DSM
2225 fromE. heraclei,MYA 3401 from Oidium hortensiag greatly reduced the number of
powdery mildew conidia (46-51 %). AQ10, DSM 222PSIgroup 2A) and ITS group 3 reduced
P. aphanisconidia by 28—-40 %. Very poor powdery mildew caaiceduction was obtained with
the four ATCC strains isolated frol. necatorand clustering within ITS group 5 (22-27 %
reduction). Strain ITA 3 was the only strain of I§®up 5 able to greatly reduce the powdery
mildew conidiation rate (53 %). In the experimewith E. necator all theA. quisqualisstrains
tested greatly reduced the number of conidia catéckleaves compared with untreated controls
(Fig. 1b), with values ranging from 63 % (ATCC 2@62 to 100 % (MYA 3401). Significant
differences between strains were, however, detetiétth the exception of DSM 2225, all the
strains which performed best against strawberrydssw mildew (ITS group 1, some strains
from ITS group 2A and ITA 3) were also the mosteefive againsE. necator Strain MYA
3401 even produced complete inhibitionEaf necatorconidiation, while a significantly lower
effect was obtained with strains belonging to I'T8ugps 5 and 3The greatest variation between
A. quisqualistreatments was observed (23-93 % control) withuser (Fig. 1c). The same
strains which were highly effective agaifstaphanisandE. necator(ITS group 1, ITA 1, ITA

2, DSM 4624, CABI 272851 from ITS group 2A and IBAbelonging to ITS group 5) greatly
reduced the number of powdery mildew conidia (779493 TheA. quisqualisstrains isolated
from P. xanthii (cucumber, Canada) and belonging to ITS group fewilee best strains for
controlling cucumber powdery mildew. Strains beloggto ITS group 3 isolated frorR.
leucotrichaon apple plants and the strains of ITS group 5dpixdTA 3) isolated fronE.
necatorwere found to have little efficacy .
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Figure 1. Reduction in the number of powdery mildew conidi€Podosphaera aphani&), Erysiphe
necator(b), P. xanthii(c), in comparison with untreated controls, on leaveayga withAmpelomyces
quisqualisstrains from different host plants, fungal hostd geographic origins. Columns with the same
design represent strains isolated from the sam plad mildew species, with the exception of thiedb
columns which represent strains isolated from dhffie hosts (Table 1). The four ITS groups (1, 2A5)3
discussed in the text are indicated in the fig@@umns with the same letters do not significadif§er

(P < 0.05, Tukey's test). Values are means of eightemplicates derived from three independent

experiments with six replicates per experiment.

4.3.2 Mycoparasitic activity: intra-hyphal formation of A. quisqualis pycnidia

within powdery mildews

The 24A. quisqualisstrains were rated for their ability to parasitmmvdery mildew mycelia by
forming intrahyphal pycnidia. Microscopic examimetirevealed that intrahyphal pycnidia had
already formed outside the inoculation area fortedted strains oA. quisqualis1l4 days after
inoculation. AllA. quisqualisstrains displayed antagonistic activity agafskanthij E. necator
and P. aphanis,but different levels offungal growth within the pathogens were observed
between strains (Table 2). Among the 24 straixs(I$iA 1, ITA 2 and all strains from cucumber
powdery mildew belonging to ITS group 1) induceeé thrgest parasitized areas on the three
powdery mildews. Their daily expansion ranged frb82 to 263nnt day*. Good growth rates
were also found with strains ITA 3, CABI 272851 dn8M 4624. CBS strains clustering into
ITS group 1 displayed the highest mycoparasiticvidgt in vivo (191-245 mrh day?).
Considerably reduced pycnidial development intd lselis was observed with strains clustering
into ITS group 3 (36-5tnT day’) and group 5 (except ITA3) (62—93 rhiday’). Analysis of
the data according to ITS group showed that str&iomn ITS groups 1 and 2A spread
significantly faster within the powdery mildew hosbmpared with strains belonging to ITS
groups 3 and 5 (Table 2).
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Table 2.Intra-hyphal spread dfmpelomyces quisqualig/cnidia within powdery mildew

Intra-hyphal spread of pycnidia

Strains ITS group (mmfday’+ SE) on
P. xanthi E. necato P. aphani

ATCC 20024! 5 43.8+0.2° 42.7 £0.2 354 +£0.31
ATCC 200241 5 440+£0.3° 48.9 + 0.3 fi 36.1.0+0.4
ATCC 20024¢ 5 56.2+05¢e€ 70.1+04 ¢ 38.7+£0.4
ATCC 20025 5 88.4+0.4d 77.1+£05 38.8+0.4
ITA1 2A 240.1+ 1.5 2457 £ 1.7 187.7 £ 0.9
ITA?2 2A 2283+1.2 232.2+0.8a 182.4%0.8
ITA3 5 202.7x1.0 207.1+1.3 1474 +1.1
ITA4 5 71.7£0.6 90.5+0.tde 59.1+0.3c
ITAS 5 102.8+£0.4 111.3+0.5 78.3+0.3
CBS 128.7 1 253.3+0.9 261.5+1.1 1985+1.2
CBS 129.7 1 2244 +1.4 230.6+1.3a 184.4+1.3
CBS 130.7 1 2189+11a 2240x16a 188.8x1.2
CBS 131.7 1 255.0+1.1 262.9+0.9 193.0+1.1
DSM 222: 2A 1947+1.3b 182.3+0.8 138.2+1.0
MYA 3389 3 494+04¢e 55.5+£0.3 40.1 £0.31
MYA 3391 3 426 £0.4° 30.4+0.31 28.1 £ 0.3
MYA 3394 3 71.3+£0.1 78.2£0.1¢€ 422 £0.2 1
MYA 3395 3 446 £0.3° 545+0.3 35.9+0.2 ¢
MYA 3398 3 42.8£0.3° 38.9+0.3 34.4+£0.31
AQ1C 2A 180.0+1.4 177.7+1.6 132.0+0.8h
DSM 222¢ 2A 188.6+1.0b 183.6+0.7 1458+ 1.0
DSM 462 2A 2140+£1.0 205.4£0.8 151.3+x1.1
CABI 27285: 2A 205.7x15 1904+ 1.2bc 1723+1.2a
Mean valu®

1 237913 2447 +£1.4 191.2+1.1

2A 205.6 +1.2 200.1+1.2 156.2+1.2

3 50.2+£0.3] 51.5+0.3! 36.1+£0.11

5 87.1+£0.5] 925+ 0.5 61.9+0.3]
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Values are means of nine replicates derived fromeethindependent experiments with three replicates p
experiment. Standard errors of the means are expd8E). Values with the same letter within a caoluane not
significantly (P< 0.05) different according to the Tukey’'s HSD test.

2 powdery mildew mycelial area coveredAyquisqualigycnidia (mni per day).

® Average of allA. quisqualisstrains belonging to an individual ITS group. \&duwith the same letter within a
column are not significantly (R 0.05) different according to the Tukey's HSD test.

Assays for evaluating ability to reduce conidiatmhpowdery mildew and intra-hyphal spread
of A. quisqualispycnidia within the hosshowed that all strains formed pycnidia and reduced
conidiation of the three powdery mildew species Wwith different levels of aggressiveness. A
Principal Components Analysis (PCA) based on theraction between mycoparasitic activities
(reduction of conidiation and intra-hyphal growthl)S group and fungal host of origin showed
that the latter two generally corresponded with gheuping based on level of aggressiveness.
Three different groups, each comprising strainkated from the same fungal host, belonging to
the same ITS group and with similar levels of aggneeness could be clearly recognized in the
PCA (Fig. 2). In fact, all strains isolated frdh xanthiiand clustering into ITS group 1 were
highly effective against the tested powdery milde@s the other hand, strains isolated frBm
leuchotrichaand E. necator(with exception of ITA 3) and belonging to ITS gps 3 and 5,
respectively, were less effective in powdery mildeantrol. The only ITS group where the
strains failed to cluster together in the PCA asiglywas group 2A which included strains
isolated from different hosts and displaying diéfierr levels of aggressiveness. Three strains in
this group (ITA 1, ITA 2, and DSM 2222) did not star with the other 2A strains.
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Figure 2. Principal Components Analys{PCA) of mycoparasitic activities, genotype and fairtgpst of
origin of the Ampelomyces quisqual&rains. Four variables were included: abilityréoluce powdery
mildew conidiation, intra-hyphal spread of pycnidighin the host, genotype (ITS group), and fungal
host of origin. Clusters were named according &IT rDNA phylogenetic group (Angeli et al., 2012)
The first two principal components were plottedigualize the grouping of samples.

4.3.31n vitro production of CWDEs by A. quisqualis culture filtrates

CWDE activitiesin vitro were determined for the 24. quisqualisstrains and compared with
those ofT. atroviride SC1. The levels of chitinase, protease gid3 glucanase secreted by the
variousA. quisqualisstrains differed significantly (R 0.05) according to a Tukey’'s multiple

range test (Table 3).

None of theA. quisqualisstrains exhibited endochitinase activity vitro while the greatest
chitobiase activity was produced by CBS strains. 12843 mU mif) and 131.79 (37 mU 1),
ATCC 200245 (41 mU rif) and DSM 4624 (38 mU m). The activity of these strains was
about three times higher thdn atroviride SC1. In general, ITS group 1 displayed the gréates
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chitobiase activities with an average of 34 mULmT'he lowest activities were clearly measured
for A. quisqualisstrains belonging to ITS group 3 (10 mU™ I There was a 0.5 to 1-fold

decrease in the activities of these strains whempened with th&richodermacontrol strain.

Strains ofA. quisqualisgenerally exhibited lower protease activity congglawith T. atroviride
SC1 under the same conditions. Only the proteasatas of ITA 1, ITA 2, ATCC 200249 and
CBS 128.79 did not statistically differ from SC10(2 Abs mt') whereas the activities of all
other strains were significantly lower, with sevesrains belonging to ITS group 3 and ITS
group 5 exhibiting as much as a 5-fold decreasepened with theTrichodermacontrol. In
general, ITS groups 1 and 2A displayed higher emzpnoteases activities (Average = 8.1 Abs
mi™) than group 3 (3.8 Abs M) and group 5 (5 Abs i) (Table 3).

Differences in activity levels between individuédasns of A. quisqualiswere also found fop-

1,3 glucanase. Maximum activity gf1,3 glucanase was measured with strains ITA 1, ZTA
AQ10 and DSM 2225 (405-451 pumol thg™). These values were about 2 times higher than
those for SC1 (199 pmol rdi?). The strains displaying the lowest glucanaseviiets (e.g. a
2-fold decrease compared with SC1) were ITA 4, M¥389 and MYA 3398.

Most of the strains tested exhibiting high chitaleiaand protease activities (e.g. strains of ITS
groups 1 and 2A) also performed best in parasgitive powdery mildews and in inhibiting the
formation of conidia (Figs. 1 and 3, Tables 2 ahdCdnversely, all the strains belonging to ITS
groups 3 and 5, which displayed the lowest chigdiand protease activities, were also less
effective in colonizing powdery mildew vivo. Correlation analysis of the mycoparasitic and
enzymatic activities ofA. quisqualis(Fig. 3; Table 1S)showed the activities of these two
CWDEs to be positively correlated with intra-hypMatmation of pycnidia (Figs. 3a,c; Rho =
0.82, R = 0.68; Rho = 0.77, &= 0.67) and inhibition of conidiatioim vivo (Figs. 3b,d; Rho =
0.70, R=0.53; Rho = 0.71, &= 0.54). However, no correlation was found betwernf-1,3
glucanase activity and the two tested mycoparaaitivities ofA. quisqualisstrains belonging

to different ITS groups (Figs. 3e,f; Table 1S).
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Table 3.Enzymatic activity of differenfmpelomyces quisqualktrains.

Strains

ITS group

Chitobiase activit

Protease activi

B-1,3-Glucanase activity (um

(MUm+SEf  (Abs m*+SEf mg*h'+ SEf

Scr 13.84 + 0.3¢hil 10.22 +0.09 199.27 + 4.07 cc
ATCC 20024 5 40.84 +1.07 & 2.96+0.14t 134.10 + 4.46 fg
ATCC 200241 5 16.67 £0.51 gt  3.21+0.09t 160.43 + 3.73 fg
ATCC 20024 5 2425+0.58ef 9.14+0.07a 136.38 + 3.12 fg
ATCC 20025 5 10.01+ 0.31 il 5.16 +0.10 148.05+ 3.90 fgt
ITA1 2A 2852+ 0.37de  9.25+0.12 al 450.76 +5.13
ITA 2 2A 33.69+1.09 bct  9.27+0.20 al 404.65.28 + 4.55
ITA3 5 16.76£0.67 gh  6.42+0.18 ¢ 173.48 + 3.74 ef
ITA 4 5 14.17+ 0.20 hi 2.84 + 0.2Chi 91.93+2.04t
ITAS 5 13.05+ 0.27 hi 5.58+ 0.13 f 373.28+4.25¢
CBS 128.7 1 43.19+ 0.69 ¢ 10.11+0.10¢ 276.52 + 3.89 bc
CBS 129.7 1 30.76+0.68 cd  6.66+0.12de  189.76+ 2.70 de
CBS 130.7 1 2351+ 0.64 efc  8.81+0.21 b 294.2¢+ 3.76 b
CBS 131.7 1 37.32+1.04ab  7.06+0.08 d 182.46 + 3.11 de
DSM 222: 2A 29.11+ 0.46 de  8.46+ 0.23 by 147.12 +3.35 fg
MYA 338¢ 3 7.40+0.15 3.54+0.15} 105.17 +2.32 |
MYA 3391 3 9.48+0.17 il 3.48+0.12 115.91 + 2.49 gl
MYA 3394 3 13.00+ 0.41 hi 2.08 +0.07 352.57+3.84¢
MYA 3395 3 6.93+0.11 7.75+0.13 c( 168.67 + 3.72 ei
MYA 3398 3 12.70+ 0.71 hi 2.18 +0.08 83.59 + 2.61
AQIC 2A 2385+ 0.43eft  855+0.17hb 438.33 +5.29
DSM 222: 2A 23.74+1.02 efc  8.73+0.10 by 439.32 +5.46
DSM 462+ 2A 38.14+1.38ab  7.87+0.15 133.88+ 2.46 fgt
CABI 27285, 2A 21.23+0.95fgt  5.78 +0.10 fi 158.54 + 4.35 fg
MYA 3401 2A 1859+ 0.99 gh  6.91+0.18d 153.65 + 3.17 fg
Mean valu

1 33.70+0.70 8.16 +0.13 235.76 + 14.82

2A 27.11+0.27 5 8.10+0.15 290.78 + 26.38

3 9.90 +0.19 3.81+0.15 165.18 + 12.28

5 19.39 +0.49 k 5.04+0.11b 173.95 + 14.36

95



Chapter 4: Mycoparasitic activity éfmpelomyces quisqualis

Values are means of nine replicates derived fromeethindependent experiments with three replicates p
experiment. Standard errors of the means are expd8E). Values with the same letter within a caoluane not
significantly (P< 0.05) different according to the Tukey’'s HSD test.

@ The total chitobiase activity was measured usingiedhylumbelliferyl N-acetyB-D-glucosaminide (4-MU-
GIuNACc) as the substrate. The fluorescence of itherdted 4-MU was measured with excitation at 360 and
emission at 450 nm. One milliunit of chitobiaseidatt was defined as the amount of enzyme thatréites 1 nmol
4-MU per min.

®The protease activity was measured in absorbaramiititre of substrate per reaction

“Thep-1,3-glucanase activity was measured in pmol gleidiberated per h per mg dry weight according tteRo
et al (1999).

4 Internal positive controlTtichoderma atrovirideSC1).

¢ Average of allA. quisqualisstrains belonging to an individual ITS group. \&suwith the same letter within a
column are not significantly (R 0.05) different according to the Tukey's HSD test.
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Figure 3. Relationship between CWDE production and mycogécasctivities in Ampelomyces
quisqualis strains. Correlation coefficients)(of the linear regression curves warged to calculate
correlations between the two mycoparasitic actsitiested iiitra-hyphal formation of pycnidia and
inhibition of powdery mildew conidiation) anchitobiase (a, b), protease (c, d), ghd,3-glucanase

activities (e, f). The four ITS grouigs, 2A, 3, 5)are indicated with different symbols.

97



Chapter 4: Mycoparasitic activity éfmpelomyces quisqualis

Table S1.Estimates between hydrolytic enzyme production mrydoparasitic activities of linear {R

and Spearman (Rho) correlation coefficients.

Intrahyphal spread of pycnid®  Reduction of powdery mildew conic®

Rhc R Rhc R
Chitobiase activit 0.8231 0.6827 0.6996° 0.533:
Protease activi 0.7658 0.6696 0.7065 0.5435
B-1,%-Glucanase activi  0.475: 0.197¢ 0.423: 0.089:

* Indicates statistically significant correlatio(®< 0.01).
2The mean value of the bioassay tests on cucumizgregine and strawberry was considered.

4.4 Discussion

Among the various fungal antagonists of powderydews (Kiss, 2003), pycnidial fungi
belonging to the genuAmpelomycesre the most widespread and the oldest known natura
antagonists oErysiphalegKiss et al., 2004). SincR&. quisqualisstrainsare known to parasitize
and reduce powdery mildew infections with differeleigrees of efficacy (Angeli et al., 2009b),
we investigated whether there was an associatitwele® original mycohost, aggressiveness
measured as conidia reduction and expansion o§pizesl host area, and vitro production of

CWDEs ofA. quisqualisstrains belonging to different ITS groups.

In vivo bioassays showed that All quisqualisstrains tested in our study were able to parasitiz
powdery mildew mycelium by forming intrahyphal pydia, expand the parasitized host colony
area over time and significantly reduce conidiatedrE. necator, P. aphaniand P. xanthii
Interestingly, mycoparasitic activity differed acdmg to the powdery mildew species and
several of the tested strains were more effectmam the commercial strain AQ10. Individual
strains differ considerably in aggressiveness,oalgjh strains which aréighly aggressive
against one powdery mildew also perform best agdinesother two. We identified a group of
highly aggressive strains which are more effecthan AQ10 and which have a high potential
for powdery mildew control. Some Italian strainsléted from grapevine powdery mildew (ITA
1, 2, 3), the CBS strains isolated from cucumberdery mildew, as well as DSM 4624 and
CABI 272851 were very effective in the biologicantrol of all powdery mildew pathogens.

Moreover, not all powdery mildew species are equallisceptible toA. quisqualis our
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experiments show th&. aphanisis in general less susceptible to all thequisqualisstrains

thanP. xanthiiandE. necator

Recently, studies have shown that the cultural gmoavth characteristics of these strains are
related to ITS group and host fungus and have siggehat a certain degree of mycohost
specialization may be present within tAequisqualisspecies (Angeli et al., 2012; Park et al.,
2010). We have demonstrated for the first time thatability ofA. quisqualisstrains to colonize
powdery mildew by forming pycnidia and inhibitingrddiation is completely independent of
the geographical origin of the strain, but appéaise related to genotype (ITS rDNA sequence)
and the original fungal host, with the exceptionstriins ITA 1, ITA 2 and ITA 3. It is worth
noting that the strains belonging to ITS groupsnd & were the least effective in reducing
powdery mildews. These strains were isolated frppleaand grapevine plants, respectively, the
natural hosts of only one powdery mildew specMs qomesticaP. leucotricha V. viniferaE.
necato). On the other hand, the most aggressive straahsnbed to ITS groups 1 and 2A,
isolated from plants that, for the most part, dtacked by more than ortgrysiphalesas in the
case ofC. sativuswhich is the natural host &. cichoracearunmandP. xanthii(ITS group 1). In
addition, members of the plant species that hosteduisqualisstrains of ITS group 2A are
natural hosts of at least two powdery mildews, saglbaucussp. €. heracleiandE. polygoni),

H. macrophylla(E. polygoniand O. hortensiag and Leontodonsp. E. cichoracearumand P.
xanthi). Unfortunately, no information is available onetmumber of powdery mildews
occurring onC. edulisandS. molle However, it is tempting to hypothesize that cofation of

A. quisqualisstrains and plants which are the natural host ofenthan one powdery mildew
drove the selection of more aggressive genotype®roader range of strains belonging to
different genotypes and originating from differ@tnt hosts will need to be investigated in the

future in order to validate this hypothesis.

Another aspect of our work regarded evaluation bé ttraits associated with strain
aggressiveness and testing the hypothesis that G/BEreted byA. quisqualisstrains are an
important factor in selectind. quisqualisstrains for biocontrol. Bhough the mycoparasitic
activity of A. quisqualisagainst powdery mildews is well documented, infation on the role
played by CWDEs is in fact scarce (Philipp, 198%itd et al., 1999)These enzymeare
produced by mycoparasitic fungi and are involvedlysis of the cell wall through the

degradation of chitin, glucan and proteins, themzainstituents of the cell walls of higher fungi
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(Cao et al., 2009; Larena & Melgarejo, 1996; Loetoal.,1994a; Oppenheim & Chet, 1992).
The importance of the role played by CWDEs in toavdy of fungal biocontrol agents has
already been demonstrated in several works. Fompbea the genesch42 coding for an
endochitinase inl. harzianumstrain P1 is expressed before contact betweerbith@ntrol
fungus and the plant pathogBhizoctonia solaniwhile a null mutant lacking a functional copy
of this gene was impaired in the control of anothlent pathogemotrytis cinerea(Woo et al.,
1998; Zeilinger et al., 1999). Szekeres et al. 2006und thafl. harzianunstrain T334 mutants
were able to overproduce proteases and betterotdaisarium culmorumPythium and R.
solani in vitra In addition, the biocontrol activity @f. virensstrain GV29-8 againg. solanion
cotton seeds was much improved when the des@l coding for an alkaline serine protease,
was constitutively expressed, showing that proteéobctivity plays a role in the mycoparasitism
of this T. virensstrain (Pozo et al., 2004). The role played3by,3 andB-1,6 glucanases in the
same strain has been well documented (Djonovid. e2@06, 2007). The use of derivatives of
the T. virensstrain GV29-8 lacking glucanolytic activity or apeoducing-1,3 andp-1,6
glucanases in a biocontrol assay on cotton seedishgnrly showed the importance of these
enzymes. It was found that GV29-8 derivatives oradpcing glucanase were able to control
plant pathogens more efficiently than wild typeasts, while the null mutants lost their

biocontrol effectiveness (Djonovic et al., 200602)

Our enzymatic assays revealiedvitro -1,3-glucanase, protease and chitobiase activi@ilin
tested strains, although the levels of enzymatiwic differed between genetically differeAt
quisqualis strains. This is the first time that vitro protease activity has been reported for
members ofA. quisqualissensu stricto. It is worth noting that all the stsatested displayed
chitobiase activity, but no endochitinase activitgs detected using the CM-chitin-RBV method.
In agreement with Rotem et al (1999), we found that commercial strain AQ10 produces a
high amount of extracellulg-1,3-glucanase and also displayed good proteaseclatmbiase

activity.

Our results suggest that the ability of sofneuisqualisstrains to parasitize the host by forming
intracellular pycnidia and reducing fungal-host ideation was associated with their intrinsic
ability to secrete proteases and with chitobiaseicin culture filtrates (Fig. 3, Table S1). Ehi

was also illustrated by the regression analysisiwvishowed there to be a significant positive
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correlation (Table S1) between chitobiase and peateactivity with intra-hyphal formation of
pycnidia and the inhibition of conidiatiom vivo, whereas exo-glucanase activity was not
statistically related to mycoparasitic activitieBherefore, we hypothize that proteases and
chitobiases play an important role & quisqualismycoparasitism. However, lytic activities
alone do not fully explain the level of aggresse®ss) although they are probably involved in the
biocontrol ability of A. quisqualisand of other mycoparasitic fungi (Adams, 2004; Rest et
al., 2011; Vinale et al., 2008)

An interesting issue for future research would beirtvestigate the role played by these
enzymatic activities in the antagonistic properttésmembers ofA. quisqualissensu stricto

either by creating strains that are defective aséhactivities or by monitoring expression of the
genes responsible for lytic activities during tlagsitization of powdery mildews. Nevertheless,
the biological characterization of th& quisqualisstrain collection carried out in this work
suggests that mycoparasitism By quisqualiscan be explained in part by the activities of
CWDEs. This provides important knowledge for thieston of new, highly effective strains for

biocontrol.
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Abstract

Spores of theAmpelomyces quisqualisiycoparasitic fungus are unique in their ability t
actively infect and kill the causal agents of povydmildew Erysiphale$. The potential ofA.
quisqualisin the biological control of its fungal hosts ifem inconsistent under field conditions
whereas the most successful biocontrol experimasitsg A. quisqualiswere carried out in
greenhouses where temperature and relative hum(itit}) are suitable to the mycoparasite.
Clearly, the high RH requirement Af quisqualigepresents one of the major obstacles in its use
as a reliable biocontrol agent. In this study, ndweels for exploring future application &.
quisqualisin biological control of powdery mildew fungi wersvestigated. For this purpose,
selection of new highly effective mycoparasitiagis and identification of specific mechanisms
to increase the biocontrol efficiency are considei@ be the most appropriate method. Thus,
some attempts were made to enhance the efficadyfefent strains oA. quisqualis Conidia of

A. quisqualis germinate poorly in sterile, distilled water. Aopedure to increase the
performance ofA. quisqualisin the biological control of powdery mildews wasvd®ped by
increasing the conidial germination rate of the gum before leaf application. Customized

compounds were used to stimulate conidia germinaéind the efficacy in the control of
different powdery mildews was increased by-30 %. The method may be useful for improving

the efficacy of biological control agents underiting temperature and RH conditions.

5.1 Introduction

Pycnidial fungi belonging to the genAspelomyceare the most widespread natural antagonists
of ErysiphaleqKiss et al., 2004) and are the most studied bitvobagent of powdery mildews
(Kiss, 1997). Thewide host range, combined with tolerance to a nundbefungicides used
against powdery mildews, makas quisqualighe ideal candidate for use as a biological control
agent (Falk et al., 1995a; Sundheim & Tronsmo, 198ejnberg et al., 1989). Genetically
differentA. quisqualisstrains are available from culture collections gah et al., 2012a; Kiss et
al., 2011; Liang et al., 2007; Park et al., 2010J ane strain isolated in Israel (CNCMBD7)

has been formulated, registered and commercialine@r the trade name of AQ10 (Kiss, 1997;

Sztejnberg, 1993). In general, wh&nquisqualisstrains are used as biocontrol agents, a certain
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level of disease has to be tolerated as they chn aitack established infection of powdery
mildews (Fokkema, 1993). As they act against powdaildews through mycoparasitism,
without producing antifungal compounds, they desttbe powdery mildew colonies only
slowly, taking 57 days. Recently, studies on the host-parasiteactien of the mycoparasite
and its powdery mildew host showed that the presesfchost fungi is recognized bA4.
quisqualis and a water-soluble substance from powdery mildemidia was shown to stimulate
the germination of their conidia vitro (Gu & Ko, 1997). Directed growth of germ-tubes/of
quisqualistowards powdery mildew hyphae has also been obdef8undheim & Krekling,
1982). A. quisqualisinvades and grows within powdery mildew hosts. Thegus formes
pycnidia within hyphae, conidiophores, conidia ghd immature chasmothecia of powdery
mildews (Sundheim & Krekling, 1982). Parasitizati@duces powdery mildew sporulation, as
well as the production of chasmothecia and may teradlg kill the entire mildew colony
(Hashioka & Nakai, 1980; Sundheim & Krekling, 198R) order to maintain control, the growth
and spread of their fungal hosts must be slower that of the mycoparasite. As the artificially
released mycoparasites, together with the natuoaltyrring ones, destroyed a part of ascomata
of grapevine powdery mildew in autumn, which engheeperpetuation of the disease (Gadoury
& Pearson, 1988), they contributed to a significdeily in the powdery mildew epidemic in the
next season (Falk et al., 1995b). Thus, an additibenefit of this biocontrol experiment was the
reduction of the overwintering inocula of powderyidaw. Commercial strain AQ10, based on
spores ofA. quisqualis is widely exploited to control powdery mildew wdirious crops. Several
studies were made to determine the potentidl. ajuisqualisin the biological control of powdery
mildews, a group of fungi difficult to control inoth greenhouse and field crops. A number of
examples of acceptable disease control have bemnted for greenhouse and field-grown
vegetable crops (Sztejnberg 1993). In most expertisnd. quisqualisvas sprayed onto infected
plants as a conidial suspension and the applicatiwere repeated several times during the
season to ensure a high level of control (Sztepnleeral., 1989)The first significant trial using
A. quisqualiswas reported by Jarvis and Slingsby (1977) wha wsmidial suspensions of the
mycoparasite to control cucumber powdery mildewr@enhouse trials successfully. The control
was enhanced when interspersed with water spfayquisqualisrequires water to germinate
and to infect powdery mildew colonies. The highatee humidity (RH) requirement oA.

quisqualisrepresents an important limiting factor in its uséiocontrol (Verhaar et al., 1999;
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Paulitz & Bélanger, 2001). The dry conditions thatially are suitable for the development of
powdery mildews are not conducive to the develognmrA. quisqualis(Kiss et al., 2004;
Sundheim & Krekling, 1982). The most successfulcbidrol experiments using. quisqualis
were carried out in greenhouses where the RH was kgh (Jarvis & Slingsby, 1977,
Sundheim, 1982), or in the field where free wataswrequently available on the treated leaves
(Sztejnberg et al., 1989; Falk et al., 1995b). Eiffecacy of A. quisqualisalways decreased
rapidly when the RH was below 986 % (Kiss et al., 2004; Verhaar et al., 1999).ulber of
additives, such as an emulsion of 1 % paraffirooé 0.3 % mineral oil surfactant, were reported
to increase the biocontrol performance/ofquisqualisat lower RHs (Hofstein et al., 1996).
However, some of these additives can control poydatdews directly (Verhaar et al., 1996;
Pasini et al., 1997). Some trials have been regavteere the treatments wit quisqualisvere
ineffective, and suggested that only very limitedtcol of powdery mildew could be expected in
the plant protection practice (Dik et al., 1998;G#ath & Shishkoff, 1999; Verhaar et al., 1999;
Shishkoff & McGrath, 2002). Experiments wifkh quisqualisshowed the biocontrol level was
unsatisfactory, although parasitism of powdery swdcolonies on the treated crops did occur
(Angeli et al., 2009; Gilardi et al., 2012). Redgntbiocontrol experiments showed that
genetically differenfA. quisqualisstrains reduced the sporulation of different powdeildews
under controlled greenhouse conditions and thd lefvparasitization varies between different
strains but the cause of this variation is unkng@ngeli et al., 2012b). Howeverhédre is still
considerable interest in finding mycoparasitic isgawithin A. quisqualisspecies that afford

more effective plant protection than the existitrgiss.

This research has focused on the development okffeative strains oA. quisqualisvhich can
be used in the organic field to control powderydews. Here we aimed at enhancing the
performance ofA. quisqualisin the biological control of powdery mildew undeontrolled
greenhouse conditions. Because of its moisturein@ments, a major focus of our research is
optimizing nutritional conditions for the culturergoluction of fungal spores focuses on
producing spores which will germinate rapidly. Thtise present study was undertaken to
investigate on the existence of external sourcésctaig some cultural and physiological
parameters of the mycoparasitic fungus. The pdggibf utilizing different active principles to

increase its virulence in the biocontrol of powdemdews is also investigated.
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5.2 Material and methods

5.2.1 Pathogen and microorganism culture

Cucumber(Podosphaera xanthii)strawberry Podosphaeraaphanis)and grapevineHrysiphe
necator)powdery mildews were used to evaluate the aggessss of mycoparasitic strains of
A. quisqualis.Fungal hosts. xanthii, P. aphanis and E. necatderived frompopulations
collected in Trentino Alto Adige region between Q0dnd 2011 on zucchini, strawberry and
grapevine plants, respectively. Fresh colonies ofvgery mildew were maintained in
greenhouse controlled conditions at 25 + 1 °C add:t 710 % of relative humidity (RH) and
natural photoperiod. Subsequent inoculations ofgeyw mildew were carried out every 30 days

by shaking leaves with sporulating mildew on 3-weékplants having at least five true leaves.

A. quisqualigs known to be a slow-growing fungus with ianvitro radial growth rate of 0.5-1.0
mm d* on Czapek-Dox agar supplemented with 2 % maliaekifMCzA) at 23 °C (Kiss, 1997;
Kiss & Nakasone, 1998) and its conidia germinaterlyan sterile, distilled water as previously
seen by Angeli et al. 2012a. Three geneticallyeddht strains oA. quisqualisshowing different
level of mycoparasitic activities on different posvg mildews in preliminary experiments
(Angeli et al. 2012b) were included in this studyrain ITA 3 (HQ108049) isolated from
Erysiphe necatorin Italy, displaying high mycoparastic activitypramercial AQ10 strain
(AF035783) isolated from powdery mildew Ghata Edulisin Israel displaying intermediate
biocontrol activity, and ATCC 200245 (AF126817) lsed from Erysiphe necatorin USA
which is a poor biocontrol agent. Strains were iolet from Ecogen, Langhorne, PA, USA
(AQ10), from culture collections (ATCC200245, ATCBmerican Type Culture Collection,
Rockville, MD, USA) or provided by D. Angeli, FEMondazione Edmund Mach, S. Michele
all’'Adige, Italy (ITA3). Cultures were grown and mgained on potato dextrose agar (PDA,
Oxoid, United Kingdom) solid medium at 25 °C in thark. For long-term storage, the strains

were preserved at -80 °C using microbank vials.

5.2.2 Stimulation ofA. quisqualis under different conditions

The effect of five different extracts (Table 1) the cultural behavior and conidial germination

of three selected. quisqualisstrains was assessed in two different experimémtstder to test
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the impact of the extracts on mycelilal growth r@eperiment 1) the three selec#&dquisqualis
strains were evaluated on five different types eflia: potato dextrose agar (Oxoid, Hampshire,
UK, 39 g I* twice-distilled water), Water agar (Oxoid, 24 4 twice-distilled water), Czapek
agar (Oxoid, 33.4 g'itwice-distilled water), cornmeal agar (Oxoid, 17*gwice-distilled water)
and pea agar (12.5 % frozen pea and 1.5 % agaisiitled water). All of them were then
modified by adding different extracts listened able 1 at the concentration of 17§ [The five
media were then autoclaved at 121 °C for 30 min2hanl were dispersed in 90 mm diameter

Petri dishes.

Table 1 Substances used to stimulate the conidia germmafié. quisqualisstrains

Extract Active ingredient Code name Dosage
Powdery mildew P. xanthiiconidia PM 1 x 10 conidia mr*
Beer yeast Yeast celts BY 1grm
Chitoplant Chitosan CH 1grmt
Mushroom Mushrooms MU 1gr*

Shrimp shell Shrimp shell SS 1gTmt

& Saccaromyces cerevisiae.

b Mixture of Agaricus Bisporius, Lentinus Edodes, Pleurotus €gtrisandBoletus Edulis.

Preparation of extracts: for the preparation of plegvdery mildew extract, fresh colonies of
cucumber powdery mildewP( xanthi) were collected from leaf surface (10-15 leavgsiising
500 ml of distilled water + the adjuvant Tween 8@10%. Then, we adjusted the spore
concentration by Thoma-Zeiss counting chamber to I0° conidia mI*. The suspension of
distilled water + Tween 80 containing 1 x>I@nidia mI* of cucumber powdery mildew was
filtered and warmed up (65 °C twice - pasteurizgtidcor the other extracts beer yedaSt (
cerevisiag, chitoplant, mushroom@garicus Bisporius, Lentinus Edodes, Pleurotusrédus,

Boletus Edulislr shrimp shells were homogenized into distilleatev at the concentration of 1

g

I,
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Preparation oA\. quisqualisconidia: cultures of the thre®e quisqualisstrains, approximately 2
weeks old, were flooded with sterile, distilled eatind left for about 1 hour for the conidia to
ooze out of the pycnidia. The resulting conidiatsension was harvested and adjusted with a
Thoma-Zeiss counting chamber to 1 ¥ t@nidia ml* (experiment 1) or 1 x £0conidia mt*

(experiment 2).

For the first experiment Petri-dish cultures of theee fungal strains on the five media amended
with the different extracts were prepared (75 @ater strain, 15 plates per media and 3 plates
per extract) with 100 pl of a suspensionstérile distilled water containing0® conidia mt'.
Cultures were incubated in the dark at 25 °C fod8@s. The radial growth rate of the colonies
was estimated by measuring the diameter of eaangalfter 30 days. All of the experiments

were conducted with three replicates (plates) pams The experiment was conducted twice.

In the second experiment each strain was paireld thé five selected extracts. Sterile distilled
water suspensions of the substances (%) gdgether with each fungatrain (1 x 10 conidia ml

1) were prepared. Suspension of oAlyquisqualisconidia in sterile distilled water were used as
controls. Four drops (10 pl each) per combinationr(replicates) were put onto a glass slide,
which was placed in a Petri dish (RH = 100 %) atwdesl in a dark incubator kept at 25 °C,
which is the temperature that Gu and Ko (1997) usdtieir study of the factors affecting the
germination ofA. quisqualisconidia. The germination rates and germ-tube eltog of 200

conidia per strain (four replicates, 50 conidia peplicate) were evaluated under a light
microscope (Hund Wetzlar H 600LL, Wetzlar, Germaafter 12 hours. The experiment was

conducted twice

5.2.3 Biocontrol activity after stimulation of coniial spores ofA. quisqualis

Cucumber Podosphaera xanthii strawberry Podosphaera aphanignd grapevineHrysiphe
necato) powdery mildew were used as fungal hosts to exalthe ability ofA. quisqualisin
reducing mildew infections under controlled coraht. Two weeks olglants were inoculated
with powdery mildew spraying a suspension of diilwater containing 1 x 2@onidia mi*.
Once powdery mildew cultures were sporulating (feewven days later) a suspension of distilled

water containing 1 x f&onidia mi* of A. quisqualisand some soluble substances was prepared.
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Fungal cultures, approximately 2 weeks old, weveded with 20 ml of sterile, distilled water +
Tween 80 and left for about 1 hour for the conidiaboze out of the pycnidia. Conidia Af
quisqualiswere collected from 5 plates and adjusting the entration to 1 x 1Dconidia mr*
under a light microscope (Hund Wetzlar H 600LL, Wat, Germany) by using Thoma-Zeiss
counting chamber. Then, soluble extracts of powdaitgew, shrimp shell, mushroom, beer
yeast, chitoplant were prepared as described alboke mixed withA. quisqualisconidia
suspensions to finally obtain 250 ml of a suspensiontaining 1 x 1Dconidia mi* and 1 g
extract mit. The extracts were added to the conidia suspemsi@nhours before inoculation
time. Plants bearing sporulating colonies Bf xanthii E. necator and P. aphaniswere
homogeneously treated with the quisqualigextract suspensions using a hand air-sprayer. Only
two basal leaves per plant previously infected whih specific powdery mildew were treated (10
ml of suspension per leaf). Plants with powderydewy andA. quisqualignfections were kept at
25 °C and 95 % of RH for 48 hours and then stotetieasame temperature and 70 £ 10 % of
RH. Untreated control plants were infected with dewy mildew and then sprayed with the
natural extract dissolved into distilled water afideen 80 only. The reduction of mycelial
fungal infection of powdery mildews was evaluated days aftelA. quisqualisinoculation.
Powdery mildew infected leaf area (severity) waaleate by observing the presence of powdery
mildew spots on the upper leaf surface of the tvasab leaves. Results were expressed as
percentage reduction of the powdery mildew infedéad area in comparison with the powdery

mildew control.

5.2.4 Data evaluation and statistical analysis

Assays were performed on two independent expersnamanged in a randomized complete
block design with three replications. Data werstftested for the homogeneity of variances and
then subjected to the analysis of variance (ANOVRAyo-way ANOVA was performed on log-
transformed data from the two independent experisnand revealed no significant experiment
x treatment interaction. Therefore, data from the experiments were pooled. Averages of all
replicates are presented in Table 2, Figure 1 anStatistical significances among treatments
were computed with Statistica software 7.0 (Statsdtilsa, OK, USA) and means were
separated using the Tukey’'s HSD<PB.05).
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5.3 Results

5.3.1 Stimulation ofA. quisqualis under different conditions

The radial growth rate of the three selec®edjuisqualisstrains were different on the five tested
media (Tab. 2). The highest growth rates were elseon potato dextrose and pea agar plates
for all strains whereas strains grew slowest oremagar. The growth rate of commercial AQ10
strain (0.12—0.79 mm™ was higher than that of ITA 3 (0.11-0.59 mif) énd ATCC 200245
(0.09-0.54 mm d) on different media. Interestingly, our resultsligate that the presence of
some natural extracts into different media incrdaiee growth ofA. quisqualis strains.
Significant differences in the induction of growthte were detected among the different
extracts.A. quisqualisresponded to mushroom and shrimp shell supply withreased growth
rate on different media. The effect is higher orteavagar and czapek media where the growth
rate of strains was increased by 80-250 % and %09%4,6espectively. Powdery mildew extract
significantly enhanced the growth Af quisqualisstrains by 40-120 % on all considered media.
However, the other two extracts (chitoplant and lyeast) did not stimulate the growth on these

media.
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Table 2.Effect of the stimulatory extracts1 the growth rate ohmpelomyces quisqualis

Stimulator

Radial growth rate oh. quisqualison different media

Strain (mnfday’+ SE)?
extract
PDA WA Czapel CMA PEA
AQ1C Control® 0.76£0.05¢ 0.12+0.02t 0.3¢£0.03¢ 0.44+0.04 0.79£0.04 ¢
PM 1.18+0.08t 0.20+0.C4a 0.54+0.6kt 0.61+0.C5bc 1.16+x0.09hb
BY 0.76+£0.03¢ 0.13+0.C3k 0.3(+0.C4¢ 0.24+0.C4¢ 0.79+ 0.5 d
CH 0.61+0.04¢ 0.17+0.C(4ab 0.41+0.C5c¢ 0.56+0.C4c 0.91£0.06 «
MU 1.37+0.11¢ 0.22+0.0ta 0.71£0.08¢ 0.84+0.07 ¢ 1.40+0.12 ¢
S¢ 1.21+0.07t 0.23+0.04 ¢ 0.5¢£0.06t 0.70+0.06t 1.26+£ 0.0¢b
ITA3 Control 0.53£0.(3c 0.11x0.C1c 0.26£0.C3c 0.31+0.C5¢c 0.59+0.C3c
PM 0.89+£0.07¢ 0.22+0.031t 0.41+£0.04t 0.51+0.05¢ 0.81+£0.(5b
BY 0.48+£0.(4c 0.09x0.C2c 0.27+0.05¢ 0.25x0.C3c 0.57+0.05 ¢
CH 0.62+ 0.4t 0.11+0.C2c 0.29+0.C3c 0.30x0.C4c 0.66+ 0.05 ¢
MU 0.99+0.C7r e 0.36£0.0ta 0.67+0.C4e 0.59+0.C7 ¢ 1.06x0.1Ca
SE 1.03£0.08¢ 0.39+0.05¢ 0.61+006& 0.62+x0.(5¢ 0.96+0.07a
ATCC 20024! Control 0.54+£0.C2c 0.09x0.C1c 0.25£0.C3c 0.30+x0.C2c 0.49+£0.C3c
PM 0.85+0.(5t 0.20£0.C2k 0.49+ 0.5t 0.50+0.C5k 0.67+£0.C4k
BY 0.52+0.(3¢ 0.10x0.C2c 0.28+0.C1c 0.27+x0.C3c 0.44+0.C2c
CH 0.60£0.C3c 0.13x0.C3c 0.33£0.C3c 0.31+0.C2c 0.51+£0.C3c
MU 0.97x0.C6 ¢ 0.30x0.C2¢ 0.65£0.C3¢ 0.60+£0.C4 ¢ 0.89+0.C7 ¢
S¢S 0.84+0.(3k 0.27+0.C3¢ 0.56+x 0.4t 0.51+0.C3k 0.87+£0.C6 ¢

Values are means of six replicates derived from itvdependent experiments with three replicatesegperiment.
Standard errors of the means are reported (SEu€gakith the same letter within a column are ngnisicantly (P
< 0.05) different according to the Tukey's HSD test.
& Radial growth of the colonies was measured onweek for 30 days.
b Stimulatory extracts added to the media are beasty@Y), Chitoplant (CH), mushroom (MU), powderyldew
extract (PM) and shrimp sheels (SS).
¢ Conidia ofA. quisqualisvere used as positive control.
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The experiment in which we investigated the effeft stimulatory extracts on conidial
germination ofA. quisqualisstrains showed that germination rates and germ-éldngation of
strains AQ10, ITA 3 and ATCC 200245 were very pwothe absence of stimulators (Figs. 1la—
b). In sterile, distilled water only a small frami (less than 12 %) of the conidiaAfquisqualis
had germinated at the end of 12 hours incubatidrtla lenght of their germ tubes was less than
5 um. Both parameters were strongly enhanced wheeh! bf different extracts inducing fungal
growth on artificial media (Tab. 2) were added he Wistilled water. However, significant
differences in the induction of germination weréedéed among the different extracts. Similarly
to the mycelial growth the conidial germination anlde elongation of all strains were stimulated
most by shrimp shell (60-87 % and 19-30 um) andchnagsn extract (60—69 % and 17-25 um).
Germination was much less, but still significanthgluced by powdery mildew conidia and
chitoplant extracts whilst treatments with beersyedid not statistically differ from untreated
control, with the exception of f strain ATCC 20024&ich was slightly stimulated by yeast
extract. Furthermore, we observed differences amitwegconidial germination rates of the
different strains, independent of the extract treatts. With the exception of beer yeast, the
germination rate and tube elongation of ITA 3 thestmaggressive of the tested strains were
strongly induced by all of the tested extracts @3-% and 7-31 um) whereas the lower

aggressive strains were generally less responsive.
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Figure 1 Effects of beer yeast (BY), Chitoplant (CH), musm (MU), powdery mildew extract (PM)
and shrimp sheels (SS) on the conidial germingfon(a) and germ tube elongation (um) (b) of AQ10,
ITA 3 and ATCC 200245. Measurements were takengimeaus suspensions containing mixture#\ of
quisqualisconidia and extracts that had been incubatedegéor 12 hours at 25 °C. Untreated conidia
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were used as control. Columns with the same desigresent the same stimulator extract. Columns
labeled with the same letter (a-d) are not sigaifity different (P< 0.05) according to Tukey’s test. Four
replicates (50 conidia per replicate) of each stiaére evaluated. Presented values are means of two
independent experiments with four replicates ppeerent.

5.3.2 Biocontrol activity after stimulation of coniial spores ofA. quisqualis
Experiments conducted on three different fungatdhebowed that the ability to reduce mildew
infections ofA. quisqualisstrains can be increased by the presence of sbthe tested extracts
(Fig. 2). As observed for mycelial growth and coaidjermination (Table 2, Fig. 1) the
stimulating effect of mushroom and shrim shell agts was most pronounced. In the presence of
these substances all tested strains showed a strogduction of infected leaf area of all tested
powdery mildews. Bear yeast and Chitoplant extraatisnot have any impact on biocontrol
activity. Extracts of mildew conidia stimulated gnhe activityA. quisqualison P. aphani(Fig.

2 A). However, individualA. quisqualisstrains differ in their aggressiveness and ITA 3 wa
more effective than ATCC 200245 and the commestiain AQ10. Best results were obtained
with ITA 3 stimulated by shrimp shell and mushroeriracts which reduced the infected leaf
area on strawberry, grapevine and cucumber (Fig&ues ranged from 62 to 91 % reduction of
powdery mildew infected leaf area. The improvindeetfs of the extracts on obtained with
AQ10, ITA 3 and ATCC 200245 were clearly higher sirawberry powdery mildew which is
less susceptible versés quisqualisthan cucumber and grapevine. For example, musharam
shrimp shell extracts increased the reduction dflew infection by more than 20 % in
comparison to ITA 3 and AQ10 treatments without&ottaddition (Fig. 2a).
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Figure 2 P. aphanis(a), E. necator(b) and P. xanthii(c) infected area on leaves sprayed with AQ10,
ITA 3 and ATCC 200245 stimulated by beer yeast (B&hitoplant (CH), mushroom (MU), powdery

mildew extract (PM) and shrimp sheels (SS). Unteatonidia were used as positive control. Columns
with the same design represent the same stimutatoact. Columns with the same letters (a-c) do not
significantly differ (P_< 0.05, Tukey's test). Pee¢ed values are means of two independent expesmen

with three replicates per experiment.

5.4 Discussion

Biological control of powdery mildews remains a lbf¥age for future research and development.
The results obtained so far showed some promisegramtical biocontrol of a number of
powdery mildew diseases but more efforts are netul@dove the efficacy of these methods in
agricultural and horticultural practicdhe major constraint to the use of fungal pathogens
biological control agents is consistent performamader field conditions. Powdery mildews are
biotrophic pathogens infecting the aerial partsheir host plants and biocontrol agents have to
perform their actions in the phyllosphere, a highaimic environment, where biological control
of different plant pathogenic fungi is, in generigss successful. Moreover, the sporulation
capacity of powdery mildews is high and their sdreary fast making their control extremely
difficult even with chemicals. AQ10, is the firsbramercialized biocontrol product based on
sporesof A. quisqualisagainst powdery mildews but it seems that it capnovide satisfactory
control in a number of crops including grape, rasd vegetables (Angeli et al., 2009; Gilardi et
al., 2012). Inconsistent performance is often laited to a lack of free moisture which is
required by the fungal spores during process ahgetion and penetration of the host (Jackson,
1997). The requirement for free moisture is a majorironmental constraint &. quisqualisto
effective control under field conditiong’he slow growth rate and relatively low conidial

germination and concentration is another disadgnta its use as biocontrol agents.

Because of these constraints, one of our primagjsgoa producing fungal spores for use as a
biocontrol agent is to reduce the impact of the fn@oisture requirement by producing spores
which germinate more rapidly and form an appressonnore frequently. Here different media
containing sufficient nutrients to support micrdbgrowth were compared to a medium

essentially free of nutrients (water agar), an apgh that is useful for the detection of
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stimulators or inhibitors (Gu & Ko, 1997). The miiogen of A. quisqualisgrows slowly on
artificial mediain vitro. On tested media growth of colonies Af quisqualiswas greatly
enhanced by including mushroom and shrimp shethetd in the media. These extracts seem to
have a general stimulating effect Anquisqualis since they stimulated the growth of all three
tested strains.

Only a few studies examined the impact of addedienis on the conidial germination of this
hyperparasite whereas there are numerous repotte aftimulatory effects of nutrients on the
germination of spores of other fungal species. hate from aerial plant surfaces contains
nutrients that stimulate the germination of fungabpagules ofAlternaria alternata and
Epicoccum purpurascengTukey, 1971). Blakeman (1975) found that sugarsmuated
germination of Botrytis cinereaconidia. Some aminoacids were stimulatory whil@eot
inhibited germination. The amount of sugars andnaatids present on leaves were sufficient to

stimulate germination d3. cinereaconidia.

Cochrane 1966 differentiated between fungi whiduire external nutrients for germination and
those that germinate without the addition of natse Conidia ofA. quisqualisfall into the first
category. Some organic molecules present in théde/pf the host fungus and other fungi are
needed for germination. However, the addition ofpte carbohydrates or aminoacids did not
promote germination k. quisqualigCochrane, 1966). Recently, Gu & Ko (1997) showed A.
quisqualisrecognizes the presence of the host and a waldrlsosubstance from powdery
mildew conidia has been shown to stimulate gernunabf A. quisqualisconidiain vitro. The
stimulatory substance in powdery mildew was thetatds and its molecular weight was in the
range of 1200-1500 dalton. However, the identitytlod fungal substance that stimulates

germination ofA. quisqualisconidia remains to be elucidate.

The results obtained in this study confirm that tilew host stimulates the germination/Aof
quisqualisconidia but show that supplementation with exteswlrces of nutrient precursors
present in shrimp shell and mushroom extracts dvah a stonger positive effect on the
germination of conidia. We identified new extrabtsed on different active ingredients able to
stimulate the growth rate on plate and conidiahmgeation of A. quisqualisand their stimulatory
effect is often higher than that of the fungal h{#t xanthii conidia). Of the tested extracts

mushroom, shrimp shell and mildew conidia extralotd, not bear yeast and Chitoplant extracts
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stimulated both growth and conidial germinatioratbftestedAmpelomycestrains. Interestingly
conidia of ITA3 the strain displaying the highestél of biocontrol were stimulated the most by

mushroom and shrimp shell extracts.

In this work conidia of the three tested strainengeated poorly or not at all in sterile, distilled
water. Cook (1977) hypothesized that self-inhilsitior fungal spores are common and that failure
of spores to germinate is due to substances witleirspores. Nutrients may cause germination by
deactivating the self-inhibitors in the spores. étlstudies showed that spores of some fungi
germinate readily under dispersed conditions buignmtrowded they germinate poorly due to the
presence of a self-inhibitor (Allen, 1976; Lax &t 4985). A few years later Gu & Ko (1997)
developed ann vitro method for laboratory observation of the intemctbetween conidia of
powdery mildews and conidia of their mycoparasite éhey reported on the presence of self-
inhibitor in conidia ofA. quisqualisOn water agarose media germinatiorAofquisqualisconidia
decreased as their concentration increased. Ihdigthis discovery, we identified some extracts
which seem to easly overcome the self-inhibitiongefmination ofA. quisqualisconidia.
Whether indeed, some compounds in the extractssed unteract with self-inhibitors would be

an interesting issue for investigation in futuree@rch.

Furthermore, we report on improvementifvivo biocontrol acitivity ofA. quisqualisin three
different pathosystems by the addition of stimwar®ur results show that performance of
differentA. quisqualisstrains isolated from different plants and funigests can be increased by
the presence of extracts stimulating growth anddiaingermination. Protection against powdery
mildew was clearly higher on plants treated witlsuspesion ofA. quisqualisITA 3 strain
stimulated through mushroom and shrimp shell. Tieatgst stimulating effect was observed on
plants infected with strawberry powdery mildew whis less susceptible #. quisqualisthan

cucumber and grapevine.

In this study we demonstrated there is considenablential for improving the efficiency of the
fungusA. quisqualign the control of powdery mildew pathogérhese findings indicatihat the
nutritional environment during culture growth caawh an effect ohyphal growth patterand,
even more relevant on spore attributes suclgeasnination and germ tube elongation. Our
studies have demonstrated the tonidial germination ability &&. quisqualiscan be positively

related to virulence against powdery mildew and, taerefore, be considered as relevant factor
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in the selection of new good biocontrol agents.fééd that by optimizing the spore attributes we
can improve the biocontrol efficacy of this agender field conditionsThis provides important
knowledge for the selection of new, highly effeetimycoparasitic fungal strains for biocontrol

potential and its exploitation in sustainable agtiae.
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6.1 General conclusions

Biological control of powdery mildews remains a lbwage for future research and development.
The results obtained so far show some promisesaatipal biocontrol of a number of powdery
mildew diseases, especially on cucumber and ragemiore efforts are needed to prove the
efficacy of these methods in horticultural practideproduct based oR. flocculosa(Sporodex),
the most promising biocontrol alternative for uggiast powdery mildews, has received a
temporary registration in Canada only since May208nd no data about its commercial
success, are available yet. Unfortunately, it sem@sAQ10 biofungicide based on sporedof
quisqualis the first commercialized biocontrol product agdipowdery mildews, cannot provide
satisfactory control in a number of crops includigiape, rose and vegetables (Bélanger &
Labbé, 2002; Dik et al., 1998; McGrath & Shishkdf§99; Verhaar et al., 1996). Currently, its
use is recommended as a part of an integrated ggroge and as a preventive measure only
(Bélanger & Labbé, 2002; Paulitz & Bélanger, 2008nother formulated. quisqualisproduct
was registered in Australia in the late 1980s, didt not meet the expectations of the plant
protection practice. However, a number of possiedi for the use ofA. quisqualisas an
effective biocontrol agent have yet to be exploitBdme powdery mildews can be controlled
efficiently with these mycoparasites (Kiss L., 2DOMloreover, there is a high genetic diversity
in A. quisqualisstrains that offers the not yet exploited possibdf screening a large number of
different types of strains (Angeli et al., 2009bngeli et al.,, 2012a; Kiss, 1997; Kiss &
Nakasone, 1998; Kiss et al., 2011; Liang et alQ720Strains o¥/. lecaniiandTilletiopsisspp.
represent another promising source of successftobirol agents of powdery mildews.
However, in spite of intensive studies on theildgy and biocontrol potential there have been
no initiatives to develop commercial products bagedhese fungi (Askary et al., 1998; Dik et
al., 1998; Urquhart et al., 1994; Urquhart & Pudja97; Urquhart & Punja, 2002; Verhaar et al.,
1996; Verhaar et al., 1999;). This thesis shows ttiexre are still many unexplored possibilities
for research and development of biocontrol agektell-studied and little known fungal
antagonists constitute together a valuable sotmatewill surely be used to develop biocontrol or
integrated programs to reduce the use of chemagdsist powdery mildews in the foreseeable
future. Powdery mildew caused Wy necatoris an important disease of grapevine in the
Trentino-Alto Adige region.
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The first objective of the present work was to stigatethe natural occurrence of overwintering
inoculum of powdery mildew in a wide viticultureear in Northern Italy (Trentino-Alto Adige
region) and evaluate the presencéofjuisqualison grapes (Chapter 2). Here we demonstrated
that the initiation and development of chasmotheaia occur in any year in which conditions
are favorable for disease development (Angeli.e8l09a). The high incidence of chasmothecia
in the vineyards of the Trentino-Alto Adige regiamhich was associated with the absence of
flag shoots in the monitored vineyards, could imlgt chasmothecia are the primary inoculum
and confirm previous results, which had indicateat thasmothecia represent the main source of
inoculum in the spring (Cortesi et al., 1995). Thany studies o&. necatorchasmothecia have
reported unclear and sometimes contradictory effeat environmental factors on the
development of chasmothecia (Gadoury & Pearson8)198ur results suggest that the
concentration of chasmothecia was mainly relatetthéoevel of disease in the vineyard, which
is usually the result of complex interactions amémg amount of initial inoculum, the efficacy
of disease control measures, cultivar susceptibilite physiology of the crop, and the weather
conditions during the growing season. Reports lsgied that most of the chasmothecia die
during the winter without having any opportunityredease ascospores (Cortesi et al., 1995), but
a reduction in the number of overwintering chasraoié by hyperparasites may nevertheless be
useful for reducing the amount of primary inocul(ffalk et al., 1995a,bA. quisqualids one of

the most successful commercialized biocontrol egemtd it acts directly by invading and
destroying the viable chasmothecia (Hashioka & WNak@80). The present study is the first
extensive investigation of quantitative aspecté ofjuisqualison grapevine powdery mildew in
Italy. A. quisqualiswas observed parasitizing chasmothecigEofecatorsuggesting thaA.
quisqualiswas naturally present in the region. More than 2@@ins ofA. quisqualiswere
identifiedand some of them were genetically different froe ¢bmmercial strain (AQ10). They
may represent strains better adapted to local @mviental conditions than AQ10 and can be
developed as new biocontrol agents to control poyvdeildew under the environmental
conditions found in Northern countries.

Further analyses (chapter 3) were performed toachewize the isolated strains and othAer
qguisqualisstrains derived from different regions and hosis #® investigate their environmental
requirements for development and parasitism. Thesestigations aimed also at the

identification of phenotypic markers that can beduto differentiate genetically distinct groups
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within A. quisqualis Data on the morphology and cultural patternéd.ofuisqualisstrains found

in the literature are controversial and incompless, 1997; Park et al.,, 2010). We revealed
some significant variation among the selectedrstravhich provides evidence for the existence
of different physiological forms within thé. quisqualisspecies. Two groups that display
differential growth on artificial media were ideigd. These groups also differ in the
morphology of their mycelium, but not in the morfdgy of their pycnidia and conidia.
Temperature greatly affected timevitro growth of theA. quisqualisstrains and growth rate was
closely correlated to colony color. Differenceghe conidial germination of distinct strains were
observed during the recognition phase of the pagaslationship. Different powdery mildew
agents strongly affect the germination Af quisqualisconidia but specialization is indistinct.
Phylogenetic analysis of the ITS rDNA sequence atack a high level of genetic diversity
amongA. quisqualisstrainsand suggested th&IS groups could be related to the fungal host of
origin and morphological and growth characteristit@ppears that powdery mildew fungi and
A. quisqualigmight have coevolved through the processes ofi@petion and adaptation. Thus,

a degree of mycohost specialization was identifigtin theA. quisqualispecies.

The second main objective of the thesis was tosasf#ge mycoparasitic activity of th&.
quisqualisstrains in terms of their ability to inhibit comdion in different powdery mildew
pathogens and intra-hyphal formation of their ioétlular pycnidia within powdery mildews
vivo. At the same time, production of cell wall degrafienzymes (CWDEs) was measured
underin vitro conditions and factors important in effective myarasitism ofA. quisqualisvere
detected (Chapter 4). Results showed that indiVisimains differed significantly in enlargement
of the colonization area by intrahyphal formatidnpgcnidia within powdery mildew colonies
and in inhibition of host conidiation. Pronounceffedences in the activity of CWDEs were also
observed between strains. The ability of sofnequisqualisstrains to parasitize the host by
forming intracellular pycnidia and reducing fundpamst conidiation was associated with their
intrinsic ability to secrete proteases and withtalhiase activity. Finally, we have demonstrated
that the ability ofA. quisqualisstrains to colonize powdery mildew by forming piglta and
inhibiting conidiation is completely independent the geographical origin of the strain, but
appears to be related to genotype (ITS rDNA seam)eaad the original fungal host. The
biological characterization of th&. quisqualisstrains carried out in this work suggests that
mycoparasitism can be explained by the genotyperapart by the activities of CWDESs. This
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provides important knowledge for the developmenhighly effective strains for biocontrol of
powdery mildews. However, the level of parasitizatvaries between different strains, and the
cause of this variation is unknown (Angeli et @012b).There is still considerable interest in
finding mycoparasitic strains withi\. quisqualisspecies that afford more effective plant

protection than the existing strains.

In the last chapter we aimed at enhancing the pwdnce ofA. quisqualisin the biological
control of powdery mildew. A major focus of thisrpaf the thesis was to optimize nutritional
conditions for the culture production of fungal sgmfocusing on producing spores which will
germinate rapidly, form an appressorium more fratjyeand can, therefore, increase the
virulence of the fungus in the biocontrol of powglemnildews. Inconsistent performance is often
attributed to a lack of free moisture which is regd by the fungal spores during process of
germination and penetration of the host (Gu & K@917). The requirement for free moisture is a
major environmental constraint @&. quisqualisto effective control under field conditions.
Conidia ofA. quisqualisgerminate poorly in sterile, distilled water buwvater-soluble substance
from the powdery mildew host was shown to stimutate germination of the conidia. Here we
identified new extracts based on different activgrédients which stimulate the growth rate and
conidial germination oA. quisqualisconidia and the stimulatory effect seem to beagextspecies-
specific (Chapter 5). Biocontrol assays showed thatperformance of differest. quisqualis
strains can be increased by the presence of extgtulating growth and conidial germination.
These findings revealed thide conidial germination ability oA. quisqualiscould be positively
related to virulence against powdery mildew and, taerefore, be considered as relevant factor

in the selection of new good biocontrol agents.

In conclusionthe major constraint to the use of this fungal pgén as biological control agents
is consistent performance under field conditionsohsistent performance is often attributed to a
lack of free moisture which is required by the fahgpores during process of germination and
penetration of the hasfThese studies demonstrates that there is coabigepotential for
improving powdery mildew control byA. quisqualisfor example by improving germination
characteristics of conididVe further provide important knowledge on this fusghatis not
only useful for improving the efficacy of biologiceontrol agents under limiting conditions but
also for development of new screening strategiexblerg the detection of highly effective

mycoparasitic fungal strains for on optimized bioirol in sustainable agriculture.
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