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ABSTRACT

Powdery mildew (PM) is an important foliar diseagemany crops, occurring under both
greenhouse and field conditions. The applicatiobiofogical control and soluble silicon (Si)
against PM has received increasing acceptancerasu#t of increased environmental and
public concern over the use of fungicides for dssemnanagement, and because many key
fungicides are no longer effective because of tast® problems. However, success with
these control options depends on the developmeetfeftive antagonists and understanding
how best to use Si in agriculture.

Potential antagonists of PM were isolated from radlyiinfected leaves of different plants. A
total of 2000 isolates were tested in a preliminscyeening on detached leaves of zucchini.
The best 30 isolates showing consistent resultse wiarther tested under greenhouse
conditions for their efficacy against PM of zucdhin a greenhouse trial, 23 isolates provided
disease control to levels of 30 to 77%. Applicatiof 29 isolates resulted in significant
reductions in values of area under disease prog@s® (AUDPC). The best five isolates
were identified asClonostachys rosedlLink) Schroers, Samuels, Seifert & Gams (syn.
Gliocladiumroseum (Isolate EH),Trichothecium roseun@Pers.) Link (synCephalothecium
roseum (Isolate H20) an&erratia marcescen®izio) (Isolates B15, Y15 and Y41).

Three adjuvants (Break-THtuBK), Partnef (PR) and Tween-80(T-80)) were compared
for their ability to improve efficacy of spray apgtion of silicon (Si) and biocontrol agents
(BCAs) against PM. Both BK and PR improved theoaffly of Si significantly (P < 0.05).
Microscopic studies showed that BK affected PM futtigectly and enhanced the deposition
of BCAs on the pathogen. Break-Tfirwas only toxic to the pathogen mycelia when uded a
> 0.25 nf ¢, but phytotoxic to zucchini plants when used d@.#45nt . However, it did
not affect the c.f.u. of bacterial BCAs. Use of BK0.2-0.4 ni ™! can be recommended to

assist spray application of Si (at 750 i) or BCAs for improved control of PM.



The effect of concentration, frequency of applicatand runoff of Si sprays applied to the
foliage was evaluated for control of PM of zucchiSilicon (250-1000 mgt™) + BK
(0.25 nt ¢™1), was sprayed onto zucchini plants at frequenciesd-3 wk*. SprayingSi
reduced the severity of PM significantly (P < 0.0Bggardless of the concentration of Si, the
best results were obtained when the frequencyefrfatment was increased, and when spray
drift or spray runoff were allowed to reach thezdsphere of the plants. When Si was applied
onto leaves, direct contact between the spraylag@dthogen resulted in mycelial death. Part
of the spray (i.e., drift and runoff) was absortisdplant roots, and subsequently played an
important role in the health of the plants. If affable, soluble Si should be included in
nutrient solutions of hydroponics or supplied widkierhead irrigation schemes when PM

susceptible crops are grown.

Under greenhouse conditions, application of BCAghwr without Si, reduced the severity
and development of PM significantly (P < 0.001).pAgation of Si significantly reduced the
severity and AUDPC values of PM (P < 0.05 for bp#nameters). Silicon alone reduced the
final disease level and AUDPC values of PM by 2%3632nd improved the efficacy of most
BCAs. In the course of the investigation, antagimmifingi consistently provided superior
performances to bacterial isolates, providing diseaontrol levels of up to 90%. Higher
overall disease levels reduced the efficacy ofgairest PM, but did not affect the efficacy of
BCAs.

Under field conditions, Si alone reduced diseas@by 0%, Isolate B15 reduced disease by
30-53% and Isolate B15 + Si reduced disease by538-80ther BCAs applied alone or
together with Si reduced the disease level by 9-G8#st BCAs reduced AUDPC values of
PM significantly. For most antagonists, better aczfly was obtained when Si was drenched
into the rhizosphere of the plant. However, efficat some of the BCAs and Si were affected
by environmental conditions in the field. Repeatieéals and better understanding of how to
use Si and the BCAs, in terms of their concentratimd application frequency, and their
interactions with the plant and the environmeng, me¢eded before they can be used for the

commercial control of PM.



Elemental analysis was conducted to determinerttpact of differing application levels of
silicon (Si) in a form of potassium silicate (K&m) solution in terms of Si accumulation and
selected elements in different tissues of zucchm zinnia and growth of these plants, and to
study the effect of PM on the levels of selectesimgnts in these two plant species. Plants
were grown in re-circulating nutrient solutions plied with Si at different concentrations and
elemental composition in different parts were asadlyusing EDX andCP-OES. Increased
levels of Si in the solution increased the levélSion leaves and roots of both plants without
affecting its distribution to other plant parts. Zncchini, the roots accumulated the highest
levels of Si, substantially more than in the sholitontrast with zinnia, accumulation of Si
was highest in the leaves. Accumulation of potassfl) in shoots of botlplantsincreased
with increased levels of KSi in the nutrient sadati However, K levels in flower of zinnia,
fruits of zucchini and roots of both plants remdinmaffected. Increased level of Si reduced

accumulation of calcium (Ca) in both plants.

Adding Si into the nutrient solution at 50 Mg resulted in increased growth of zucchini and
increased uptake of P, Ca, and Mg by both plantiepe However, application of higher
levels of Si did not result in any further biomassrease in zucchini. Levels of Si in the
nutrient solution had no effects on elemental cositppn and characteristics of the fruits of
zucchini. In both plant species, the presence ofdPMhe leaves of plants resulted in these
leaves accumulating higher levels of Si and Ca,léss P, than leaves of uninfected plants
exposed to the same levels of soluble Si. The Bigbencentrations of Si were observed in
leaf areas infected with PM, and around the bat&schomes. For optimum disease control
and maximum accumulation of different elementshigse two plants, hydroponic applications
of Si at 50-150 mg ™ is recommended.

Five selected biocontrol agents and potassiumasdjcused as source of soluble Si, were
tested under hydroponic conditions at various commadgons against PM of zinnia
(Glovinomyces cichoracearunfDC) Gelyuta, V.P.). Application of BCAs resulteid
reductions in final disease level and AUDPC valwésPM by 38-68% and 30-65%,



respectively. Both severity and AUDPC values of Rigte reduced by 87-95% when plants
were supplied with Si (50-200 mg"). It is proposed that the provision of a continsio

supply of Si and the ability of this plant speciesaccumulate high levels of Si in its leaves
were the major reasons for the good response afazito Si treatments against PM. Silicon
played a protective role before infection and sepped development of PM after infection.
The combination of the best selected BCAs and Sibsaused as an effective control option

against PM of zinnia when grown in hydroponic sygste
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INTRODUCTION

In the Discipline of Plant Pathology, at the Unsigr of KwaZulu-Natal is a research team,
called Biocontrol for Africa, which has been deyehyg research momentum for the last 15
years. As a result, promising progress is beingamaddentifying beneficial microorganisms
for disease control and growth stimulation. The dewment and successful
commercialization of Eco-%, a bio-fungicide product using a selected strdifirichoderma
harzianum Rifai. reflects the efforts being undertaken tdiiace team goals, to deliver
effective biocontrol products to farmers. The usesaluble silicon against biotic and abiotic
stresses of plants has also shown promising refgfistein, 1994, Bélangeat al, 1995).
However, the relationships between Si and plantan8 pathogens, and Si and the soil and
other environmental factors, are not fully undevgtdn addition, Si is considered as safe and
environmentally friendly. However, the option @fing it integrated with application of BCAs
for improved disease control, especially against, Rids not previously received much

attention.

As an alternative approach for sustainable disges®ggement programme, the application of
Si in agriculture is a fast growing area of intéresd central to our research group. Several
projects are in progress to uncover some of thénsngt Si in agriculture in order to obtain
acceptable level of disease control and optimunmtptgowth, without compromising the
quality of crop produce, or harming the environmértie research contained in this thesis

reflects part of the ongoing research of the Bidamrior Africa team.

All the research was conducted at the UniversitKwhZulu-Natal, Pietermaritzburg, South
Africa. The main emphasis of the research was teesc potential biocontrol agents and
evaluate the efficacy of BCAs and silicon against Bf zucchini and zinnia caused by
Podosphaera xanthi{Castagne) andslovinomyces cichoracearunfDC) Gelyuta, V.P.

respectively.



Research activities included isolation of potenéiatagonists from various plant species that

were naturally infected with powdery mildew (PMpdan vitro screening of these isolates

against PM of zucchini. Applications of Si as diees, sprays and in hydroponic nutrient

solution were investigated in glasshouse conditionsthe severity of PM of zucchini and

zinnia. The efficacy of the best BCAs and Si agilans, plus the combined effects of these

two treatments against PM, was further evaluatedeumglasshouse and field conditions.

Finally, the impact of Si levels in a nutrient dodn on elemental uptake by zucchini and

zinnia, and the relationship between PM-infectiowl &lemental uptake by both plants was

assessed using EDX and ICP-OES analysis.

The objectives of this study were to:

1.

Review available literature on the use of biocdraugents and silicon against PM plant
diseases;

Isolate potential biocontrol agents against PMntlewaluate their efficacy under
greenhouse and field conditions;

Study the effects of Si levels on PM control applés drench, foliar treatment and in
nutrient solution;

Understand the mode of action of foliar-applieéceih, and to determine the effects of

dosage, frequency and runoff of the spray on PMrogn

5. Improve the spray efficiency of Si and BCAs by itggtvarious adjuvants;

Evaluate the use of co-application of BCAs andcsili with Break-Thri for
integrated disease management of PM;

Evaluate the effects of Si levels in the nutriesition on PM control, plant growth,
quality of produce and nutrient uptake and accutiaridby zucchini and zinnia;

Study the relationship between PM-infection andneletal uptake by zucchini and
zinnia; and

Test the efficacy of the best BCAs plus Si on PMiahia grown hydroponically.

The scope of this thesis is broad, containing mhapters, each chapter covering specific

aspect of the research conducted on the use obrti@t agents and silicon Si against PM.

Each of these chapters is presented as discrege, papulting in repetition of some references



between chapters. This is the standard format f@cNMnd PhD theses adopted by the
University of KwaZulu-Natal. References have beematted in the style of Crop Science.
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CHAPTER ONE

LITERATURE REVIEW

APPLICATION OF BIOCONTROL AGENTS AND SOLUBLE SILICO N FOR
THE CONTROL OF POWDERY MILDEW

1.1 GENERAL INTRODUCTION

Production of enough palatable and safe food fer whorld's ever-increasing population
presents a major challenge to the world’s farmexd agricultural experts. In the last few
decades, agricultural production has increasedrasudt of an increase in cultivated land and
the use of agrochemicals for crop production armtegtion. However, the deterioration in
productivity of arable lands, coupled with climattbanges is a strong indicator that such
environmentally unfriendly and unsustainable adtizal systems cannot solve the problem
of food shortage in the long term. Food securitg agricultural sustainability require both
development of new and appropriate technologiesaandnderstanding of the ecosystems in
which they are to be implemented. The need is fore& type of agriculture, based on
sustainable production without intense use oflfeetis and pesticides. This would lead to the

development of different production strategies (@hatl, 1989).

In the last 50 years attitudes toward the use adadgmicals have changed, partly as a result
of pressure from conservationists and consumeid,naore recently from organic growers
(Finch, 1992). Agricultural scientists are undeegsure to find solutions for the needs
presented by farmers who want to replace or retheeise of agrochemicals for their organic
production. Increased awareness of the impact wfesagrochemicals to our health is also
shifting consumers to demand products grown withirdmal use of chemicals. A demand for
near zero residues in food crops is common in mesnifehe Organizasion for Economic Co-
operation and Develeopment (OECD).



The use of biological control agents (BCAs) to cohipowdery mildew (PM) has been
studied extensively. For many years, potential BGAve been isolated from the phylloplane
and tested for their ability to control PM. The m@somising BCAs have been further
developed and marketed as alternatives to thetitvadi chemical-based fungicides. Jutsum
(1988) predicted that the global market value otbntrol products should have a significant
proportion of the market of the total expenditunecoop protection and public health remedies
by 2000. However, the development in the use of BA&Ws been slower than predicted,
largely due to inconsistent results in differemtwging environments, the challenge of making
biological control of foliar pathogens competitiwéth agrochemicals (Schippers, 1988) and
excessively difficult registration procedures in CIE countries. For example, it currently
takes 5-10 years to get a BCA registered in the(EWD. Laing, 2008, pers. comm.). To
improve this situation, more fundamental knowledgeneeded on the biotic and abiotic
factors affecting the population dynamics, survigatl antagonistic activity of BCAs in the
phylloplane (Campbell, 1989). The successful dgualent of BCAs is likely to depend on a
thorough understanding of the biology and ecolofggazh pathogen and its antagonists, and
their interactions with other phylloplane inhabi&nOther biotic and abiotic factors such as
the concentration of the antagonist applied, inmcutlensity of the pathogen, host genotype
and conduciveness of the environment to the disalsseaffect the survival and activities of
BCAs (Landeet al, 2001).

Silicon (Si), being the second most abundant el¢émernhe earth’s crust, is present in plants
at 0.1-10% of their dry weight (Epstein, 1994, 19%esearch over the last 40-50 years has
demonstrated that this element can benefit plaptanbeliorating biotic and abiotic stresses.
Significant control of PM, and a consequent incegasplant development and yield, has been
demonstrated by a variety of plants as a resulthef application of soluble Si, in both
greenhouse and field trials (Bélanggral, 1995; Boweret al, 1992; Menziet al, 1991b;
Remus-Borekt al, 2005; Samuelst al, 1991a & 1994). Silicon is safe and environméntal
friendly. However, since the level of disease ol related to the amount of Si absorbed by
the plant, more research is needed to determineoptienum concentraion and delivery
methods that can provide acceptable levels of PMrob without compromising the quality
and quantity of crop products.



1.2 POWDERY MILDEW

Powdery mildews are widespread plant diseasesathatonspicuous by their superficial white
mycelia and powder-like conidia (Kiss and Szentwa2001; Yarwood, 1957). They are
mostly host-specific, ranging from a single spediesa family of plants, and are obligate
parasites that cannot survive without their hoahplMost PM fungi infect only one family of
plants. For instance, the speciésdosphaera xanthii(syn. Sphaerotheca fuligingathat
causes PM on the Cucurbitaceae, usually does taukgtlants in any other family. There is,
however, one report, where a PM of cucumbberxanthi) infected a bean planPfaseolus
vulgaris) (Kiss and Szentivanyi, 2001As a group, PM fungi infect many species of plants
including cereals and grasses, vegetables, ornalegemeeds, shrubs and trees. It is a
common disease of vegetables under both field ardnouse conditions in most areas

worldwide.

1.2.1 Taxonomy of powdery mildew pathogens

Powdery mildew fungi belong to the ascomycete fumgthe order of Erysiphales with only
one family, the Erysiphaceae (Huckelhoven, 200%)eyTare further subdivided into five
tribes (Erysipheae, Golovinomycetinae, CystothecPagllactinieae, Blumerieae) and further
sub-tribes, making more than 10 genera in tota(Bet al, 2002; McGrath, 1996).

Classification of PM fungi is based on: the typecohidiophore, presence or absence of well-
developed fibrisin bodies and mode of conidial gaeation (Sitterly, 1978). For instance,
according to these criteria, this author classifiegjor species of PM of Cucurbitaceae into
three genera and six species. These incledeichoracearum(DC ex Mecat)E. polyphaga
Hammarlund;Leveillula taurica(Lev) Arnaud; andS. fuliginea(Schlecht. ex Fr.) Poll. The
genusLeveillula is considered as a synonym férysiphe Among theseE. cichoracearum
and S. fuligineaare the most common and important PM species aurbiis. On the
ornamental, zinnigk. cichoracearunis the most common pathogen (Boyle and Wick, 1996;
Kamp, 1985)Sphaerotheca fuliginegsyn.Podosphaera fusgaas been renamed recently as
Podosphaera xanthi{Castagne) (Perez-Garag al, 2006; Shishkoff and McGrath, 2002),



andE. cichoracearumrenamed a&lovinomyces cichoracearu(®C) Gelyuta, V.P. (Keinath
and DuBose, 2004; Koboet al, 2004)

1.2.2 Epidemiology of powdery mildew

The PM fungi overwinter on plant debris as coloraémycelium or in minute brown to black
sexual reproductive structure (cleistothecia) (MatGrand Thomas, 1996; Yarwood, 1957 &
1978). In the spring, the cleistothecia produceoggores that can be transported onto
susceptible host tissues by wind or rain splashn@éte, 2004). Once a spore (ascospore or
conidium) lands on the host surface, it germinatiélsin 2-3d and penetrates the host cell wall
with its appressorium. Direct penetration of thethzell by PM fungi involves both enzymatic
and mechanical power (Greenhal., 2002 cited by Huckelhoven, 2005). Following pest@n

of the cell wall barrier, the fungus develops a dtatum (root-like structures) in the
epidermal cells of the plant, from which it extsaautrients through the plasma membrane of
the host (Huckelhoven, 2005).

Severity of PM depends on: the genotype, age anditton of the host plant and prevalent
weather conditions of the growing season. The rfa&iurable environmental conditions for
PM are dry atmospheric and soil conditions, mo@etamperatures, reduced light intensity,
fertile soil and succulent plant growth (Yarwoo®5Z). According to McGrath (1996) and
Yarwood (1978), importance of PM in different reggovaries, based on the above-mentioned
conditions. Generally, incidence of PM increasesasfall decreases. Unlike most other
fungi, conidia of PM can germinate in the absenceater at relative humidity below 20%
(McGrath and Thomas, 1996). This is because comftiRM fungi have high water content
with an extremely efficient water conservation syst In contrast, rain and availability of free
moisture on the surface of the leave are unfavderratnditions for the development of the
disease because they favour the survival and estaidnt of other microbes that are
antagonists to the pathogen (McGrath, 1996). Isg@aelative humidity of the air is also
reported to enhance germination of PM conidia é8itf 1978). According to the same author,
optimum temperature for germination of conidia 3°C, with a peak at 2&. The fungus

dies in few hours if the temperature rises aboV€ 2x drops below 1°C.



Powdery mildew is usually more severe under glasshdhan under field conditions. This is
because glasshouses provide reduced air circulatohlight intensities as well as higher
temperature and continuous cropping, the combinatltat often results in severe PM
epidemics (Howaret al, 1994). Incidence of PM increases as relativeitiiyn(RH) rises to

90 %, but it does not occur when leaf surfacesnate(e.g., in a rain shower). This makes the
disease common in crowded plantings, where aiul@tion is poor, and in damp, shaded
areas. Howaret al (1994) showed that young, succulent growth isalligumore susceptible
than older plant tissues. When the optimum enviremtad conditions are present, the disease
spreads fast, resulting in production of large nerslof conidia for further cycles of infection
(McGrath, 1996).

1.2.3 Symptoms caused by powdery mildew

The disease is noted with appearance of small,drowmitish, powder-like spots on leaf
surfaces, petioles and stems (McGrath and Thon®8§)1Symptoms appear first on crown
leaves, on shaded lower leaves and on leaf undacest These white, powdery colonies
grow in size and cover both sides of the leaf,gbesi and young stems (Howagtlal, 1994).
Older leaves infected witR. xanthiiturn a dirty-white with age; while those infectedth

G. cichoracearumremain white (Howardet al, 1994). Severely infected leaves become
yellow, turn brown, and fall prematurely (Howaed al, 1994). Fruits rarely show visible

symptoms of PM even in the presence of heavy iriect

1.2.4 Effects of powdery mildew in the plant

Although PM is rarely lethal, it is a major prodioect problem, especially when the prevalent
environmental conditions are ideal for its develeptn(Choiet al, 2004). Severe infection of
plants with PM can causes premature leaf senescersedting in reduced photosynthesis and
transpiration efficiencies by the plant, leadingstanted and weakened plants (McGrath and
Thomas, 1996). Loss of leaves and vigour in ornaahgiants, as a consequence of severe
PM infection, make the infected plants unsightlg af little commercial value as ornamentals
(Gombertet al, 2001). The impact of PM on fruit is usually iretit because PM hardly ever
infects fruit. However, it reduces the quality amglality of fruit by impairing the

8



photosynthetic rate of the plant. This often resuitsunburned or prematurely-ripen fruits that
have a low market value (Bélangaral, 1997). Fruits produced from severely infecteahts
are known to have a poor appearance, inferior georpality and diminished flavor due to
reduced levels of soluble solids (Keinathal, 2000; McGrath and Thomas, 1996). In South
Africa, annual economic loss of R7-8milions wasineated on cucurbits as a result of
infection by PM (Haupt, 2007), and the value ofdiandes used to control the disease on
various PM-susceptible crops is estimated to beentban R40million per annum (M.D.

Laing, 2004, pers. comm.).

1.2.5 Control strategies
(a) Cultural practices

Any activity that alters the environmental condisothat favour germination of the conidia
and survival of the PM fungi can reduce or prevdrd disease. Howardt al (1994)
recommended that lowering plant populations in ortie increase air circulation,reduce
relative humidity and minimize shading. Avoidingcessive nitrogen fertilization can also
reduce disease severity by avoiding succulent droimt addition, removing infected leaves
and destroying them, followed by cleaning the gheeise thoroughly after each successive
crop, can minimize spread of the disease and resluregval of the fungus during winter and
prevent a carry-over of PM from an infected croatoew crop. Furthermore, since the fungus
does not like high leaf wetness for its germinatigpraying water onto infected leaves every
2-3d can reduce its establishment. However, sie@akwetness can cause infection of the plant
by other foliar pathogens, spraying should be conueé early in the morning in order to
allow the leaf to be dry within 2-3hr (Howaed al., 1994).

(b) Chemical control

If cultural practices fail to prevent or controletlllisease, application of contact or systemic
fungicides is the most widely used option (McGratB96). Some of the commonly used
fungicides against PM of various crops are listedTable 1.1. Some of these fungicides
provide effective control of PM when applied prdgerMcGrath and Shishkoff (1999)

recommended that once the disease is detectediciflesy should be applied every 7-10d.

9



Fungicide applications made to control PM shoulcetiective against more than one disease
since most crops suffer from several foliar diseabat are caused by more than one fungus
(Keinath and Du Bose, 2004).

Since PM develops on the upper and lower surfatdbeoleaf, the spray must cover both
sides for effective control (McGrath, 2001, McGrathal, 1996). However, these authors
believe that even with modern techniques of sptay difficult to directly deliver fungicide to
the lower surface. Hence, the use of translaminaystemic fungicides is the ultimate choice
for fungicide spray programmes. Unfortunately, luseaof their single-site modes of action,
these types of fungicides have been prone to thelal@ment of resistance by the pathogen
(McGrath, 2005).

In spite of some success in the use of fungicide®M management, several researchers have
reported on the development of resistance by PMifan multiple crops in different parts of
the world (McGrath, 2001; McGratlet al, 1996). In addition, phytoxicity caused by
fungicides may be a problem on some plants. Fdameg, during periods of intense solar
radiation or high temperatures, application of obilealonil has been reported to injure mature
watermelon fruit (Holme®t al, 2002). Similarly, Pasinet al. (1997) reported that repeated
use of dodemorph resulted in the shortening of steimroses and increased selection of
resistant populations of PM. The rate at which pagans of PM fungi became resistant to
fungicides has been linked to repeated use of fisheg with one specific mode of action
(Engelset al, 1996; O’Haraet al, 2000). Some of the PM species that have develope
resistance to fungicides are presented in Table 1.2
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Table 1.1 Lists of some fungicides that have lmsnmonly used for specific reference to target gy mildew fungi.

Fungicide (active ingredient) Crop Target Pathogen Reference(s)
azoxystrobin melon Podosphaera xanthii Romeroet al,, 2007
azoxystrobin, benomyl, chlorothalonil, mancozeb, watermelon P. xanthii Keinath and DuBose, 2004
myclobutanil, pyraclostrobin
benomyl, bitertanol apple P. leucotrica NDA, 1999
benomyl, bitertanol, bupirimate, carbendazim, fanal, tomato Oidium neolycopersici Joneset al,, 2001
pyrazophos, thiabendazole, triforine
benomyl, fenarimol zucchini P. xanthii Bettiol, 1999
benomyl, carbendazim, tebuconazole, triticonazole wheat Blumeria graminid.sp. tritici NDA, 1999
dodemorph rose Sphaerotheca pannosar. Pasiniet al., 1997

rosae
epoxiconazole barley B. graminisf.sp. hordei Barberet al, 2003
fenarimol, polyoxin cucumber P. xanthii Choiet al., 2004.
mancozeb, proquinazid, penconazole, grape Uncinula necator Olivaet al, 199; Pianellat al., 2006
pyrazophos, triadimefon, tridemorph, triforine long melon P. xanthii Jiskaniet al,, 2000
sulphur papaya Ovulariopsis papayae NDA, 1999
triadimefon pumpkin P. xanthii McGrath, 1996

NB: Sphaerotheca fuligineandP. fuscaare referred aB. xanthii(Perez-Garciat al, 2006)

Table 1.2Lists of powdery mildew species that have develagsdtance to target fungicides

PM fungi Fungicides Host Reference(s)

B. graminisf.sp.tritici fenpropimorph, propiconazole, quinoxyfen wheat Bernhardet al, 2002; Engelst al., 1996

B. graminisf.sp.hordei fenpropimorph barley O’Haraet al, 2000

P. xanthii azoxystrobin, benomyl, kresoxim-methyl, cucurbit Ishii et al, 2001; McGrath, 2001; McGrath and Shishkoff,
mycobutanil, propiconazole, triadimefon 2001; McGrattet al., 1996

U. necator azoxystrobin, myclobutanil grape Northover and Homeyer, 2001; Wong and Wilcox, 2002
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(c) Other control options
Pasiniet al (1997) showed that the use of several antifungalpounds such as salts, oils and
plant extracts against PM of rose were as efficganspraying the fungicide dodemorph. They
also noted that spray applications of ¥, and NaHC@ at 0.5-1% offered good control of
PM. Wine vinegar, JMS Stylet Gil canola oil, synertrol and neem extract also redi
satisfactory disease control. In addition, fattidadormulated as potassium salts reduced the
severity of the disease significantly. Partial conbf PM was obtained from Milsafiaa
concentrated extract from leavesR#ynoutriu sachulinens{g&. Schmidt) Nakai (Pasiwet al,
1997). Bettiolet al (1999) showed that foliar application of a miewf cow’s milk and water
was effective in preventing infection of causedRayxanthii. Similarly, spraying milk-based
products onto pumpkin reduced PM and other foljengoms by 50-70% and post harvest
fruit rot by 40-50% compared to the chemical conff@rrandino and Smith, 2007). Bélanger
et al (1997) have reviewed a range of plant extracts @ocompatible products that have

been used against PM.

(d) Integrated control

Integrated disease management is the practiceing ascombination of control measures to
prevent and manage diseases in crops. Strategiemtbégrate BCAs and chemical fungicides
can overcome the lower efficacy of antagonists,levineducing the residues of chemical
fungicides on the final products and the environindime idea of IPM is based on good
agricultural practices needed to produce profitané productive crops in a sustainable way.
Once the symptom is observed or a potential fagdtndn is identified, different techniques
can be used as preventative or curative measuregtmize the risk of disease infection and

spread.

Combinations of different control strategies havevmled promising disease control when
tested against PM of various crops. For instanppliGation of Ampelomyces quisqual@es
ex Schlect,TrichodermaharzianumRifai and Bacillus subtilis(Ehrenberg) Cohn, with lower
rates of fungicides provided the same level of mndf PM of strawberry as fungicides
applied at full rates (Pertet al, 2008). Similarly, a mixture of BCAS( subtilis Tilletiopsis
minor Nyland and Lecanicillium lecanii (Zimm.) Viégas), mineral salts (KRQ,), an

12



antitranspirant (kaolin) and an antioxidant (astoétid) controlled PM of mango effectively
(Nofal and Haggag, 2006). A combination of BCAs ahdmicals can give better results than
when they are applied separately. Combination es¢happroaches can control the pathogen
in climatic conditions beyond the effective rangé the bio-protectant, minimize
environmental pollution and the likelihood of thatipogen developing resistance, while
providing localized and persistent control (Tronsamal Hjeljord, 1998).

1.3 BIOLOGICAL CONTROL

Biological control, as a crop protection strateggtem, emerged as a response to the search
for a safe, effective and environmentally friendfyproach to replace or supplement the use of
chemical pesticides. Biological control of plansehses involves the use of antagonistic
microorganisms to control a pathogen. One formiatolgical control occurs if the activity of

a microorganism, e.g., a plant pathogen, is cdetidby another member of the community
(Campbell, 1989).

Over the past three decades, research has reped&donstrated that many microorganisms
can act as natural antagonists to plant pathogéosk( 2000). Powdery mildew fungi are
prime targets for biocontrol agents because of thgperficial growth (Bélangeat al, 1997).
This has attracted many researchers to conduchsing investigations in order to find
antagonists that can provide acceptable levels iséade control. The mostly studied
microorganisms against PM of different speciesliated in Table 1.3. Although consistency
has been the major challenge in controlling PM wiitese antagonists, most of these BCAs
have produced promising results in suppressing Pive success and failure of biological
control depends amongst other things, on the ptamuand application of effective BCAs.
Through research, some of the most successful B@&s been processed into commercial
products that are approved for the market. Tableisla summary of some of the promising
biological products against foliar diseases thaehaeen commercialized. However, it should

be noted that there are many more which are rtetlisn Table 1.4.
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Table 1.3 Lists of biocontrol agents that have ltested against different species of powdery mildéwarious crops.

BCA Target Pathogen Crop Reference(s)
Ampelomyces quisqualis E. cichoracearum cucumber Sundheim, 1982
P. aphanis strawberry Pertatt al, 2008
P. leucotricha apple Ozentivanyi and Kiss, 2003
P. xanthii cucumber, melon, Abo-Foulet al, 1996; Diket al, 1998; Elacet al, 1998;

pumpkin, squash, winter McGrath and Shishkoff, 1999; Romesbal, 2003;

squash Shishkoff and McGrath, 2002; Sundheim, 1982
S. pannosa&ar.rosae rose Pasingt al, 1997
U. necator grape Fallet al, 1995
Various spp. various crops Sztejnbetgl, 1989
Acremonium alternatum P. xanthii melon Romeret al, 2003
Bacillus sp. P. xanthii cucurbits Romeret al, 2004
B. subtilis P. xanthii squash zucchini Bettiol, 1999
P. aphanis strawberry Pertoét al, 2008
Lecanicillium lecanii P. xanthii cucumber, melon Askamt al, 1998; Diket al, 1998; Romeret al,, 2003;

Verhaaret al, 1996

S. macularie$.sp. fragariae strawberry Milleret al, 2004
Meira geulakonigii P. xanthii cucumber Sztejnbewgt al., 2004
Sporothrix flocculosa P. xanthii cucumber Dilet al., 1998

S. pannos&ar.rosae rose Bélangeet al., 1994

Several spp. several plants Neveet al, 2007
Sporothrix rugulosa P. xanthii cucumber Verhaast al, 1996, 1998
Stephanoascus flocculosus P. xanthii cucumber Jarviet al,, 1989

S. pannos&ar.rosae rose Hajlaoui and Bélanger, 1991
Stephanoascus rugulosus P. xanthii cucumber Jarviet al., 1989

S. pannos&ar.rosae rose Hajlaoui and Bélanger, 1991
Tilletiopsis albescens P. xanthii cucumber Knudsen and Skou, 1993

E. graminisf.sp. hordei barley Knudsen and Skou, 1993
T. minor P. xanthii cucumber Hijwegen, 1992
T. washingtonensis S. pannosa. rosae rose Hajlaoui and Bélanger, 1991; Sztejnketrgl, 1989
Trichoderma harzianum S. mors-uvae gooseberry Picton and Hummer, 2003

P. aphanis strawberry Pertatt al, 2008

P. xanthii cucumber Elad, 2000; Elad al, 1998

NB: Sphaerotheca fuligineandP. fuscaare referred aB. xanthii Perez-Garci&t al, 2006);P. flocculosaasS. flocculosandP. rugulosaas
S. rugulosgEken, 2005) an¥erticillium lecaniiasLecanicillium lecani{Verhaaret al, 1998).
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Table 1.4 List of biocontrol products registered @ommercially available (developed or being depetl) against foliar pathogens.

Product Name

BCA (s)

TargetPathogen Producer

Reference(s)

AQ10 Biofungicide Ampelomyces quisqualis

Powdery mildews Ecogen Inc, USA

Hofstein and Chapple, 1998;
McGrath and Shishkoff, 1999;
Shishkoff and McGrath, 2002

Aspire Candida oleophila BotrytisandPenicilliumspp. Ecogen Inc, USA Drobyet al, 1998
BINAB-T® T. harzianum+ T. Various fungal diseases Bio-Innovation EFTR  Moller et al, 2003; Mommaertet
polysporum AB, Sweden al., 2008
Eco-77 T. harzianum Botrytis cinereaFutypa lata, Plant Health Products, Plant-Health, 2008
E. leptoplaca South Africa
QST 713, B. subtilisstrain QST 713 Powdery mildew, gray mold, AgraQuest, Inc., USA EPA, 2005; Marrone, 2002
Serenad®’ downy mildew, early blight,
late blight, bacterial spot,
walnut blight
Sporodo§? P. flocculosa Powdery mildew Plant Products Co. Ltd, Konstantinidou-Doltsini®t al.,
Canada 2007
Trichodex T. harzianum Various fungal diseases Makteshim Chemical Dik et al, 1999; Elackt al., 1998;
Works Ltd, Israel. Etebariaret al, 2000; Hofstein and
Chapple, 1998
Trichodowels T. harzianum+ T. viride Various fungal disease Agrimm Technologies Monte, 2001
Ltd, New Zealand
TrichoFlow WP" T. harzianum Various fungal diseases Agrimm Technologies Bal and Altintas, 2006; Fourie and
Ltd, New Zealand Halleen, 2006
Trichopef T. harzianum Wide range of fungal diseasesAgrimm Technologies Bhuiyanet al, 2003
Ltd, New Zealand
Trichoseal T. viride Trunk and foliar pathogens  Agrimm Technologies http://www.tricho.com/trichotech
Ltd, New Zealand
YieldPlus Cryptococcus albidus BotrytisandPenicilliumspp. Anchor Yeast, South  Drobyet al, 2002

Africa
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1.3.1 Characteristics of a successful biological contragent

A BCA must firstly be safe to humans, animals ame ¢nvironment. It should have the
ability to grow and colonize the phylloplane faptpduce large number of spores and
survive with a minimal requirement for nutrientddiavourable environmental conditions
(Blakeman and Fokkema, 1982; Chetaal, 1986). Ideally, a BCA should also have some
means by which it can survive under unfavourabldrenmental conditions. For instance,
Bacillus species produce spores which are resistant toig¥ &nd desiccation and can be

formulated easily (Raaijmakees al., 2002).

Active colonization of available substrates by BCéan greatly reduce the success of
pathogen inocula attempting to infect host plakts. instance, infection of host plants by
PM usually occurs within 72h after the conidia loé tpathogen land on a susceptible leaf
(Huckelhoven, 2005). Therefore PM can only be ailed if there is active and rapid
colonization of the phylloplane by the BCA afteistsprayed onto the leaves of the target
crop. In addition, an ideal BCA should be competitwith agrochemicals in terms of cost

and efficacy.

1.3.2 Mechanisms of action of biocontrol agents

During the development of beneficial microbes foe tontrol of plant diseases, scientists
recognized that an effective delivery system rexpiia thorough understanding of its
biological relationship with its target (Batemarda@happle, 2001). There are at least four
mechanisms by which BCAs act against a target Ptflogen: competition for resources,

antibiosis, mycoparasitism and induction of hoststance (Whipps, 1992).

Competition for soluble substrates occurs when (@ranore) organisms require the same
resource (Tronsmo and Hjeljord, 1998), and thelhysene reduces the amount available to
the other (Campbell, 1989). In such cases, onanisgn uses most of the nutrients and
grows, while the other has insufficient nutrierds its growth and dies. This is typical for a
fungus or bacterium that grows very fast and ovelmis the target organism. However,
the use of competition for nutrients on the phyldme as a biocontrol strategy seems

unlikely against PM because they can germinateownitlexogenous nutrients and cover
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relatively large areas of leaves within 1-2wk aftéection (McGrath and Thomas, 1996).
However, Elacket al (1998) showed that competition is one of the raa@ms that is used

by T. harzianunir39 during its establishment on the phylloplane.

Antibiosis occurs when the production of toxic neetiites or antibiotics of one organism
has a direct negative effect on another organisnpure culture, antibiotic production is
common by many potential BCAs (Tronsmo and Hjeljdr@98). It appears to be important
to the survival of microorganisms through elimipatiof microbial competition for food
sources, which are usually very limited in the jpipllane. Several species Bfacillus
(Romeroet al, 2004 & 2007) and yeast (Hajlaoui and Bélang8g11& 1993; Urquhart
and Punja, 2002) are known to use antibiotic prodnas their primary mode of action in
suppressing PM. Production of R3-1,3-exo and endoaglase, chitinase and antifungal
compounds by these antagonists was reported tbitinggerm tube development .
xanthii and plasmolyse its spores (Urquhart and Punja2)20@any Trichodermaspp. are
known to produce antibiotics that are is effectigminst a wide range of pathogens (Ead
al., 1998).

Another mechanism utilized by BCAs is mycoparagitighis is a parasitism of PM fungus
by the antagonist fungus. It involves direct contaetween the fungi resulting in death of
the host (PM pathogen), and nutrient absorptiothkyparasite (antagonist) (Whipeskal,
1988). To break down the walls of their host, myaragites possess various enzymes such
as: cellulases, chitinase’;1,3-glucanases and proteases (Elad, 1996 & 20(@eégen,
1992; Patilet al,, 2000; Urquhart and Punja, 2Q00Zhe interaction between mycoparasites
and their target fungi occurs in four sequentialf bverlapping phases: target location,
recognition, contact and penetration (Whimgsal., 1988). In the first stage, a chemical
stimulus from the pathogenic fungus attracts thagge (the antagonist). The second step
involves attack of the target pathogen by the mgcagite with the help of enzymes. In the
third step, the mycoparasitic antagonist attacbethé¢ host (pathogenic fungi) either by
coiling around or growing alongside it. In the fiséep, the mycoparasitic fungus degrades

the pathogenic cell wall by producing various enegr(ifronsmo and Hjeljord, 1998).
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Some researchers have shown that BCAs may actsadhan pathogen by triggering host
defense mechanisms. In induced systemic resist@igf), the BCA is not directly
involved with the pathogen; instead, it activates defense mechanisms of the host (éfei
al., 1996). Once ISR is expressed, it activates plaltpotential defense mechanisms
including increased production of antifungal compasl by the host (Elad, 2000; Watial,
1996). According to these authors, ISR has a wahge spectrum, protecting the plant
from variety of pathogend.richoderma harzianurit39 (Elad, 2000; Eladt al, 1998) and
some growth promoting bacteria suchBaspumulusMeyer and GottheilPseudomonas
putida (Trevisan)andSerratia marcescen@izio) (Weiet al, 1996) have been reported as

BCAs that induced systemic resistance.

During screening, it is important to consider thiéedent mechanisms of action, because
inhibition of the pathogen by an introduced antagfomay involve different interactions. In
addition, since the control system involves BCAathpgen, host and the environmental
conditions, it is important to incorporate thesenponents during the screening. Screening
technigues often focus on detecting one or two madection and therefore fail to detect

BCAs using other modes of action.

1.3.3 Challenges and opportunities in the development ddiocontrol against foliar
diseases

Biological control has been less successful in pigllosphere than the rhizosphere
(Andrews, 1992). This is partly due to extreme tilations in environmental conditions in
the aerial part of the plant compared to the saitg Blakeman and Fokkema (1982) noted
that the survival and activities of both saprophyiad pathogens on leaves is dependent on
the microclimatological conditions and chemicalpedies of the leaf surface. Because of
their requirements for specific environmental céinds, BCAs are usually effective within
a limited range of temperature and RH. For instamcest antagonists of PM are more
efficient when RH is maintained above 80% (Bélangeal, 1994 & 1997; Hijwegen,
1992; Jarvis and Slingsby, 1977; Janags al, 1989), which can be achieved by
manipulating the greenhouse environment. Howeuds is not possible under field
conditions. Hence, efficacy of most BCAs against BMI other foliar diseases has been
inconsistent, especially under field conditionsatidition, BCAs rely on the availability of
nutrients for their survival and production of &mtics and siderophores. Unfortunately,
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the amount of nutrients on the phylloplane is oftetited and may be leached as a result of

irrigation, rain, dew and fog (Andrews, 1992).

The rate of establishment and biocontrol activibgéstroduced antagonists is often slower
than that of the pathogen. For instance, conidiBMfrequire 3-5d to germinate and infect
the plant (Huckelhoven, 2005; McGrath and Thoma36)19In contrast, except for a few
antagonists such & quisqualis(Sundheim and Krekling, 1982), establishment ofABC
on the phylloplane may take 10-14d, by which titne disease is at a high level. Once the
disease pressure is very high, efficacy of BCAbnisted (Eladet al, 1998; Pertoet al,
2008). Moreover, some introduced BCAs need thegpias of their host on the phylloplane
in order to establish themselves. For exampleninorwas more effective when applied 2d

after the plant was infected with PM (Hijwegen, @8

In spite of these challenges, use of BCAs on thgllggiane does provide some
opportunities. The method of application of BCAsiimple, and it is easy to see the effects
of treatments because the disease is visible. @ppked and established, BCAs can move
onto different parts of the foliage, and may previdng-term control without the risk of
resistance.

1.3.4 Improvement of biocontrol efficacy

Since biological control is holistic in its apprbacit is important to combine the
manipulation of different aspects that are necgsdar favour the antagonist and
disadvantage the pathogen (Andrews, 1992). Foanst growth of introduced BCAs can
be assisted by manipulation of the microclimatgmfenhouses (Blakeman and Fokkema,
1982). Adjusting the RH to the level required bg imtagonist or providing free water on
the leaf surface can improve the efficacy of biataf control. However, continuous
monitoring is needed because increased leaf wetrassesult in infection of the plant by
other pathogens. In addition, the chemical properof the leaf surface can also be
modified to suit the demand of the antagonist bglypg the right chemical. Growing
BCAs in suitable media, applying correct dosageB&fA inoculum, using appropriate
formulations and storage and placing inoculum wrotaable positions can facilitate active
colonization of the phylloplane by the antagonfgtplication of BCAs before the disease
reaches a certain level, and use of selected augnand oils can improve efficacy of
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biological control. Elacet al (1996) noted that the efficacy @flletiopsis spp. was best
when applied few days before or immediately aftafiedtion of the plant with PM.
Furthermore, use of additives, such as sucroseincasase the population of the antagonist
on the phylloplane (Blakeman and Fokkema, 1982wéil@r, growth of other pathogens

must be managed carefully.

1.4 SOLUBLE SILICON

Silicon (Si) is the second most abundant elemetttersurface of the earth and can present
in plants in amounts equivalent to those of macienits such as calcium, magnesium and
phosphorus (Epstein, 1994). Although the level oin$lant tissues ranges between 0.1-
10%, sometimes exceeding that of nitrogen and pitiass its importance to agriculture has
been underrated with the perception that most plea grow in a nutrient solution without
Si in their formulation (Epstein, 1999). Howevehemn Si is readily available to plants, it
plays a major role in their survival and growthn&oof the beneficial effects of Si to plants
include increased growth and decreased susceftitolivards pathogens and insects, and

amelioration of abiotic stresses (Epstein, 1994989).

1.4.1 Effects of silicon on powdery mildew control

The effects of Si on incidence and severity of PMaorange of crops has been studied by
several researchers (Bélangeral, 1995; Menzie®t al, 1991b; Samuelst al, 1991a &
1994). Bélangeet al (1995) noted that adding Si into nutrient solasiseduced incidence
of PM in cucumber and delayed its rate of develapméccording to Menziet al
(1991a), the reduction in the severity of PM was ¢l inhibition of germination of PM
conidia by Si. Similarly, treatment with Si redudei of barley (Wieset al., 2005), grape
(Bowen et al, 1992; Reynoldst al, 1996), muskmelon (Menziest al, 1992), wheat
(Bélangeret al, 2003; Remus-Borett al, 2005) and zucchini (Menziest al, 1992).
Whilst the use of Si for disease management isaadeeffective, in most reports complete
control of the disease was not obtained, with tedliffering among cultivars (Liangt al.,
2005; Palmeret al, 2006), cropping seasons and temperature (Soluergl Hammer,
2003).
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1.4.2 Effects of silicon on plant growth

Bélangeret al (1997) noted that, in Europe, 60% of cucumber 30% of rose growers

were using soluble Si on a regular basis. Mosthols¢ users believed that they had
benefited by reducing fungicide application andréasing yields. Even in the absence of
disease, application of Si has been observed tease yields of cucumber. However, it is
not clear if this increase was as a result of dise@ntrol or the management of several

biotic and abiotic stresses of the plants.

1.4.3 The role of silicon in amelioration of abiotic stesses

Silicon has been reported to ameliorate mineraicityxeffects in plants (Epstein, 1994;
Marschner, 1995). For instance, Si can reduce revemt toxicity effects caused by
aluminum (Al), iron (Fe) and manganese (Mn) (Marsah 1995; Tisdalet al, 1993).
Equally, it can reduce the impact of nutrient deficies of phosphorus (P) and zinc (Zn)
(Epstein, 1994; Marschner, 1995). In addition,eitiuces stress of plants caused by soil
salinity and excessive transpiration (Epstein, 199drschner, 1995; Tisdakt al, 1993).
Moreover, in sugar cane, Si protected leaves frtimawiolet radiation damage by filtering

out harmful ultraviolet rays (Tisdakt al, 1993).

1.4.4 Possible mechanisms of action of silicon

Although consistent results have been reportedhenpbositive effects of Si in disease
management, the mechanisms by which Si reducesityeveé diseases are the subject of
ongoing debate (Ghanmst al, 2004). While several researchers believe thatptbssible
mechanism of action of Si is purely mechanicaleddtclaim that it is entirely based on the
catalysis of induction of systemically acquired istmce (SAR) by the host plants.
Zeyenet al. (1992) associated reduction of PM to be a radtiibcreased in silification of
the epidermal cells, which would impede the pemieinaby the pathogen germ tubes.
Supportive reports by Carvet al (1998) and Winslow (1992) showed that increased
resistance against fungal pathogens in cereal epeas correlated with the accumulation
of Si in these plants. However, further investigas revealed that silification takes place at
the trichome bases on the epidermis (Bélaregeal, 1995, Samuelst al, 1994), and

around the fungal hyphae and infection pegs incteft: cells of the host plant (Bélanggr
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al., 1995; Datnoffet al, 1997). Microscopic studies by Menzies al. (1991b) showed
increased accumulation of phenolic compounds witkifs of cucumber plants treated with
Si. Similarly, Faweet al (1998) discovered that treatment with Si induakfense
reactions in cucumber plants towards PM by prongotatcumulation of antifungal
flavonoids. Moreover, Bélangest al (2003) reported that treatment with Si induced
defense mechanisms in wheat agaBisgraminisf.sp.tritici by promoting accumulation of
electron-dense, phenolic compounds surrounding auhgustoria within the epidermal
cells of these plants. Using X-ray microanalysid aricroscopic investigations, Ghanati

al. (2004) found that treatind\rabidopsis thaliana(L.) Heynh with Si induced the
production of electron-dense, fungitoxic substatiet accumulated within and around the
collapsed haustoria of epidermal cells within teavies of the disease-resistant plants.
Furthermore, Si was shown to increase resistanamsigblast disease on rice caused by
Magnaporthe grisedT.T. Hebert) M.E. Barr. by catalysing the accated production of
phenolic like compounds and antifungal momilactgrte/toalexins (Rodrigueset al,
2004). Most of these conclusions were made basetpplying Si in the nutrient solution.
However, foliar application of Si has also providstective control of PM in several crops
(Bowenet al, 1992; Guévett al, 2007; Lianget al, 2005; Menziest al, 1992; Palmeet

al., 2006; Reynoldst al, 1996). What is not clear is whether similar natdbms of action
are involved when Si is used as a foliar treatnasnivhen it is applied to plant roots as a

fertilizer.

1.4.5 Methods of application of soluble silicon

Usually Si has been applied to plants by addingldelforms of the element into a nutrient
solution of a hydroponics system. This system erssar continuity of supply of Si to the
plants while the pH and concentration of each etdnmie the nutrient solution can be
balanced according to the requirements of the plaiith drip irrigation, Si may be added
into the irrigation stream at the required level, arder to supply plants through the
irrigation system. Under field conditions, Si isrmally applied as drench or through the
irrigation system (i.e. sprinkler or other techreqy Silicon can also be applied to plants as
a foliar spray. Foliar application is commonly ugectontrol foliar diseases directly rather

than through amelioration of abiotic stresses efglant related to the soil.
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1.4.6 Challenges in using silicon

Although many studies have been made on Si in @guie in the last 50 years in order to
understand the role of Si in agriculture, its explion has been limited. This is partly due
to inconsistency of the results under differentditons on different species. Susceptibility
of plants to stress, and weather conditions ancthizeacteristics of the soils such as soll
physical properties, soil organic matter and sbéraistry have direct effects on the role of
Si to plants. Bélanger (2008) noted that benefigidcts of Si are noticeable only when the
plant is under stress. Unlike curative fungicidesttcan eradicate the disease completely,
Si is more effective when applied as a protectreatment (Liangt al, 2005; Samuelst

al.,, 1991b), and it is less effective under situaion high disease pressure (Kaetoal,
2007). Since Si is interactive with other elemests;h as Ca, Al and Mn, its availability to

plants is dependent on presence of other elemedttha soil pH (Epstein, 1994 & 1999).

A lack of knowledge on optimum concentrations apgligation frequencies is another
reason for incomplete control of diseases. Fomamst, application of high concentrations
of Si to cucumber may provide effective controPd, but may result in reduced quality of
the fruit (Bélangeet al, 1997). Many researchers believe that diseasstaase is linked
with the amount of Si accumulated by the plant {&ps 1994; Jansen, 2004). However the
level of Si that should be applied in order to gieptimum disease control without
compromising growth and quality of the produce is iasue of continuous research
(Bélangeret al, 1995). A further challenge is that uptake ofv8ries not only between
crops (Mitani and Ma, 2005), but may also vary lesw cultivars within a single crop
(Ago et al, 2008).

1.5 OPPORTUNITIES FOR THE USE OF BIOCONTROL AGENTS AND
SILICON IN AN INTEGRATED DISEASE MANAGEMENT PROGRAM ME

Each control option has its unique strengths arakwesses relative to the other. Individual
disease management options often result in incdmpdésease control. This raises a
question whether the use of biocontrol agents arnchi$ supplement each other for better

disease control in a sustainable way.
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An IPM programme may involves the combined use lénaical, biological, physical,
biotechnical, genetic and agricultural techniquds disease control that offers the
opportunity to growers to choose the most apprégiigervention once a threshold disease
level is reached (Olivaet al, 1999). According to these researchers, unlikentgbal
control, where the main objective is to eradicae disease, the aim of IPM is to keep the
disease level below the tolerance threshold byneteng only when the severity of the

pathogen exceeds a certain level.

The challenge to control PM with BCAs and Si is éxéremely rapid development of the
disease. Therefore, there is a need to find a m@andich the rate of disease progress can
be reduced so that the use of BCAs and Si can be aifective. If this challenge remains
unsolved, farmers will continue to depend on usumgicides as their only effective tool to
control PM. In South Africa, the proposed approathising biological control and Si for
disease management and plant growth promotiontis\geencouraging acceptance by the
farmers. Most soils in Africa are acidic and dedidi in plant-available Si due to leaching.
Therefore, application of Si fertilizer to cropsositd benefit most crops in most situations.
Use of Si, combined with BCAs, by commercial farsmeould replace the intensive use of

agrochemicals in Africa.
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Table 1.5 Comparison of the benefits and limitagionterms of fungicides, silicon and biocontrol
agents against plant diseases.

Criteria Fungicides Silicon BCAs
Efficacy
* Short term 3 2 1
* Long term 1 2 3
» Rapidity of effect 3 2 1
« Effect under high disease pressure 3 1 1
* Curative control 3 1 1
* Preventative control 3 3 3
Reliability
» Environmental influences 3 2 1
¢ Influence of plant and soil 2 1 1
* Shelf life 2 3 1
Reductionin risks
* Risk of resistance 1 3 3
* Side effects to humans and animals 1 3 3
* Residues in food 1 3 3
* Persistence in the environment 1 3 3
Public acceptance 1 2 3
Profitability to producer 2 3 2
Cost effectiveness 1 2 3
Long-term benefit for society 1 3 3

1 (least), 2 (intermediate) and 3 (most) relatiseamtage of the control method. The table

and criteria for comparison was adopted and matiifiem Yobo (2005).
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H.B. Tesfagiorgis®, M.D. Laing® and M.J. Morris’
®Discipline of Plant Pathology, School of Agricultural Sciences and Agribusiness
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa
®Plant Health Products, P.O. Box 207, Nottingham Road, South Africa

Abstract

Powdery mildew (PM) is an important disease of maugnts worldwide. Potential
antagonists of powdery mildew were isolated fronturaly infected leaves of different
plants. A total of 2000 isolates of bacteria, fuagd yeasts were tested in a preliminary
screening on detached leaves. The best 30 isahteging consistent results were further
tested under glasshouse conditions for their efficagainst PM of zucchini. In a
glasshouse trial, disease control of 30-77% wagsiged by 23 isolates, and significant
reductions in AUDPC values were recorded as a tregu?9 isolates being applied. The
best five isolates, identified &liocladiumroseum(syn.Clonostachys rosgdlsolate EH),
Trichothecium roseum(syn. Cephalothecium roseym(isolate H20) and Serratia

marcescengi.e., Isolates B15, Y15 and Y41), were selectedurther studies.

2.1 INTRODUCTION

Powdery mildew (PM) is one of the most importantiaio diseases of many plants
worldwide, occurring both under greenhouse anddfiebnditions (Kisset al, 2004).
Application of systemic fungicides has been th@gpal control option (McGrath, 1996;
2001). However, effective control of this diseaséhviungicides is becoming increasingly
difficult due to concerns about health and envirental hazards, as well as the rapid
development of fungicide resistance by these pathiegfungi, rendering most fungicides
ineffective against PM (McGrath, 2001). The pos#ibof using resistant cultivars towards

this disease is also limited, especially in frundavegetable crops (Bélanger and
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Benyagoub, 1997). Therefore, there is great reBearterest in identifying effective
antagonists against PM that can supplement or agepleonventional agrochemical

fungicides.

Biocontrol of PM by various antagonists may involwempetition for natural resources
(Nofal and Haggag, 2006), antibiosis (Hajlaetial, 1992; 1994), mycoparasitism (Askary
et al, 1997; Falket al, 1995a; Kiss, 1998; Romeret al, 2003; Sundheim, 1982;

Sztenjberget al, 1989; 1995b; Verhaaat al, 1997) or induction of systemic resistance in
plants against pathogens (Ektdal, 1998; Silveet al, 2004; Vogt and Buchenauer, 1997).
The superficial growth of PM on leaves makes iteasy target for many antagonists that

can be isolated and screened for their bioconffiglaey.

The success of biological control depends on tligalinscreening because subsequent
results depend on identifying the best isolatesndguthe initial process (Chiou and Wu,
2003). Isolating potential antagonists from theitunal hosts can make screening easier and
more effective because they will be applied ingame environment, to which they should

be well adapted.

There are several techniques of preliminary scregisiolates for biological control agents,
with the dual culture method being preferred by ynassearchers (Landet al, 1997,
Morton and Stroube, 1955; Pauléral, 1992). This technique involves culturing theg&r
pathogen and the potential antagonist(s) togetimerthe same artificial medium. Its
simplicity and rapid results, with some level ofiability, makes it a good primary
screening method when the antagonists and the ttgsgthogens can be grown
saprophytically. However, obligate pathogens sl cannot be cultured on artificial
media, limiting the application of this approachofdover, some of the modes of action
cannot be observed by dual culture, resulting enltdss of some effective isolates if their
modes of action are not detected using this tecienigherefore, an alternative approach is
needed for obligate parasites that require theesang of isolates in a natural way. The
objectives of this study were to isolate and scre@ious potential antagonists of PM from

naturally infected leaves of susceptible plants.
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2.2 MATERIALS AND METHODS

2.2.1 Collection of samples

Samples of leaves of 16 plant species, naturafgctad with PM, were collected from 8
sites in the province of KwaZulu-Natal (Table 2.Tyvo leaf samples (one young and one
old infected leaf) were taken from each plant spetiat were growing at least 1km apart,

or after an interval of 10 d, if taken from the saplant.

2.2.2 lIsolation and culturing of potential biocontrol agents

(a) Fungi
Mycelia of PM, and hence any associated fungi, wemtched from the plant with a
sterilized scalpel, plated onto Potato DextroserA§DA) and incubated at 25. Plates
were monitored for 1 wk, while developing colonief fungi were sub-cultured. Each
isolate was incubated for 1-2 wk depending on itsMh and sporulation rates. Mycelia
and spores were harvested by pouring 5ml of stedlidistilled water onto the plates of
PDA for 5min and scratching the mycelial mat withsterilized scalpel. The mycelial
suspension was transferred into sterile bottleskest vigorously and spores were filtered
using four layers of cheesecloth.

(b) Bacillus

Samples of infected leaves were placed into corflaaks containing sterilized distilled
water and shaken vigorously. After removing thef lesterials from the flask, the
suspension was serially diluted, then heated € 86r 15 min. Aliquots of 0.1 thwere
plated on Tryptone Soy Agar (TSA) and incubateB®@C overnight. Individual bacterial
colonies were transferred onto clean PDA platesiacgbated for 24 h at 30. For mass
production, isolates were inoculated onto 100flasks containing 50 fof Tryptone Soya
Broth (TSB) and incubated in a water bath operaéin§®C and 200-250 revolutions per
minute (rpm). After an incubation period of 72 hltares were centrifuged at 9000 rpm for
15 min. The suspension was removed gently and #lletpvas transferred into bottles

containing sterilized distilled water.
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(c) Yeasts
The same technique that was used Rucillus isolates was adopted with slight
modifications. Mycelial and spore suspensions of Wbte prepared by putting infected
leaves into conical flasks containing 10X rof sterilized distilled water and shaken
vigorously for few minutes. The suspensions wereakg diluted in sterile distilled water
and an aliquot of 0.1 fnof each dilution was plated onto a semi-seleatinlia, prepared
by adding Rose Bengal to PDA, with the objectiveirdiibiting bacterial growth. All
colonies of yeast were re-streaked on Malt Extéagar (MEA) to obtain pure cultures and
incubated at Z%. After 48 h of incubation, isolates were transfdrinto 100 rb flasks
containing Malt Extract Broth (MEB) and fermenteda water bath for 72 h at Z5 with
rotary agitation at 200-250 rpm.

2.2.3 Preparation of powdery mildew inoculum

Inoculum of PM was collected from naturally infegttieaves of zucchiniQucurbita pepo,
F1-Hybrid Partenon) obtained from Starke Ayreend maintained by inoculating conidia
onto disease-free plants and keeping them in aratepglasshouse. Conidia of PM were
harvested using the method of Askatyal (1998) and Dilet al (1998). To ensure a high
level of conidial viability and to maintain the sanage of conidia, dead conidia were
removed by shaking the source leaves 24 h befaeulation. Infected leaves were then
immersed in sterilized distilled water and shakerrémove PM conidia. Conidia were
counted using a haemocytometer and the concemtratis adjusted to f@onidia nt™.
Inoculation was by spraying the conidial suspensiomo leaves within two hours of

counting.

2.2.4 Screening of isolates on detached leaves

Seeds of zucchini were planted in trays filled watltomposted pine bark, and kept in a
glasshouse (26-28, 75-85% RH). After 2 wk, fully developed leavesre cut off with

their petioles and transferred into pairs of 90 mhimmeter Petri dishes, as described by
Shishkoff and McGrath (2002). Each leaf petiole wagrted through a hole that connected
the bottom of the top Petri dish to the lid of thattom Petri dish that contained a nutrient

solution (Figure 2.1). Petri dishes were transfitrinto growth chambers set at a

! Starke Ayres Seeds (Pty) Ltd., P. O. Box 304, Bgpst 7475South Africa.
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temperature of 2& and 18C (day and night), with a photoperiod of 16 h and= of 65-
80%. The lid of the top Petri dish was removedvoic fluctuations of humidity that might
have affected antagonistic activity of potentiatagonists. Potential antagonists were
applied by putting 10-15 droplets of the microbglspension onto the leaves using
sterilized Pasteur pipettes. In order to give theagonists a competitive advantage, they
were applied 2 d before inoculation of the leavath iPM, and reapplied 4 d after

inoculation withPodosphaera xanthii.

Ten days after inoculation, the percentage of ée&aé covered with PM was recorded and
transferred into a scale of 1-5 where: 1 = 0-20%,2D-40%, 3 = 40-60%, 4 = 60-80%, 5 =
80-100% of leaf area covered by PM. This was dorwder to separate the most effective
ones from the least based on a range.To avoid asgilplity of cross contamination

between treatments, each isolate was tested inreépicates, placed 150-200 mm from
other isolates. Isolates that showed superior pedoce against PM were selected for

further screenings that continued until the nundiesolates was reduced to the best 30.

2.2.5 Screening of isolates on whole plants

Seedlings of zucchini were raised in the same waylescribed above and kept in the
glasshouse until they produced two fully developedves. Seedlings were then
transplanted into pots (180mm diameter) contairangomposted pine bark medium and
transferred into another glasshouse (22c3and 65-85% RH). The plants were supplied
with a complete fertilizer [3:1:3 (38) from Oceamfculture® at 0.5g¢™*] + [Ca(NOy), at
0.5 g(™] by means of drip irrigation. Plant distance w&9@m within rows and 1.5-2m
between rows (Figure 2.1). Once seedlings wereagtdiblished, they were inoculated with
approximately 3-5 rhof a conidial suspension 8 xanthii(10° conidia mt™) using a hand
sprayer. Inoculation took place in the late afbem to ensure sufficiently high relative

humidity for germination of the conidia.

All BCAs were applied using hand sprayers 2d befin@culation of P. xanthii and
reapplied 4 d later, when symptoms started to apaea continued every week for 4 wk.
The concentrations of propagules of BCAs appliecevidf m¢™ for fungi and 18m¢™ for

bacteria and yeasts, respectively. All BCAs wergliad in the evenings to ensure

2 Ocean Agriculture (Pty) Ltd., P.O. Box 742, Mulddnift, 1747, South Africa.
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sufficient relative humidity for establishment bietantagonists. The best five isolates that
controlled PM consistently were selected for furteealuations and sent for identification
using DNA sequence. The bacterial and fungal BCAsrewidentified by Ingaba
Biotechnical Industries (Pty) Lidand Agricultural Research Council (ARC-PPRI)

respectively.

Disease assessments were made weekly by estinthérngercentage of leaf area infected
for each treatment, immediately before the nexag@pplication of the BCA. Values of
area under disease progress curve (AUDPC) werailatdd from the disease severity

values using an AUDPC program (Shaner and Finr@g7 )L

2.2.6 Data analysis

The experiment was arranged in a randomized compleck design with each treatment
having three replications. Data was analysed uiagStat Statistical Analysis Software
(GenStat, 2006). Where the CV % was > 20%, their@iglata was transformed using a
square root transformation and means of treatm&ate separated using Duncan's New
Multiple Range Test. Effect of individual treatmefe. BCA) in controlling PM was
assessed by calculating the percentages of firsglade level and AUDPC value of the

Untreated Control reduced by the biocontrol treatime

2.3 RESULTS

2.3.1 Isolation and screening on detached leaves

When PDA was used as a growth media, many types@bbes grew from the scrapings
of PM mycelium that were plated onto it. Howeven)yofungal colonies were picked up
using a sterilized scalpel. Rate of germinationgefm-tubes as well as shape, size and
colour of mycelia of these fungi were variable whebserved with the naked eye.
Microscopic examinations showed that the isolatiferdd widely in their spore structures
and hyphae. When Rose Bengal was added to the Bidth of bacterial species was

inhibited and yeasts, together with some funginwgoa the medium. However, there were a

% Ingaba Biotechnical Industries (Pty) Ltd., P.OxBa356, Hatfield 0028, South Africa.
* Agricultural Research Council (ARC-PPRI), P. Bat4, Queenswood 0121, South Africa.
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few Gram negative bacteria that grew on PDA coirigirRose Bengal. The isolation
technigue used fdBacillus species provided many isolates, mostly Gram p@shiacteria.
Only colonies that showed some morphological resancle to typicalBacillus colonies

were chosen as potential isolates.

The isolation techniques were applied to leavestoplant species infected wikh xanthii
PM, collected from different sites. A total of @@candidate microbes were selected for
screening on detached leaves. Detached leavesdstarshow PM symptoms 3-4 d after
inoculation and the disease could cover an entgaf Iwithin 10 d because the
environmental conditions were favourable for PM.vAuititious roots developed from the
bottom of the petiole after 6-7 d. As long as thirient solution was available, the leaves

could stay alive, in most cases, for more thanrooath.

During the evaluation, some leaves died due to leghls of PM and were considered as
100% diseased (i.e., 0% control). More than hathefpotential BCA isolates reduced PM
disease levels compared to the untreated controm all the isolates tested, the best 100
isolates were selected for a second phase of seggeinom which 70% of them were
discarded, before a third phase of selection waslwtted, because the efficacy of some of
these isolates was less consistent than otherse $&wiates were observed to produce an
inhibition zone around them, restricting the expamsof the PM colony, while other
isolates inhibited the establishment of the dised@dter a series of screening on the
detached leaves, a total of 30 isolates (11 bacteép fungi and 7 yeasts) were selected that
reduced PM disease levels by more than 60%.

Table 2. 1 Sites where naturally infected leavelsast plants were collected

Site Host plants
Albert Falls weed 1
Durban, KwaMashu cucumber, grape, pumpkin

Pietermaritzburg, Agriculture Campus  cabbage, cum@rmpapaya, pepper, pumpkin, rose, tomato,

weed 2, strawberry, zinnia, zucchini

Pietermaritzburg, Cedara cucumber, pumpkin

Pietermaritzburg, Scottsville grape, mulberry, pidimpweed 3, zucchini
Pietermaritzburg, Ukulinga Farm beans, pepper, tonweeed 4, zucchini
Tala Valley pumpkin

Tongaat pumpkin
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Figure 2.1 Plates shamg preliminary screening of potential isolates ngsidetached leav
inoculated withPodosphaera xanthand treated with biocontrol agents (MNote the formation
adventitious roots from the petioles, and the dgwakent of powdery mildew (B).

Figure 2.2 Zucchini plants growing in greenhouse.
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2.3.2 Screening on whole plants

Under glasshouse condition, plants started to stéymptoms of PM 4d after inoculation
and the disease level could reach up to > 80% mvi2zhwk, if not treated. Application of
BCAs had a significant effect on the severity of fiM< 0.001). Compared to the treatment
containing only water, 23 isolates significantlglueed the final disease level by 30-77%.
Some isolates that showed promising results onchethleaves (e.g., Isolates CR, CK,
CFC, CE, C, B14, E-77) were less efficient in colitng the disease when tested under

glasshouse condition, although they caused sigmficontrol (Table 2.2).

The AUDPC value of the Untreated Control, was digantly reduced (P < 0.001) by 29
isolates (Figure 2.3). There was a direct relatignetween final disease level and
AUDPC values. Whenever the final disease was highcorresponding value of AUDPC

was high.

The best five biocontrol isolates were identifiexslGlonostachys rosed.ink) Schroers,

Samuels, Seifert & Gams (sy@liocladiumroseum Isolate EH),Trichothecium roseum
(Pers.) Link (synCephalothecium roseurtsolate H20) and 3 isolat&erratia marcescens
(Bizio) (i.e., Isolates B15, Y15 and Y41).
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Table 2.2 Effect of selected biocontrol agent$ial disease level (FDL) and AUDPC of powdery
mildew of zucchini plans after 10 d and 5 wk ofwgtle in a growth chamber and greenhouse,
respectively.

Isolates (BCAS) Type  Disease rating on Greenhouse assessment
detached leaves FDL AUDPC
Control 0 5 88.3 1152.7 (33.9)
Y41 B 1 22.3 204.2 (14.3)
Y15 B 1 24.8 194.8 (13.8)
B-52 B 2 52.8° 613.7(24.67%"
B-29 B 1 70. 7" 855.2 (29.2)
B-21 B 1 64.8°¢ 740.8 (27.2f™
B-15 B 1 20.3 379.2 (19.4°
B-14 B 1 75.8" 653.3 (25.48"
B-1272 B 2 62.%5" 624.3 (24.67"
ML F 1 50.0% 519.2 (22.5F"
EH F 1 21.7 220.5 (14.8)
E-77 F 2 749" 808.5 (28.3)
DY F 1 68.59" 730.3(26.91™
DS F 1 62.F7 663.8 (25.7™
CR F 2 748" 696.5 (26.47™
CK F 1 810y 947.3 (30.7%
CFC F 2 81.0 807.3 (28.4Y
CE F 2 80.7 730.3 (26.9y™
C218 F 2 283 259.0 (16.1F
H20 F 2 21.0 192.5 (13.9)
C12 F 1 47" 456.2 (21.3F"
C F 1 748" 758.3 (27.5"
BK F 1 457« 530.5 (22.5F"
Y9 Y 1 240 200.7 (14.D)
Y38 Y 2 56.0°¢ 574.0 (23.95""
Y31 Y 1 31.3" 310.3 (17.6F
Y30 Y 1 52.6° 527.3 (22.9F"
Y27 Y 2 51.7 499.3 (22.3F°
Y26 Y 2 48.0% 493.5 (22.0F°
Y20 Y 2 55.8°¢ 567.0 (23.8F™"
Y18 Y 2 57.6°¢ 610.2 (24.5¥™"
Effects P-values P-values
P-value <0.001 <0.001
MSE 112.5 15263.34
CV (%) 19.74 11.4

F= fungus, B= bacterium, Y= yeast

Values within column followed by a common letterrevenot significantly different according to Duncan'
New Multiple Range Test at= 0.05.

Values in brackets are means of data transformied sguare root transformations.

Ratings: 1 disease < 20%; 2 = < 40%, 3 = < 60%;<88%, 5 = totally susceptible.
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Figure 2.3 Efficacy of potential BCAs in controlijppowdery mildew of zucchini after five weeks of
treatment underreerhouse conditior.
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2.4 DISCUSSION

The development of a proper isolation and/itro screening protocol that provides rapid,
repeatable and reliable results is an importamilrstep in screening efficient antagonists
for biocontrol of plant diseases. This is because success of all subsequent stages
depends on the ability of the initial screeninggeaure to identify appropriate candidates
(Whipps et al, 1988). Biological control of plant diseases tglly involves three
components: the biocontrol agent (BCA), the pathoged the plant itself (Neveet al,

2007). If one of these components is missing, theexing process will be incomplete.

In order to be an appropriate candidate, an isalateild consistently produce a promising
result under various environmental conditions. dta common challenge during the
screening process that some potential candida®s gbod efficacy initially, but fail to

perform at later stages, or when they are testedferent environments.

During the screening process, BCAs were appliedreefind after inoculation of the
pathogen. Application before infection was aimednatuding competition as a possible
mechanism of action in controlling the disease bgwang the antagonists to establish
themselves before the disease. When spores oriaarfich pathogen require exogenous
nutrients for germination and germ tube elongatibey are subjected to competition for
these nutrients with the indigenous saprophytic romial community (Brodie and
Blackeman, 1975). However, Wilson (1997) determiitteat conidia of PM fungi do not
require exogenous nutrients during germination, laost penetration occurs within a short
period following germination, limiting the value obmpetition as biocontrol strategy. He
concluded that suppressing the sporulation andewmisgtion of the pathogen using
mycoparasites is the only viable approach to cofkd fungi. However, other mechanisms
of action such as antibiosis and induction of heststance are important mechanisms for
many antagonists. Hence, initial screening shoutldmize loss of potential antagonists by
including every possible opportunity for all antaggs to display their potential biocontrol

activity.

In most cases, the performance of biocontrol isslain agar has less predictive value than
in vivo tests (Verhaaet al, 1998). This is because biocontrol activity dfaaitagonists is

dependant on several factors that determine th@valrof the introduced microbe. For
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their survival and establishment, BCAs may require presence of their host on the
phylloplane. For instance, growth Bseudozyma flocculog@raquair,Shaw and Jarvis)
Boekhout and Traquair is dependent on the preseine® (Nevewet al, 2007). This may

be related to availability of nutrients from theget pathogen.

Many isolates of yeasts suppressed PM developridtgn there was a clear zone around
the antagonists. Yeasts are known to produce dewibitory products (Hajilaouet al,
1994, Benyagoubt al, 1996a; Urquhart and Punja, 2002). For instaseeeral species of
Tilletiopsis produceB-1,3 exo- and endo-glucanase, chitinase and agafucompounds
(Urquhart and Punja, 2002). An active fraction sffee fatty acids produced by species of
this genus was reported to inhibit germ tube dguakent ofP. xanthiiand plasmolyse its
spores (Urquhart and Punja, 200Rseudozyma flocculossecretes modified long-chain
fatty acids that caused cytoplasmic granulation@ildpse of PM hyphae (Hajilaoet al.,
1994, Benyagoubt al.,, 1996a). This might be the reason for the cleaezaround many of

the yeast isolates tested.

The formation of an inhibition zone by bacterialleges species is believed to be the result
of antibiosis or competition, through which theagunists control the disease. A report by
Romeroet al (2004) indicated that these two mechanisms oiomacare common in
bacteria. Further work by these researchers shothatl production oflipopeptide
antibiotics such as surfactin, fengycin, and itufinor bacillomycin, and butanolic by
Bacillis subtilis (Ehrenberg) Cohn showed that antibiosis is thennfactor in PM
suppression bacillus (Romeroet al, 2007). Few candidates of fungal isolates showed
hyperparasitism in addition to the modes of actideamonstrated by yeasts and bacterial

isolates.

The screening was performed using one speciesanit,ptucchini (F1 hybrid), infected

with a single PM fungusR. xanthi). The hybrid used for this experiment is very
susceptible to PM and grows upward, making it aali¢hoice for this research. Although
all cucurbit plants are known to be susceptibl®kb (McGrath and Thomas, 1996), most
of them grow horizontally which requires large gnogv areas and it also increases the

possibility of inter-plot interference between treants.
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The approach adopted was based on the hypothesig &#n isolate can antagonize PM of
this plant (i.e. zucchini), then it will probablyebeffective against other PM species of
different plants. This approach has been used bgrakauthors (Sztejnburgt al, 1989;
Szentivanyi and Kiss, 2003). These groups of astebowed thafmpelomyces quisqualis
Cesati ex Schlechtendahl isolated from a specilit gPovided effective control against
other PM species on different crops.

The efficacy of some of the potential antagonistsduwas reduced when they were tested
under greenhouse conditions. This could be duedater fluctuations of the environmental
conditions of the glasshouse compared to the gradmber, where temperature, light
intensity and relative humidity were all stable.vitwer, these factors are more variable
under glasshouse conditions subjected to fluctgatisly weather conditions. In spite of
such fluctuations, some isolates gave consistsultse probably due to their adaptability to

environmental fluctuations.

Under both growing conditions, PM covered the wHelf within 2wk after inoculation.
This demonstrated the potential for the diseasedeastroy the whole plant if the
environmental conditions were favourable for ityelepment, and there were no effective

control measures.

The screening procedure followed in this experimgelded potential antagonists that can
be used under glasshouse conditions where PM vglpré, with environmental conditions
that favour both the antagonists and the pathoBeunlitz and Bélanger (2001) described
glasshouses as providing conducive environmentatitons under which BCAs can
operate at their best. However, to be effective,gbtential BCAs must be able to establish
themselves soon after their application becauseléivelopment of PM is so fast in such
environments. The control efficacy of these potnsiolates is promising in controlling the
disease. However, the level of control providedailyBCAs tested was not complete.
Therefore, there is a need to enhance their effiedth a better understanding of these
BCAs, the pathogen and the host plant. The efficaicyhese antagonists can also be
enhanced by co-application of compatible producdjuvants. There is also a need to test
these selected isolates under field conditions, revrenvironmental conditions are not
controlled, in order to develop biofungicides thatn be used for integrated disease

management purposes for field crops.
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CHAPTER THREE

EFFECTS OF ADJUVANTS ON THE CONTROL OF POWDERY MILD EW
OF ZUCCHINI WHEN USING FOLIAR APPLICATIONS OF SOLUB LE
SILICON AND SELECTED BIOCONTROL AGENTS

H.B. Tesfagiorgis®, M.D. Laing® and M.J. Morris’

@Discipline of Plant Pathology, School of Agricultural Sciences and Agribusiness
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa
®Plant Health Products, P.O. Box 207, Nottingham Road, South Africa

Abstract

Three adjuvants (Break-Thru® (BK), Partner® (PR)d ahween-80® (T-80)) were
compared for their ability to improve the efficaal/soluble silicon (Si) applied as a foliar
spray against powdery mildew of zucchini (PM). Thest adjuvant was applied alone to
evaluate its direct effect on the pathogen. Amthegadjuvants tested, BK followed by
PR, improved efficacy of Si significantly (P < 0)0%owever, T-80 did not affect the
efficacy of Si. Microscopic studies showed that BiKibited germination of conidia, and
caused collapse and disintegration of both coradid mycelia of the pathogen. It also

enhanced the deposition of BCAs on the pathogen.

The compatibility of BK was tested with selectedduintrol agents (BCAs) and zucchini at
various concentrations. Biocompatibility tests whd that mixing BK (0.2-1 h™) to
nutrient broth improved the c.f.u. of Isolates Yabd Y41 while not affecting that of
Isolate B15. However, mycelial growth of fungallles EH and H20 was inhibited when
BK was mixed into PDA agar at concentrations of enttran 0.2 ri (. Spraying BK at
0.25 mt ¢ was compatible with zucchini plants, but showegtptoxic effect at more
than 0.5 ni . In the presence of BK, the efficacy of foliarap of Si was improved by
increasing the Sioncentration to anptimum concentration of 750 nig'. Break-Thr(f at
concentraions of 0.2-0.4v™" enhanced the activity of Si sprays and three B@As
controlling PM.
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3.1 INTRODUCTION

Adjuvants are widely used with agrochemicals, wtitle objective of enhancing spray
performance by improving the coverage, absorptiot efficacy of the spray treatment
(Gentet al, 2003). Ameret al (1993) reported a 30% increase in control of penyd
mildew (PM) of wheat Erysiphe graminisf.sp. tritici Marchal) when adjuvants were
mixed with fungicides. Several reports have indidathat adjuvants may have beneficial
effects when applied with some BCAs (Bélangeal., 1997; Phillipet al, 1990; Picton
and Hummer, 2003). Enhanced survival as a restibofogenous distribution of BCAs on
leaves was reported when Sigma Oil, Aqua Aid andediw80 were mixed with a
suspension of BCAs for control of PM of cucumberik(l2t al, 1998). Efficacy of
Sporothrix flocculosarraquir, Shaw and Jarvisgainst PM of rose was also improved
when surfactants were added into the spray mixafig@ret al., 1994). Moreover, the
biocontrol activity of several yeasts against pastbst diseases of fruits and vegetables

was improved by adding various adjuvants into grap suspension (Limet al, 2005)

Foliar applications of silicon (Si) to control PMwe been moderately successful on a few
crops (Boweret al, 1992; Guévett al, 2007; Lianget al, 2006; Menzie®t al, 1992;
Palmeret al, 2006; Reynoldet al, 1996). However, there is little information abadle
optimum concentration of Si that can provide acaklet levels of control, or on efforts to
improve its efficacy. As with agrochemicals, thdicsfcy of foliar sprays of Si may be
improved by adding adjuvants to enhance their @amer and retention of Si on the
phylloplane, and therefore reducing the concemtnatiof Si required for good control of
PM. Similarly, adjuvants may enhance the even idigion of BCAs on leaves, and

therefore improve the level of PM control that tloey provide.

Before any adjuvant may be recommended for largéesgsage, a thorough assessment on
its potential risks is essential. Assessment dfifsct impact on the plant, the BCA and the
pathogen are needed. The use of adjuvants aloneliro@éndevelopment of PM by
inhibiting germination of conidia and/or inhibitings mycelial growth. For instance,
mineral oil, Tween-80 and some surfactants wererted to have inhibitory effects on PM
of cucumber (Diket al, 1998), rose (Bélangeet al, 1994) and wheat (Ziv and
Frederiksen, 1987). Therefore, applying such adjtsszawith BCAs can inflate the
perceived activity of the antagonists (Bélanggeal, 1997).

55



The objectives of this study were to compare tla@jevants for their capacity to improve
foliar-applied soluble Si; to study the direct effef the best adjuvant on the pathogen; to
test its compatibility with the plant and select®@As; and to determine the optimum
concentration of Si that can give acceptable le¥eontrol, when combined with the best

adjuvant.

3.2 MATERIALS AND METHODS

3.2.1 Effects of adjuvants and silicon on powdery mildevof zucchini

Seedlings of zucchini were grown and inoculatechv#M as described in Chapter 2.
Three adjuvants were tested: Break-Thr(polyether-polymethylsiloxane-copolymer),
Partner 650 (alkoxylated fatty alkylamine polymer/ethoxylatesbrbitane ester) and
Tween-8§ (polyoxyethylene 20 sorbitan monooleate). These ewebtained from

Universal Crop ProtectidnDegussa Africaand Merck Chemicalsrespectively.

As a source of soluble silicon (Si), potassiuntati (KSiOs) (a product K2550 containig
20.5-20.9% Si@ and 8.0-8.15% KO) was obtained from PQ Silicas $Aand
concentrations of Si was calculated according eégtoduct’s information. Break-THty
Partner, and Tween-80 at a rate of 0.5, 0.5, ahdnD.(", respectively, were mixed with
Si (at 250, 500, 750 and 1000 i) and sprayed onto leaves of infected zucchinitplan
until runoff. Water was used as a control. Treatimevere applied once a week in the late
afternoon to avoid the hottest period of the daycentage of leaf area covered by PM was
recorded weekly for five weeks and the area undeyade progress curve (AUDPC) was
calculated from the disease data using an AUDP@rBno (Shaneet al, 1977). Analysis
of variance (ANOVA) analysis was performed with Geaf® Statistical Analysis Software
(GenStat, 2006). Comparisons between means ofrtesdis was made using Fisher’s
protected least significant difference (FLSD) arifect of adjuvants on percentage
reductions of final diseae level and AUDPC valuesrevcalculated by comparing the

values of each treatment against that of the Utgde&ontrol (only water). Polynomial

! Universal Crop Protection (Pty) Ltd., P.O. Box 8@empton Park 1620, South Africa.
2Degussa Africa (Pty) Ltd., P.O. Box 261, Somerses¥W129, South Africa.
®Merck Chemicals (Pty) Ltd., 259 Davidson Rd. Watlevi422, Gauteng, South Africa.

4 PQ Silicas South Africa (Pty) Ltd, 169 Tedstone Rd). Box 14016 ,Wadeville 1422, Gauteng, South
Africa.
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regression analysis was also performed to deterrnhiaeeeffects of concentration of Si
applied with different adjuvants at various concatins. The adjuvant that provided best

result in suppressing PM with Si was selected dgothker investigations.

3.2.2 Scanning electron microscop studies on the effectsf Break-Thru® on

Podosphaera xanthii and biocontrol agents

Two fungal Clonostachys roseéLink) Schroers, Samuels, Seifert & Gams, Isolak® E
andTrichothecium roseur(Pers.) Link Isolate H20) and 3 isolates $€rratia marcescens
(Bizio) (i.e., Isolates B15, Y15 and Y41) were meg, as described in Chapter 2, and BK
was added into the microbial suspension at a rat@.25 ni ¢, All treatments were
sprayed onto diseased plants that were growinggdreanhouse, with the environmental
conditions set at 2& and 18C (day and night), a photoperiod of 16 h and andRi85-
80%. Treatments were applied weekly during the détiernoon to ensure enough humidity
and a favourable temperature for the establishiwietite BCAs. After 5 wk, samples were
taken from the infected leaves to investigate tinectiimpact of BK on the pathogen and

BCAs using scanning electron microscopy.

Samples of the infected leaves were cut into @roeapproximately 10mm diameter and
fixed overnight in 3% glutaraldehyde in cacodyldeffer (0.1 M; pH 7.0), and then
dehydrated in a graded alcohol series. Specimeme wrdical point dried in a Hitachi
HCP-2 using CQ@as a transfusion fluid. Dried specimens were mediion copper stubs
using double-sided carbon tape. All stubs were tbeated with gold-palladium in a
Polaron E500 Sputter Coater and viewed with a phiXL30 environmental scanning

electron microscope (ESEM) operating at 12 KV.

3.2.3 Biocompatibility test of Break-Thru®

Microbial media containing BK were prepared fordahand bacterial BCAs. A solution
of BK was prepared by mixing 10ni™ of the adjuvant with 90#nof sterilized distilled

water and filtered through a filter paper. Fulesgth Potato Dextrose Agar (PDA) was
autoclaved for 15min at 120 and left at room temperature to cool down. Whes t

temperature of the flask was approximatelyClOthe solution of BK was added to the
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medium at concentrations of 0.02-1 ii". The PDA-BK medium was mixed thoroughly
using a magnetic stirrer, poured to Petri dished l@pt in a laminar flow for 24 h.
Approximately 3-5 mm-diameter agar plugs of IsdateH and H20, taken from the
leading edge of 2wk old cultures, were plated anrtfedium and incubated at°g5 After

2 wk mycelial growth of Isolate EH was measuredhgsa ruler. However, growth of
Isolate H20 was patchy when BK was added to the agad mycelial growth was
measured by estimating the percentage of the ptatered by the fungus and converting
the value into a diameter. Nutrient Broth (NB) waepared in 100 fconical flasks and
autoclaved at 12C for 15 min. After the broth was cold, BK was addeto the flasks at
concentrations of 0.01-0.1tni>. The three isolates &. marcesceng.e., Isolates B15,
Y15 and Y41) were inoculated into the broth usingterile loop and fermented in a
shaker, set at 150 rpm at°28 After 48 h of incubation, cultures were seridligd in
McCarthy bottles containing sterile distilled waterd plated onto PDA. Finally, plates
were incubated for 24 h at %D and colony-forming units (c.f.u.) were countect#® of
each BCA was analysed as Randomized Block Desigy @enStat Statistical Analysis
Software separately (GenStat, 2006) and relatipgshétween concentrations of BK and

microbial growth were confirmed using polynomiagression analysis.

3.2.4 Phytotoxicity test of Break-Thru® on zucchini plants

Break-Thrf (0.25-2 ni ¢™) was sprayed onto zucchini plants infected with &tMde a
week until runoff. After 3wk, visual assessmentsewmade of the toxicity of BK to the

plants.

3.3 RESULTS

3.3.1 Effects of three adjuvants on powdery mildew contrbof with silicon

All adjuvants used in this study improved sprayerage and retention of Si on zucchini
leaves. When leaves were sprayed with Si that cwedaany of these three adjuvants, they
remained wet for longer periods than leaves sprayigd Si without an adjuvant. Adding
BK and PR to Si sprays gave better results, redudisease levels by an average of 18-
20%. However, T-80 did not improve the efficacySbfsprays significantly. Application of
BK and PR alone significantly reduced disease #gvédevels by 20% and 18%,

respectively. However, spraying T-80 alone exaderbthe disease level (Table 3.1).
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The concentration of Si in the spray solution hadignificant impact on PM control
(P < 0.001). Regardless of the adjuvant used, fii@mey of Si was improved as the spray
concentration was increased, with 750 fffgbeing the optimum dosage. The effect of
adjuvants and Si applied at various concentrationseverity of PM of zucchini after 5 wk
of infection and the level of disease control aledi by these treatments are presented in

Table 3.1 and Figure 3.1, respectively.

The effects of adjuvants on AUDPC values were lyighnificant (P < 0.001). Without
Si, BK and PR reduced the AUDPC values signifiga(iflable 3.2). AUDPC values of Si
plus BK or PR were also significantly low. Sprayi@gcontaining BK and PR reduced the
AUDPC value by 26 and 23%, respectively. Even with®i, these two adjuvants reduced
AUDPC values by 20-25%. However, application of @eBd not affect the AUDPC value
significantly and the efficacy of Si was unaffectbg the presence of T-80. When
comparisons were made among concentrations, thestoWUDPC values were obtained
when Si was applied at 750 mig. The AUDPC values of PM as affected by three
adjuvants, applied with Si at various concentratj@re presented in Figures 3.1 & 3.2.

Table 3.1 Effects of different adjuvants sprayethvgoluble silicon (Siat various concentrations
on final disease level of powdery mildew of greem® grown zucchini after five weeks of
infection withPodosphaera xanthii

Siconcentration (mg™)

Adjuvants 0 250 500 750 1000
Break-Thr(f 73.3 66.7" 63.7" 60.C° 61.7
Partnef 75.0 65.0° 70.0° 58.3 60.0
Tween-80 923 79.0 73.3 63.3" 75.0
Water 91.7 78.3 76.7 76.7 75.0
Effects P-Values

Adjuvants <0.001

Concentration <0.001
Adjuvants*Concentration 0.704

FLSD 11.686

CV (%) 9.9

Means followed by a common letter were not sigaiffity different according to Fisher’s protectedstea

significant difference (P < 0.05).
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Table 3.2 Effects of different adjuvants and satusilicon, sprayed at various concentrations, on
AUDPC values of powdery mildew of zucchini grownden glasshouse conditions after 5 weeks
of infection withPodosphaera xanthii

Si concentration (m@™)

Adjuvants 0 250 500 750 1000
Break-Thr 1724 1392" 1416" 103Ff  1169"
Partnef 1636 1524 1456 1229  118C"
Tween-80 2164  187FF 1787" 1289 1599
Water 2168  1857° 1735° 1649 1712
Effects P-Values
Adjuvants <0.001
Concentration <0.001
Adjuvants*Concentration 0.955
FLSD 420.9
CV (%) 16.2

Means followed by a common letter were not sigatfity different according to Fisher’s protectedstea

significant difference (P<0.05).

3.3.2 Visual and scanning electron microscopic observatis on direct impact of

Break-Thru® on powdery mildew

BK-treated PM colonies were small, flat and dry.viEsnmental scanning electron
microscopic examinations revealed that the hyphak @nidia of untreated PM were
turgid and smooth (Figure 3.5 A). However, thesacstires collapsed, disintegrated, or
were bound together when treated with BK (Figui® B-D). Deposition of BCAs onto
powdery mildew mycelium was also enhanced by tlesgmce of BK in the spray (Figure
3.5 E). Enhanced germination and establishmensalate H20 on the pathogen was also
observed (Figure 3.5 F). Propagules of all BCAsrs=Eto be unaffected by the adjuvants.
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Figure 3.1 Relationships between adjuvants angflied at differing concentrations on
severity (A) and AUDPC values (B) of powdery mildefvzucchini after five weeks of
infection withPodosphaera xanthii
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Figure 3.2 Effects of different adjuvants in colitngg powdery mildew of zucchini in combination
with foliar-applied Si at various concentrations.
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Figure 3.3 Effects of different adjuvants in sumgsiag development of PM of zucchini with foliar-
applied Si at various concentrations after five kgeef inoculation. AUDPC values are as a % of
the untreated control AUDPC value.
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3.3.3 Biocompatibility of Break-Thru ® with biocontrol agents

Analysis of ANOVA on the effects of BKin colony forming units of Isolates B15, Y15
and Y41 were not significant at P < 0.05. Howevegression analysis showed that there
was relationship between concentrations of BK ia tiedium and c.f.u. of Isolate B15,
with increasing levels of BK inhibiting the c.f.of this isolate slightly. Adding Bkat a
concentration of 0.4 it was optimum for growth of Isolates Y15 and Y41eTéffect
of BK on mycelial growth of Isolates EH and H20 vgagnificant (P < 0.001) (Figure 3.4
B). Growth of these two fungal BCAs was signifidgnbhibited when BK was added into
the medium at a concentration of 0.4 fit. Mycelial growth of Isolates EH and H20 were
reduced by 19 and 49%, respectively, when BK wasthto PDA at 1 (" (Figures 3.4
and 3.5). Result of amivitro bioassay on the effects of BK on growth of all BC&
presented in Figure 3.5.

Control BK at 1m¢g ¢+
/\\

Figure 3.4 Plates of PDA showing the effects ofa&r&hri’ on mycelial growth of Isolates
EH (A) and H20 (B).
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Figure 3.5In vitro bioassay on the effects of Break-Thmixed with growth medium on growth of
BCAs. A: colony forming units of Isolates B15, Yahd Y41 after two days of incubation at’G0
C.F.U. of Isolates B15 and Y15 were diluted by%Hnd Isolate Y41 by £0B: mycelial growth of
Isolates EH and H20 after two weeks of inoculatb25C.
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Figure 3.6 Environmental Scanning electron micrpgcmbservations of the effects of Break-
Thru® onPodosphaera xanthand selected BCAs. A: Conidia and hyphae of therog Plate 2:
Collapsed and disintegrated hyphae and conidiheofuingus; C: Hyphae of the fungus sticking to
each other; D: Conidia bond each other and BCA®sl&ggnl on top of the fungal structures; E:
Enhanced deposition of BCAs on the surface of #tthqgen; FTrichothecium roseurfisolate H20)
establishing on the hyphae of the pathogen.
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3.3.4 Phytotoxicity test of Break-Thru®

Application of BKat 0.25 ni ¢ provided moderate disease control with no phytatoxi
effects to the plant. When BK was applied at 0.6 PM was reduced by more than
60%. At 1 nf ¢!, BK provided complete control of PM. However, leavof the plants

showed symptoms of shrinking followed by burningantBK was applied at higher levels.
Repeated application of BK, even at 0.5 &, caused stunting of the plant, with young

leaves being malformed and reduced in size.

3.4 DISCUSSION

Selection of an effective adjuvant for an integiatiisease management programme can
reduce the impact of agrochemicals on the enviranirng reducing the quantity of active
ingredient required to deliver disease control with compromising yield or quality
(Kirkwood, 1993). When used properly, adjuvants expected to have no toxic effect to
the plants or the environment. However, recentistudave indicated that some adjuvants,
primarily surfactants, can have direct impact oa BCAs and the target pest (Dr A.

Charudattan, 2007personal communication).

Although many available adjuvants provide applmatinformation on the label, each
plant management project is unique and requiregassessment before the appropriate
adjuvant can be selected and utilized. Adjuvants terease the efficacy of foliar
treatments by altering spray droplet sizes, digtidm of sprays on the plant, viscosity
(stickiness) of the sprays, their evaporation redite rate of uptake of agrochemicals by the

target plant, and the solubility of agrochemicalsolution (Young, 2004).

In this study, some of the above properties weosvshby all adjuvants used. For instance,
better coverage of zucchini leaves was achieveld thié same amount of Si solution or
BCA suspension when BK, PR and T-80 were addedthdospray mixture. Prokop and
Kejklicek (2002) noted that most water soluble mdjis improve spray coverage by
reducing the percentage of small droplets (i.e/5¢m) which are the major contributors

to off-target drift. Longer retention of the spragy the surface of the leaves was assumed

®Dr R. CharudattanDepartment of Plant Pathology, University of Flarid
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to be the result of increase in viscosity of theaggsolution by these adjuvants. When any
of these three adjuvants were mixed in the spraytisa, they formed foam. Formation of
foam is reported to control drifts, making the sprapplication more effective and

economical (Young, 2004).

At higher dosages (> 0.5(ni™), BK was shown to control PM effectively on its mwbut

it had phytotoxic effects on zucchini. Plants thatre sprayed with BK at higher levels
frequently showed stunted growth with malformedvésa Young leaves were more
sensitive to this adjuvant. Spraying BK at a comegion of 0.25 ni £ provided moderate
disease control without affecting the plant negdsiv Both BK and PR showed promising
results in reducing PM of zucchini when they wepeaged alone or together with Si.
Addition of BK and PR improved the efficacy of Sy bmproving distribution of the Si
sprays, and by suppressing the pathogen direaliarFapplication of Si without adjuvants
also resulted in significantly lower disease valuespecially when used at higher
concentrations. Regardless of the adjuvant usesl,efficacy of Si was increased as

concentration increased up to 750 iy

The addition of T-80 into spray mixtures was repdrto have an inhibitory effect on PM
fungi (Bélangeret al, 1994; Diket al, 1998; Ziv and Frederiksen, 1987) and to have
enhanced the efficacy d8. amyloliquefacienRibonuclease (Barnase) as a BCA by
improving the distribution of the antagonist on thaface of the plant (Chiou and Wu,
2003). Diket al (1998) also reported increased controlPdd by A. quisqualisCes ex
Schlect when T-80 was mixed in the spray suspensiotiis study, T-80 improved spray
efficiency, but did not affect the disease direcife size and shape of the PM colonies
were not apparently affected when sprayed with TEB@n when applied together with Si,
the colonies of PM were large and fluffy, similardolonies of the control treatment. In
some cases, the disease severity and AUDPC valteeaiments containing T-80 were
even higher than treatments without any adjuvahe fieason for the failure of T-80 to
have any impact on the disease is not known. Agthoeach adjuvant was applied based
on recommendations from previous studies and tiegistration labels, the concentration

of T-80 was much less than that of both BK and Piierefore, the concentration of T-80
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used might not have been strong enough to affectidease or the pathogen might have

been resistant towards this adjuvant.

Colonies of PM treated with BK were small, flat addy. Further investigations with
ESEM revealed that the disease suppression shoviaKlngsulted from the direct impact
of the adjuvant on the pathogen. Conidia of PM wess in number and mycelial growth
of the PM fungus was limited after treatment witk.Bn addition, conidia and hyphae of
the pathogen collapsed and disintegrated as atrefulirect contact with BK. It is
probable that this impact is related to the chehgoaperties of the adjuvant. The adhesive
properties of BK also forced conidia and hypha¢hef PM fungus to stick to each other,
restricting spread of conidia and expansion ofciifonies Moreover, mixing BK with
suspensions of BCAs resulted in increased deposifichese antagonists on the pathogen,
resulting in improved control of PM. When used at appropriate rate, BK has the

potential to improve the efficacy of BCA antagosisignificantly.

A major limitation to the effective use of BCAs aBdagainst PM has been due to the rate
of disease development and spread. The direct ingfaBK on the pathogen therefore
gives a novel opportunity to enhance the managerme®M with BCAs and Si. It is
conceivable that BK would provide a short-term cohntfunction, followed by the

combined effects of Si and a BCA to provide medtorfong-term disease control.

Growth of Isolate EH and Isolate H20 was inhibitedlen BK was added to PDA at
concentration of 0.4 (™. In contrast, adding BK into NB at 0.2-1¢rfi* had little effect

on the c.f.u. of isolates &. marcescen®ased on the biocompatibility and phyto-toxicity
tests, it is recommended that for effective contioPM combined with BCAs or Si, BK
must be used at a concentration range of 0.2-0.4 mdepending on the sensitivity of the
plant towards the adjuvant. During the course sédse control, repeated application may
result in an accumulation of BK on the phylloplaméjch may have adverse effect on the
plant or the BCAs. To avoid such risks, furtherdstigations on the impacts of BK
deposition on the plant and antagonists is needémrdthe recommended rate is adopted
for implementation. In addition, direct contactweén the adjuvant and the BCA in target

may affect the antagonistic properties of the BCRNserefore, moren vitro research is
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needed to determine effects of BK on the metabptoperties of the BCA isolates.
Moreover, although most adjuvants are considerdwt@ no pesticidal properties and are
exempted from regulations of U.S. Environmental t€otion Agency (Hock, 1998),
investigation is needed on the hazards that BK pase to consumers and beneficial

microbial inhabitants of the phylloplane.
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CHAPTER FOUR

EFFECTS OF CONCENTRATION, FREQUENCY OF APPLICATION AND
RUNOFF OF FOLIAR-APPLIED SILICON ON POWDERY MILDEW  OF
ZUCCHINI

H.B. Tesfagiorgis®, M.D. Laing? and M.J. Morris’
Discipline of Plant Pathology, School of Agricultural Sciences and Agribusiness
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa
bPlant Health Products, P.O. Box 207, Nottingham Road, South Africa

Abstract

The effect of concentration, frequency of applicatand runoff of foliar-applied soluble
silicon (Si) on the severity of powdery mildew (PMPodosphaera xanthii(syn.
Sphaerotheca fuligingeaof zucchini Cucurbita pepd..) was evaluated. Soluble Si (250-
1000 mgt™), together with Break-Thfli(0.25 nt ¢), was sprayed onto zucchini plants at
frequencies of 1-3wk The leaves of all plants were inoculated with @aowkn
concentration of conidia &. xanthii2 d after the sprays were applied. The effect ndflu
was determined by covering some of the pots witlggtbylene sheets, while others were
left open.

SprayingSi onto zucchini crops reduced the severity of Rgwificantly. The efficacy of

Si was improved by increasing the spray frequehlowever, concentration of Si did not
have a major impact on the efficacy of Si. Regasllef the concentration of Si, the best
results were obtained when the frequency of tretrrent was increased, and when Si was

allowed to reach the root zone of the plants.

When Si was applied onto leaves, direct contacivéen the spray and the pathogen
seemed to be the main mechanism of action invoinedisease control, and part of the
spray (i.e., the runoff) was absorbed by the plats, and subsequently played an
important role in the health of the plants. If affable, soluble Si should be included in

nutrient solutions of hydroponic crops or suppliexn overhead irrigation schemes.
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4.1 INTRODUCTION

Powdery mildew (PM) of many crops causes signifidasses in yield if not managed
properly (Romeret al, 2003 & 2004). Soluble silicon (Si) has been stigated by many
authors (Bélangeet al, 1995 & 1997; Epstein, 1994 & 1999; Liarg al, 2005) as an
environmentally safe option for the managementhaf tlisease. These researchers have
demonstrated that effective control of PM can deeaed by the application of soluble Si

at appropriate dosages and frequencies.

Foliar applications of Si have shown promising tessin controlling PM of several crops
(Bowenet al, 1992; Guéveét al, 2007; Lianget al, 2005; Menzie®t al, 1992; Palmer
et al, 2006; Reynoldst al, 1996). These authors have showed that it isiiples® replace

or supplement the fungicides being used againstwihl soluble Si sprays. The level of
disease control that can be achieved using thisoapp is, however, limited due to a lack
of information on the optimum concentration. Efigaof Si can also be improved by
increasing the frequency of application as thisdases the deposition of the element on

the phylloplane.

Furthermore, when a foliar spray is used, theadvigys runoff which is intercepted by the
soil. If the Si treatment is absorbed by the roassa quasi-essential element, it may play a
role in the health of the plant. Therefore, to asgde direct effect of foliar application of
Si on PM, it is important to differentiate the ingpaf runoff from the total effect of the
treatment. Understanding the effect of such compisnean determine whether foliar

applications of Si should be more or less effectinan root drenches.
The objectives of this study were to determine diffects of foliar applied Si on the

severity of PM, determine the optimum concentratiod application frequencies of Si on

PM, and study the impact of runoff on the efficatyoliar sprays of soluble Si.
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4.2 MATERIALS AND METHODS

4.2.1 Preparation of plants

Seeds of zucchiniQucurbita pepp F1-Hybrid Partenon) were planted in seedling dray
and kept in a greenhouse at a temperature of 26-28d relative humidity of 75-85%.
Trays were irrigated with a complete fertilizer gm Agriculturé 3:1:3 (38) at 0.5 ]

+ [Ca(NQy), at 0.5gt™ for 2 wk using overhead irrigation. Once the gierted
seedlings had fully developed a second leaf, thegewransplanted into pots filled with
composted pine bark and transferred to anothesigtase set at 26-28, 75-85% RH.
The plants were irrigated with the same nutrietiitsmn using drip irrigation until the end

of the experiment.

4.2.2 Preparation of Podosphaera xanthii for inoculation

Inoculum of PM was obtained from plants that wereculated with previously collected
samples of natural inoculum. Conidia of PM werevhated using the same technique, as
described in Chapters 2-3, and counted using a tagometer. Finally, seedlings were
inoculated by spraying 3-5 rof conidial suspensions of PM (?iLOonidia m™) onto the
leaves of each seedling using a hand sprayer witborhours of counting. Inoculation was

done 2 d after Si was sprayed onto plants.

4.2.3 Application of soluble silicon

Soluble Si was sprayed onto zucchini plants in foen of KSi at four different
concentrations (250, 500, 750 and 1000Mguntil runoff. Treatments were applied at a
frequency of 1-3 wR. Impact of Si spray that is absorbed by the roatslisease level was
assessed by controlling movement of Si onto thésrothe lower part of the plants and
their pots were sealed with polyethylene sheetsatut taped into place to provide a
waterproof barrier to stop any Si spray from reaghihe root zone of the plants, in the
form of runoff and drift,. The aerial parts of thkants were left open for spray. Other pots
were left uncovered, allowing the drift and runoff spray applications to reach to the

rhizosphere and to be taken up by the roots.

! Ocean Agriculture (Pty) Ltd., P. O. Box 742, Mulgiénift, 1747, South Africa.
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For all treatments, Break-THtWBK) was used as a wetter at concentration of 2%~
Distilled water containing only BKvas sprayed at the same frequencies as the control
treatment. All the treatments were applied in thte lafternoon in order to minimize

dryness of the leaves due to heat. Disease lea®lgercentage of leaf area infected, were

evaluated 3 wk after inoculation.

4.2.4 Disease assessment and statistical analysis

The experiment was conducted twice, with eachrreat having three replications. The
treatments were arranged in a factorial randomadplete block design. Analysis of
Variance (ANOVA) were performed using a factoria@atment structure. Where the CV %
was > 20%, the original data was transformed usangquare root transformation.
Interactive effects of application concentratiaeguency and runoff of Si on the severity
of PM was analysed using GenStadtatistical Analysis Software (GenStat, 2006).
Treatment means were separated using Fisher’s cpedtdeast significant difference
(LSD). The percentage of disease reduction by gaeliment was calculated by taking the
final disease of the Untreated Contarol as a retereFinally, polynomial regression
analysis was performed on the percentage of diseaieced by different levels of Si

applied on open or covered pots at 3 differentdfesgies.

4.3 RESULTS

In both experiments, application of Si reduceddisease severity significantly. The effect
of concentration on the efficacy of soluble Si gpravas not significant (Table 4.1 and
4.2). After spraying the plants with Si at varioesncentrations (250-1000 nfg) for

3 wk, disease severity of the control treatment realsiced by 42-61% and 75-79% in the
first and second trials, respectively. In both ekpent, extra Si had little or no added
effect on the efficacy of the spray. When the dfi@icSi at different concentrations on

severity of PM was compared, there was no sigmifidifference between the values.
In both trials, spray frequency had a significaffié@ on the efficacy of Si in controlling

PM. Using the same concentration of Si, efficacyhaf treatment was increased initially

by 30% and almost doubled in the subsequent expatimthen the spray frequency was
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tripled. Even in the control treatment which coné only BK, the disease level was
reduced when the treatment was sprayed at higbgudéncy (Figures 4.1 & 4.2).

A comparison of PM severity between open and cavpogs showed that drift and runoff
of foliar-applied Si had a significant impact orsese control (Tables 4.1). In both trials,
efficacy was improved significantly when Si wasag@d onto plants in open pots. An
overall increase of 17% (Trial 2) and 18% (Trialiri)isease reduction occurred on plants
in open pots, where Si was allowed to reach theogghere, compared to the sealed pots

where the spray was restricted to the phyllopl&igufe 4.2).

In both trials, the interaction of Si concentrateomd frequency was significant. Interactive
effects of concentration and frequency on the affycof Si was significant in the second
experiment but not in the first experiment. Howevieends of these two experiments
showed that the best results were obtained whevaSiused at higher concentrations with
higher frequencies (i.e., 3 times per week). Fatance, when Si was applied 3 times a
week at 1000 m@?, then its efficacy was increased by more than twibree times
(Figures 4.1 & 4.2).

Interactive effects of Si concentration and appiccamethod were not significant on the
efficacy of Si. However, improved efficacy was ob&l when treatments with higher
levels of Si were sprayed on plants in open poteraction of frequency and runoff on the
efficacy of Si was not significant. In both triaéfficacy of Si was improved when sprayed
onto plants in open pots at higher frequenciesebsing the frequency from 1 to 3 times
per week increased the efficacy of the treatmera byean of 35% in the first experiment
and nearly 100% in the second experiment. Trendbeotwo trials also showed that the
increase in efficacy was slightly higher when sgrawere applied to plants in the open

pots.

Interaction of concentration, frequencies and apibn method was only significant on
the second experiment. However, individual obs@matshowed that the best results were
obtained when Si was sprayed at higher frequenagigtants in open pots. Effects of Si at
various concentrations sprayed onto plants in oped sealed pots, at different

frequencies, in controlling PM are presented omufég 4.1 & 4.2.
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Table 6.1 Analysis of variance showing factoriatemactions between concentration,
frequency and runoff of foliar-applied silicon oeverity of powdery mildew of zucchini.

. Trial 1 Trial 2
Source of variation F-value P-value F-value P-value
Concentration 1.03 0.389 0.84 0.481
Frequency 32.56 < 0.001*** 25.89 < 0.001***
Runoff 21.86 < 0.001*** 5.19 0.027*
Concentration*Frequency 2.26 0.053 3.54 0.006**
Concentration * Runoff 0.33 0.805 1.84 0.153
Frequency*Runoff 0.13 0.877 0.48 0.621
Concentration * Frequency * Runoff 0.90 0.503 3.06 0.013*
CV (%) 18.4 24.42

Values with *= significant at P < 0.05; **= signifant at P < 0.01; *** = significant at P < 0.001

4.4 DISCUSSION

In this study, spraying soluble Si onto the leawEgucchini reduced the severity of PM
significantly. This confirmed the findings of preus research on the use of Si sprays for
the control of PM of cucumber (Menziesal, 1992; Lianget al, 2005), grape (Boweet

al., 1992; Reynoldst al, 1996), muskmelon (Menzies al, 1992), strawberry (Kantet

al., 2004; Palmeet al, 2006), wheat (Guévelt al, 2007) and zucchini (Menziex al,
1992).

In most cases, foliar applications of Si providessldisease control compared to when the
element is fed to the plant in a nutrient solut@nas a soil amendment (Gué\wtlal,
2007; Lianget al, 2005). However, in some plants foliar applicatiprovides better
efficacy than supplying the element to the roots. iRstance, Boweet al (1992) found
that spraying Si at 1000nfg" onto grape leaves reduced the severity of PM fsigunitly;
whereas treating the plant with a Si-amended soiufid not. This was considered to be
because foliar application allows Si to be appt@edon-hydroponic crops or crops that are
unable to transport Si from their root to shoot®tgh their vascular system, (Bélangér
al., 1995).
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When Si is applied as a foliar treatment, its mofdaction in reducing severity of PM may
be different from when it is fed through the ro@f¢ang and Galletta, 1998). Spraying Si
on cucumber can result in the formation of a captfiim) on the leaves (Menziext al.,
1992), which would act as a physical barrier, pntivg the penetration of fungal hyphae
into the host (Bowemt al, 1992). Guévett al (2007) showed that foliar application of Si
has a direct effect on PM over and above any effexetdiated by the plant, as results from
root amendments which may lead to induced resistahdirect action by Si spays on PM
was confirmed by our results when Si was spraydd piants where the element was
restricted from reaching the roots of the plantheW KSi is used against PM, the active

ingredient of the spray appears to be Si (Merzied, 1992).

Results of this study showed that in the range5sf-2000 mgt™, the level of Si in the
spray solution had little impact on the efficacySifin PM control. Severity of PM was
significantly reduced by all treatments, indicatinigat application of Si at lower
concentrations could provide the optimum diseasgrobwhile minimizing the cost of
control. Observations by Menziet al (1992) on the use of Si against PM of different
hosts showed that the efficacy of a foliar spraySbft 1000 md™ was equivalent to a

solution of 100 md ™ applied as a soil amendment.

In this study, the efficacy of Si was improved hgreasing the spray frequency. When the
application frequency was increased from 1 to 3esinper week, efficacy of Si was
doubled. This agrees with a report of Reynadsal (1996), who increased the efficacy of
Si sprays against PM of grapéncinula necator(Schwein.) Burrill) by increasing spray
frequency. Increasing application frequencies cowldrease the total amount of Si
deposited on the surface of the leaf, resultingbéiter efficacy. Spraying Si at a
concentration of 250 mg* with a frequency of 3 times per week could be e to
result in a lower amount of Si being deposited lom leaf than if it was applied once a
week at a concentration of 1000 iy However, this study showed that spraying Si at
250 mgt™ x 3 x wk* was more effective than spraying 1000 fifgx 1 x wk'. Even for
the adjacent treatment, which did not contain Sgeabke severity was reduced by
increasing the frequency of spray treatment. Tloeegfwhen spray frequency is increased,
there must be other factors that are involved iproxing the efficacy of Si other than the
total amount of the element deposited on the ppidlee. The wetting agent (BK) and

increased leaf wetness could have their own impacthe pathogen. Break-Thfuwas
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shown to have a direct effect on PM restrictingasgion of its colonies and collapsing
conidia and hyphae of the pathogen (Chapter 3)holljh extended periods of leaf
wetness can favour infection of zucchini by sevdddiar pathogens, it has a negative
effect on the development of PM by inhibiting gemation of the conidia (Bushnell and
Rowell, 1967; Quinn and Powell, 1982; Sakurai aricatd, 1959). Most importantly,

increasing the frequency of applications could iowerthe continuity of Si supply to plants
roots through runoff. Even though the major factoesnain unknown, this study
demonstrated that better disease control could dhéeved by spraying Si at lower
concentrations with increased spray frequenciegaasof applying higher concentrations

of Si at lower frequencies.

When the same concentration of Si was sprayedeasdme frequencies per week, the
severity of PM recorded from plants grown in unagedepots was less than that of plants
grown in covered pots. This was because, in opds, part of the spray solution was
intercepted by the soil as a result of drift andaofft Once the Si solution was in the
rhizosphere of the plant, it could be absorbedHsy roots and translocated to different
parts of the plant. Reviews by Epstein (1994, 1&2901) showed that adding Si into the
nutrient solution or adding it to the soil benefgants by providing protection against
pathogens through physical barriers and triggepilagt resistance against pathogens, and
ameliorating other biotic and abiotic stresseshefplant. However, when KSi is sprayed
onto the leaf, it may be deposited on the surfdcthe leaf without penetrating into the
plant (Bucket al, 2008). Therefore, the possible mechanisms ofeption it provides
might have been through direct contact with thenpgén and alteration of the chemical
properties of the leaf such as pH, which could leadhanges in osmotic properties of the
leaf surface (Lian@t al, 2005). Using scanning electron micrographs, Boeteal (1992)
observed an active accumulation of Si around tipeesgsoria of the PM fungi when Si was
sprayed onto leaves of cucumber plants. Howeveyn&ds et al (1996) suggested that
exogenously applied silicates act to augment thigigcof their endogenous counterparts,

resulting in the accumulation of the element arotnedpathogen.
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In most research conducted on the management ofi$tg foliar-applied Si, the effects
of the drift or runoff of soluble Si on the diseds®s not been considered. However, as
seen in this study, such drift and runoff can hawgnificant impact on the health of the
plant and give a confounded conclusion becauserdift modes of action can be involved,
once the element is absorbed by the plant viadtsr For instance, foliar application of Si
did not reduce severity of PM of strawberry (Palmieal, 2006), but enhanced growth of
the plant by increasing its chlorophyll content (Wand Galletta, 1998). Therefore, such
metabolic changes of the plant might be relatetti¢cabsorption of Si through the roots as

a result of drift and runoff of foliar-applied Si.

In this study, the plants were irrigated using driation, avoiding any wash-off of Si
from leaves to the soil. However, due to size & growing area and other technical
limitations, most growers prefer overhead irrigattban drip irrigation. In such cases, Si
can be mixed with the nutrient solution and sumptie the plant as part of the irrigation.
Using that technique could improve the efficacy amidimize/avoid the costs of labour
that would be involved in spraying of the elemdmeé times a week to control the disease.
This technique may improve the efficacy of the timeent by increasing the spray coverage,
and ensuring a better contact between the sprayhengathogen. If proven economical,
the foliar use of Si at appropriate applicatioreiatls and concentrations could replace
fungicides for the management of PM on zucchiniyedcome development for organic

farmers.
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CHAPTER FIVE

STUDIES ON THE EFFECTS OF SELECTED BIOCONTROL AGENT S
AND SOLUBLE SILICON ON THE DEVELOPMENT OF POWDERY
MILDEW OF ZUCCHINI, UNDER GREENHOUSE CONDITIONS

H.B. Tesfagiorgis, M.D. Laing? and M.J. Morris’

& Discipline of Plant Pathology, School of Agricultural Sciences and Agribusiness
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa
®Plant Health Products, P. O. Box 207, Nottingham Road, South Africa

Abstract

Duplicate trials were conducted under greenhouseditions to evaluate the effects of five
potential biocontrol agents and soluble silicon) 8r the control of powdery mildew of
zucchini caused bRodosphaera xanthiBiocontrol agents were sprayed onto leaves with
a wetter (Break-Thi?), and Si was drenched onto zucchini roots (26@h K,SiO; at
100mgt™?, applied weekly). All five BCAs provided signifinacontrol of PM, whether Si
was drenched to the roots or not. The effects dpplied alone on disease severity and
AUDPC were significant, reducing them by 23% anéo32espectively. Application of Si
improved the efficacy of most BCAs significantlyf e five BCAs, the fungi provided
better control of PM than the bacterial isolategjucing disease levels by up to 90%.
Higher disease pressure reduced the efficacy adgdinst PM but, did not affect the
performance of BCAs.
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5.1 INTRODUCTION

Powdery mildews (PM) are prime targets for biocohatgents (BCAs) because they are
superficial pathogens, and are therefore accessildgternal agencies. As a result, several
biocontrol studies have been conducted to confvbuRder greenhouse conditions (&k
al., 1998;Elad et al, 1998; Hijwegen, 1992; Verhaat al, 1993, 1996). Controlled
environmental variables of greenhouses providemapti environmental conditions for the
establishment and survival of antagonists. Mosaguonists of PM require high humidity,

making greenhouses an ideal environment for impteati®n of biocontrol.

Ampelomyces quisquali€es. (Pertotet al, 2008; Sundheim, 1982Bacillus subtilis
(Ehrenberg) CohifKeinath and DuBose, 2004)ecanicillium lecanii(Zimm.) Zare & W.
Gams (synVerticillium lecanii (Zimm.) Viegas) (Askaret al, 1997; Milleret al, 2004;
Verhaar et al, 1993; 1996), Sporothrix flocculosaTraquir, Shaw & Jarvis (syn.
Pseudozyma flocculoséBélangeret al, 1994; Jarviet al, 1989; Hajlaoui and Bélanger,
1991), Tilletiopsis spp. (Urquhartet al, 1994; Hijwegen, 1992), andrichoderma
harzianum Rifai (Elad, 2000; Elacet al, 1998; Pertotet al, 2008) have all shown
moderate to good disease control of PM when testegreenhouses. Some of these
antagonists have been commercialized. For instaAceguisqualisstrain AQ10 was
marketed as AQBiofungicide (Elad al, 1998),B. subtilisStrain QST 713 as Serenadle
(Ngugiet al, 2005) andr. harzianunstrain T39 as TRIXODEX' (Eladet al, 1998).

Low humidity levels have been the major factor Initmg the use of BCAs against PM on
field crops. As a result, biocontrol of this diseakas been limited to greenhouse
conditions, where humidity is not a limiting factofo overcome this limit under field
conditions, scientists have tried amending the B@#Ak adjuvants or oils (Bélanget al.,
1994; Philippet al, 1990).

The efficacy of BCAs depends on the climatic cands of the crop. Powdery mildew can
thrive under dry conditions, whereas most BCAs neddtive humidity above 70%
(Hajlaoui and Bélanger, 1991). Furthermore, the cdtdevelopment of PM may influence
the level of control of PM by BCAs, especially imetcase of hyperparasites. This means
that the efficacy of BCAs may differ from seasorns&ason, from cultivar to cultivar, and

may be influenced by other control measures sudhragcides.
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Use of soluble silicon (Si) in PM management haenbestudied under controlled
conditions with some degree of success (Bélamgeal, 1995; Menziest al, 1991b;
Samuelset al, 1991a & 1994). Both BCAs and Si have drawn abersible attention
because they are considered as environmentallgdisie However, the level of disease
control obtained from each control options is oftecomplete, raising the possibility of

using them together in order to supplement eacéroth

The objective of this study was to compare thecaty of five selected BCAs against PM
of zucchini (caused bodosphaera xanth{iCastagne)), to determine the efficacy of Si in

controlling PM and improving efficacy of BCAs byrabining them with this element.

5.2 MATERIALS AND METHODS

5.2.1 Preparion of plants and inoculation with Podosphaera xanthii

Seedlings of zucchini Qucurbita pepolL., F1-Hybrid Partenon), were raised in a
greenhouse operating at a temperature of 26-281d relative humidity (RH) of 75-85%.
After producing two fully developed leaves, theyrevéransplanted into pots (180 mm in
diameter) containing composted pine bark and tesiresii into another greenhouse (24-
30°C and 65-85% RH) permanently. The plants were dtdéd with complete fertilizer
[Ocean Agriculturé 3:1:3(38) at 0.5 ¢] + [Ca(NQ;), at 0.5 g¢™*] by means of drip
irrigation. Pots were kept at a distance of 40 cithiw rows and 150-200 cm between
rows. After 3 d of transplanting, seedlings wereciated by spraying 3-5rof conidial
suspensions dP. xanthii (10° conidia mi™®) onto the leaves of each seedling using a hand
sprayer. First, the source plants that were growing separated greenhouse were shaken
24 h before spores harvested for inoculation. Wais done to ensure that all conidia in the
suspension were fresh and of the same age. Oncerigia had been counted, inoculation
commenced immediately, within 2 h during late aftem to ensure a sufficiently high

temperature and relative humidity for infection.

5.2.2 Application of biocontrol agents and silicon

Clonostachys rose@.ink) Schroers, Samuels, Seifert & Gams (Isolath,Hrichothecium

roseum (Pers.) Link (Isolate H20) and 3 isolates $#rratia marcescenéBizio) (i.e.,

! Ocean Agriculture (Pty) Ltd., P. O. Box 742, Mulgiénift, 1747, South Africa.
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Isolates B15, Y15 and Y41) were used as biocoratgeints against PM. All BCAs were
produced according to their requirements as destiito Chapter 2 and applied until runoff
using a hand sprayer 2d before inoculation of texlbngs with PM and repeated after 4d
when PM symptom started to appear and then comtinweekly for 5wk. The
concentration of propagules pef mf each BCA was Tfor Isolates EH and H20 and®.0
for isolates ofS. marcescen#\s a wetter, Break-Thfi(at 0.25 nt ¢*) was added to each
microbial suspension and mixed thoroughly. All BCAere applied in the evenings to
improve establishment of the antagonists by progdiufficient relative humidity. Si, in
the form of KSi, was drenched onto the roots ofheplant 3 d before inoculation and
weekly thereafter (250 frat 100 mg™).

5.2.3 Disease assessment

Assessment of the percentage of leaf area infeetsdrecorded for each treatment weekly
before the next application. Ratings on percentddbe leaf covered by PM was recorded
for 3 leaves every week to represent disease $gwril averaged to give the percentage
of disease. The development of disease was verly, legpecially for the Untreated
Control. This created a problem because the Hatbs soon developed 100% disease.
To deal with this problem, ratings of the sevetdyel of PM of the control plants were
made on new leaves that were not fully coveredhieyRM colonies. Then the leaves that
corresponded to the leaves rated for the Untre@murol plants were assessed to get a
severity rating for the treatments. Finally, AUDR@s calculated from PM levels using an
AUDPC Program (Shaner and Finney, 1977).

5.2.4 Data analysis

Two trials were conducted, with each treatment f@three replications, arranged in a
randomized complete block design. Analysis of varé&aand contrast analysis between
treatments that contained Si and without Si wendopmed using GenSfatStatistical
Analysis Software (GenStat, 2006). Comparison betweneans of treatments was
performed using Fisher’'s Protected LSD and efficatyach treatment on percentage
reductions of FDL and AUDPC values were calculdtgdcomparing the values of each

treatment with that of the Untreated Control.
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5.3 RESULTS

One week after inoculation, the mean leaf areactate of 3% was recorded on the first
three leaves of the Untreated Control. The levaliséase increased exponentially and at
the end of the second week, these leaves were Hi¥8ased, and the newly emerging
leaves were infected. In the second trial, the ntisease level after one week was 18%
and subsequently followed a similar pattern. Ateéhe of the month, the level of leaf area
infected of of plants from the Untreated Controbv6d.% and 89% for the first and second
trials, respectively. In both trials, the effectistaeatments on the severity and AUDPC

values were highly significant (F < 0.001).

In the first week of the first trial, the severigyvels of PM recorded for all treatments were
similar, ranging from 0-5%. However, severity levelf PM started to differ after the
second week of treatments. In the second trialséverity levels of PM were obvious after
only one week of infection, with the antagonistimdi Isolates EH and H20, with and
without Si, reducing disease severity to a levet @%b versus a level of 18% recorded for
the Untreated Control. The levels of PM of plaméated by bacterial BCAs alone, or with
Si, were within the range of 2-7%; while plantsatesl with Si alone developed an initial
infection level of 10%. In both trials, all BCAsdeced PM level significantly (P < 0.001).
The ranking order of treatments and the percemégeduction obtained by all treatments

are presented in Table 5.1 and Figures 5.1 andds@ectively.

Application of Si had a significant effect on theverity of PM (P < 0.05), and the contrast
in severity levels of PM between plants treated@t and those that were not treated with
Si was highly significant (P < 0.05). Furthermomegst BCAs provided improved control
of PM when they were applied to plants that welad&eated with Si.

The effects of treatments on AUDPC were signifig&h& 0.001) for both trials. All BCAs
reduced PM development, as reflected by signiflgdoiver AUDPC values. Similarly,
application of Si had a significant impact on AUDR&ues of the second trial, but not in
the first trial. In both trials, Si alone signifialy reduced the AUDPC values. Integrated
applications of Si and BCAs resulted in signifidgribwer AUDPC values, with most
BCAs treatments showing an improved efficacy, comgato their respective values
without Si (Table 5.1). Overall, application of f@iovided a mean reduction of 13 % in

disease severity and AUDPC values.
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Table 7.1Effects of selected biocontrol agents and soluttioa (Si) on final disease level (FDL) and arealer disease progress curve
(AUDPC) of powdery mildew of greenhouse-grown zuecfive weeks after inoculation witRodosphaera xanthii.

Trial 1 Trial 2

-Si +Si -Si +Si -Si +Si -Si +Si
Control 61.3 41.7 688.8 470.2 89.3 68.7 965.6 758.2
B15 43.7 37.7 448.2°¢ 306.7 39.C° 35.¢°¢ 379.° 221.8
EH 32.(* 30.¢* 361.7 331.#& 11.C 6.7 145.¢" 126.C
H20 36.0 30.0" 374.5%" 309.2" 9.0 71.2 128.3
Y15 25.3 34.0" 249.7 361.7" 28.07 26.3 275.3 271.8
Y41 36.0 30.3" 399.0 337.%* 29.0° 31.3¢ 255.% 292.8¢
Average 39.0 33.9 420.3 367.7 33.6 29.4 348.7 299.8
Effects F-values F-values F-values F-values
BCAs < 0.00] < 0.00] < 0.001] <0.001
Si 0.020 0.052 0.045 0.009
BCAs- Si 0.020 0.041 0.022 <0.001
FLSD 10.25 130.14 9.95 87.08
CV (%) 16.6 19.5 18.6 15.9

- Si = treatments without Si, + Si= treatments vth

Means within column followed by a common letter &eot significantly different according to Fishepiotected least significant difference (P<0.05).
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Figure 5.1 Percentage reduction in final diseageldeof powdery mildew of greenhouse-grown zucchinfive biocontrol agents

and soluble silicon compared to an Untreated Cotregatment five weeks after inoculation wRodosphaera xanthii
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Figure 5.2 Percentage reduction of the Area underade progress curve (AUDPC) values of powdergewnilof greenhouse-grown
zucchini by five biocontrol agents and solublecsiti compared to an Untreated Control treatmerg, ireeks after inoculation with
Podosphaera xanthii
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5.4 DISCUSSION

Infection by PM and consequently, development of, R#s very rapid in both trials,
partly due to the environmental conditions of tleegmhouse that favoured PM. Powdery
mildew progress on the Untreated Control plantsatestrated the ideal conductions of the
greenhouse to the development of PM. Powdery miildeawery common disease of crops
that are grown under such conditions. This is beeats high RH, high temperature and
restricted air circulation provide an ideal enviment for germination of conidia of PM
fungi and their establishment (Howaet al, 1994). Once infection starts in such
environment, the disease spreads throughout thenlgoeise at a fast rate and causes a
massive impact on the yield and quality of thetfrifinot managed properly (Dikt al,
1998).

Restrictions on the use of fungicides have intégesithe use of biological control as an
alternative approach in controlling PM. As a ressltme promising results have been
reported by several researchers (Bilal, 1998; Elackt al, 1998;Hijwegen, 1992; Miller

et al, 2004; Verhaaet al, 1993 & 1996). This is because PM grows supaificion the
leaf and its exposure to the external environmealkeas it vulnerable to attack by many
microbes (Bélangeet al, 1998). However, due to the dependency of aniatpmon
specific environmental conditions for establishmant survival, most of them operate
more effectively within a limited range of tempens and RH (Bélangeet al, 1998;
Jarvis and Slingsby, 1977; Jareisal, 1989). When BCAs are tested against PM, the most
limiting factor has been their requirements forighhRH. In this regard, greenhouses are
ideal sites for exploitation of biological contrdiecause they provide the best
environmental conditions for the development andivitg of BCAs. This was
demonstrated in our trials where the severity ewélPM were very high in the Untreated

Control.

In both trials, all BCAs reduced disease severiysbppressing the infection rate and
development of PM. After 4wk of treatments withdbBCAs, promising levels of disease
reduction (40-90%) were obtained. Reductions indkels of PM can increase the amount
and quality of yields by zucchini. We did not fiadpublication on the impact of PM on
yields of zucchini. However, in cucumber, a leveirdection as little as 5% for 60d will

translate into a yield loss of 6% (Bélangemal, 1998) and severe infection can reduce the
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yield by more than 50% (Sundheim, 1982). Therefdhe, ability of our isolates to
suppress PM level by 40-90% shows their potentialbé used against PM under
greenhouse conditions, giving the growers an atera option to managing PM

effectively.

Most of our isolates controlled PM better when thayre applied to plants treated with Si.
Drenching the pots of zucchini weekly with 25@ of a Si solution at a concentration of
100 mgt™ reduced PM by an average of 12-14% over all treats Such additive effects
were likely due to a combination of mechanisms #ratinvolved by the mixed treatment
in controlling PM as opposed to the modes of actwavided by Si or individual
antagonist, applied alone. Although the mechanigmwliich Si exerts its protective effects
against plant diseases is the subject of debatecanttoversy (Ghanmet al, 2004),
prevention of penetration of PM fungi as a resfilploysical barrier (Bowemet al, 1992;
Samuelset al 1991a & b), priming the resistance of the hostgl@ et al, 1994; Faweet
al., 1998; Menzieset al, 1991b) and ameliorating the biotic and abiotresses of the
plant (Epstein, 1994, 1999, 2001) are currentlysabared to be the main modes of action
of the element. In case of biological control, km®@wn mechanisms of action employed by
different antagonists in suppressing PM includdib@osis (Dik et al, 1998; Hajlaouiet
al., 1992 & 1994; Urquartet al, 1994 ), competition (Nofal and Haggag, 2006),
mycoparasitism (Askaret al, 1997; Falket al, 1995a & b; Kiss 1998; Romest al,
2003; Sundheim, 1982; Sztenjbezgal, 1989; Verhaaet al, 1997) and inducing host
resistance (Elaét al, 1998; Silvaet al, 2004; Vogt and Buchenauer, 1997). Therefore,
when some of these mechanisms of action are usewbritrolling PM, better disease
control could be obtained. Sometimes, co-applicatib BCAs together or with Si might
not give an improved efficacy against the targetedse, PM. However, it might still
benefit the plant because one of the treatmerttseicombination could provide protection
against non-target pathogens. For instance, caeafiph of AQ10 and Trichodex did
not improve efficacy of the application in contma PM of cucumber but gave better
control of grey mold (Elaét al, 1998).

The level of control obtained by Si alone, or inmtmnation with the BCAs, was
promising. However, there is still a possibilityatrsuch level of control can be improved
by manipulating the environment of the greenhousghér. For instance, setting the

operating temperature at 20°25can give better results (Schuerger and Hamm&3)20
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According to these authors, suppression of PM otimber by Si was independent of light
intensity, but was significantly inhibited when tteanperature was higher thar’e4
Co-application of BCAs with other control optionashalso given an improved success in
controlling PM of different crops in similar envitment (Diket al, 1998; Eladet al,
1998; Sundheim, 1982). This is because when somisBiLe used alone, they cannot
offer protection for the entire season so that tbay be viable alternatives to chemicals
(Pertotet al, 2008). This is common especially when mycop&rasare used as BCAs,
which need a certain level of disease since thayocdy attack established infections (e.qg.,
A. quisquali¥ (Fokkema, 1993). In contrast, epidemics of PMealigw very fast and can
overtake the mycoparasite. For this reason, regegtelications of BCAs may increase
the likelihood of their controlling PM. However, the mode of action of the BCA is
antibiosis, the antagonist does not have to beretdcontact with the pathogenic fungi
because the molecules will diffuse over the leafame (Diket al, 1998). In this study the
use of Break-Thrti has improved efficacy of BCAs by enhancing theipaksition on the
leaf and the pathogen and directly affecting the fBiMyi.

In most reports where Si produced promising resufts research has been conducted
under controlled environments by growing plantshiydroponics (Kantcet al, 2004;
Schuerger and Hammer, 2003) or recycling-nutriehit®ns (Adatia and Besford, 1986).
In both systems, there is continuous supply obShe plant, giving an improved efficacy
compared to the technique used in this study. In @ase, Si was supplied to the
rhizosphere once a week, from which some of thetisol was drained out of the pots due
to gravity, or leached as a result of irrigatio@aving little opportunity for the plant to
utilize the supply. This means that the amount ioth&t could be absorbed by the plant
was lower than when the element is supplied contisly to the roots. When Si is used to
provide control of diseases, the availability of &ver time is more important than its
amount. This is because if the supply is interrdptven for one day, the plant may be
infected by the pathogen (Samuads al, 1991b). Once infection occurs, protective
measures have little impact on PM. Samustisal (1991b) have described the type
protection offered by Si against diseases as “rystemic resistance”. Therefore, we
believe that improved efficacy can be obtainedrzydasing the frequency of supply of Si
to plant roots. Alternatively, reducing the lossSifby reducing the drainage can play a

significant role in improving the availability of & the plant.
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The overall disease levels were high in Trial 2johmade most BCAs perform better.
However, Si performed worse under the high disgaessure of Trial 2. In Trial 2, the
disease severity level increased by 31%, reflecir®B% reduction in the efficacy of Si.
This was assumed to be a direct response to thease in disease pressure compared to
the first trial. High levels of infection at theast of Trial 2 might have played a role in
reducing the efficacy of the Si treatment by ineieg the development of PM, which
ultimately resulted in a high final disease lew&ntoet al (2007) demonstrated that the
impact of Si applications is reduced when the plaate already infected with PM.
Therefore, for best control of PM, Si must be aggplprior to infection, by relying on the
previous history of the growing environment or dise forecasts. If Si fails to provide
protection against infection by the pathogen ahé pressure of PM is too high, the use of
other control options, including fungicides, mayr®#eded as emergency measures so that
Si can function at a manageable level of PM. Inespi the reduced efficacy of Si in
Trial 2, the fact that both control options provdderomising results gives hope that they
can provide economic control under natural levdisnéection, where PM levels are

usually much lower than the levels tested here.
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CHAPTER SIX

USE OF SELECTED BIOCONTROL AGENTS AND SILICON FOR T HE
MANAGEMENT OF POWDERY MILDEW OF ZUCCHINI
UNDER FIELD CONDITIONS
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@Discipline of Plant Pathology, School of Agricultural Sciences and Agribusiness
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa
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Abstract

Two field trials were conducted at the Ukulinga &esh Farm to evaluate the efficacy of
five selected biocontrol agents and soluble sili¢®1) in controlling powdery mildew of
zucchini caused byodosphaera xanthiBiocontrol agents were applied as foliar sprays a
concentration of propagules riit. One litre of Si at 100 mg* was drenched weekly
into the rhizosphere of treated plants. Althoughtistically not significant, disease
reductions of 32-70% by Si alone, 30-53% by IsoBit®&, and 33-65% by Isolate B15 + Si
were achieved. Other BCAs applied alone or togetitr Si also reduced disease levels
by 9-68%. Plants treated with most of the BCAs stabwgignificantly lower AUDPC
values. For most antagonists, better efficacy waaimed when Si was drenched weekly
into the rhizosphere of the plants. Efficacy of soaf the BCAs and Si were affected by
the environmental conditions of the field. A lowmgerature with a high humidity
enhanced the performances of Isolate B15 plus 8reds these conditions suppressed the
fungal BCAs. However, at a high temperature anovarklative humidity, the efficacy of
the fungal antagonists was superior, and the fakedreatments provided reduced disease
control. Although promising results were achievegdall treatments, repeated trials and
better understanding of the use of Si and the B@Asheir dosage and application
frequency, as well as interactions with the hosinpland the environment, are needed
before they can be implemented on a commerciakesfml sustainable control of the

powdery mildew.
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6.1 INTRODUCTION

The development of fungicide resistant fungal migaombined with increased concerns
over health and environmental hazards caused lgididies have intensified the interest in
identifying biocompatible products that can supmetor replace conventional fungicides,
especially to control diseases such as powderyemil{PM) (Shishkoff and McGrath,
2002).

Effective control of PM with several biocontrol age® has been achieved under
greenhouse conditions (Bélangdral, 1997; Eladet al,, 1996 & 1998; Fallet al, 1995;
Jarvis and Slingsby, 1977; Verhagral, 1996). This has resulted in the development of
some promising biocontrol products on the markeiweler, efficacy of many of these
products has been inconsistent when tested undkt @onditions, partly due to the
variability of the many factors that govern theabtishment of BCAs (Bélangest al,
1994; Schuerger and Hammer, 2003). Unlike greerthaamditions, where humidity,
temperature and other growth factors are relatig&ple, field conditions are variable and
unpredictable. Humidity, temperature, light intépsand rainfall are some of the main
factors that determine the success of a BCA. Tfagers have a direct impact on disease

development, and the survival and antagonistiwvisiets of BCAs on the phylloplane.

Adding silicon (Si) into nutrient solutions has weed PM of cucurbits grown in
hydroponics (Bélangeet al, 1995; Menziest al, 1991a & b; Samuelst al, 1991a;
Schuerger and Hammer, 2003). As a foliar sprayaSialso been reported to effectively
control PM on cucumber, muskmelon and zucchini (Meset al, 1992), and on grape
(Bowenet al, 1992).

However, under both greenhouse and field condititmes level of control achieved with
BCAs and Si is often incomplete. This is as a tesuthe slow establishment of BCAs as
opposed to the fast development of the disease.oDtiee limitations of Si has been the
failure to provide curative protection once thenples infected by the pathogen (Kargb

al., 2007). Co-application of BCAs and Si may comp#emeach other to give a better

disease control.
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To date, we have found no publications in whichw@s directly supplied to the roots of
zucchini plants growing under field conditions. €dijves of this study were to evaluate
the efficacy of five selected isolates and Si agfai*M of zucchini caused Bodosphaera
xanthii (Castagnelnder field conditions, and to study the possipibf using these two
control options in the development of an integrdteldl management strategy against this

disease.

6.2 MATERIALS AND METHODS

6.2.1 Trial site, land preparation and transplanting

The field trials were conducted at Ukulinga Reskedtarm located at E 240E and 3624’
S, 715 m above sea level, in the Southern Tall$¥edd of South Africa (Morris, 2002) on
heavy, deep soil of Bonheimer clays (Dr R. Mel002, pers. comm.).

The field was thoroughly plowed twice with a tracend all the existing weeds were
removed by hand. To moisten the field and enhancéval of the seedlings, irrigation

was commenced one day before transplantation. iBgedif zucchini, raised as described
in previous sections, were transplanted into tledd fonce they had a fully developed
second leaf. Planting distance was 1.25m betweamtgpbnd 1.5m between rows. During
the experimental periods, moisture level of thédfwas monitored daily. The field was

irrigated with overhead irrigation and kept freengfeds with herbicides, as needed.

6.2.2 Preparation of Podosphaera xanthii inoculum

Collection, storage and preparationfofxanthiiwere the same as described in the previous
Chapters except that inoculations were performedspsaying the conidia onto the

zucchini crop with a CP3 knapsack sprayer instéadh@and sprayer.

1 Dr. R. Melis, Pro-Seed C.C., P.O. Box 101477, Swile 3209, South Africa
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6.2.3 Application of biocontrol agents and soluble silico

Microbial suspensions of thr&erratia marcescen®izio) isolates (i.e., Isolates B1815
and Y41) and two fungiQlonostachys rosef.ink) Schroers, Samuels, Seifert & Gams
(syn. Gliocladium roseun) (Isolate EH) andTrichothecium roseunfPers.) Link (syn.
Cephalothecium roseynilsolate H20) ) were prepared as described in thevigus
sections and were applied onto plant leaves atreerdration of 1®propagules i,
together with a wetter (Break-THtu0.25 nt ¢™*) 3 d before inoculation and continued
weekly 4 d after inoculation. All BCAs were appliading a CP3 Knapsack sprayer until

runoff.

One litre of Si at 100 mg, in the form of KSi, was drenched onto the rodteach plant

3 d before inoculation and weekly thereafter. Wherevas not used as a treatment, the
same volume of clean water was drenched onto ikegphere. All treatments were made
during the late afternoon or early evening to pievifavourable conditions for the
establishment of BCAs and to increase the avaitgluf Si to the plant roots by reducing

evaporation.

6.2.4 Disease assessment

The first disease rating was performed 10 d afteculation with conidia oP. xanthiiand
continued weekly for 4 wk. Percentage of the afeaaves covered by PM was recorded
weekly as the disease severity and area under sdispagress curve (AUDP@®)as
calculated from the disease percentage during these of the trial using an AUDPC

Program (Shaner and Finney, 1977).

6.2.5 Statistical analysis

Two trials were conducted, with each treatment ingwthree replications, arranged in a
randomized complete blocks design. Each replicatias represented by a plot of 12
plants. To reduce inter-plot interference, data w@llected from the central row of each
plot. Data was analyzed using Gerl&taBtatistical Analysis Software (Genstat, 2006).
Comparison between treatments with Si and withdutv& performed using contrast

analysis. Where the CV (%) was > 20%, data wasstoamed using a square root
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transformation. Means of treatments were comparsitiguFisher's Protected Least

Significant Difference (FLSD) and efficacy of eatbatment on percentage reductions of
FDL and AUDPC values were calculated by comparim\alues of each treatment with

that of the Untreated Control.

6.3 RESULTS

Symptoms of PM started to appear one week aft@uiation and developed slowly. In all
plots, the disease was mainly concentrated on tter deaves, which senesced with
increasing PM severity. Late-emerging leaves waseeptible to infection, but severity of
the disease was relatively low on them. To assessld of infection, disease progress

within the same period was analysed for each plot.

The impact of the selected BCAs and Si on the #gvevels of PM after 5wk of
inoculation are presented in Table 6.1. Some ofttbatments significantly reduced the
severity of the disease in the first trial (P <8),(ut not in the second trial (Table 6.1). In
contrast, the effects of treatments on diseasergssgrepresented by AUDPC values, were
not significant for the first trial. However, theyere significant for the second trial
conducted during January - March, 2007. In botheerpents, the effects of Si on
individual treatments were not significant, as shdw contrast analysis. However, most
BCAs provided improved control when applied to péatreated with Si (Figures 6.1 &
6.2).

In the first trial (March - May, 2006), Si alonedarsolate B15 with/without Si controlled
the disease significantly. Disease reduction of583and 65% was obtained by treating the
plant with Si, Isolate B15 and Isolate B15 + Skpectively. The levels of disease after
treatment by the rest of the individual treatmemése not statistically lower than that of
the control. However, they reduced the diseaserisgMay 9 - 51%. In this trial, the
bacterial isolates showed better antagonistic iigtitian the two fungal isolates (Figure
6.1). Similarly, significant reductions in AUDPCluas of 67 and 60% was recorded when
plants were treated with Si and B15 + Si, respebtivin contrast, application of Isolate
EH + Si resulted in an AUDPC value similar to tlohtthe Untreated Control. In most
cases, treatments that showed high level of diseadehigh AUDPC values (Table 6.1).
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However, if the disease levels recorded througlloattrial remained almost constant, it

resulted in low or high AUDPC values dependinglmminitial disease level.

In the second trial, which was conducted betweemaky - March, 2007, the effects of
treatments on the severity of PM were not significat P < 0.05. However, Isolates H20
and EH, without Si, reduced disease severity byG® 61%, respectively. Although not
significant, application of the rest of BCAs, witln without Si, reduced PM by 22-41%
and Si alone reduced disease severity by 32% &igLr). The effect of treatments on the
development of disease, as represented by AUDPE sigaificant at P < 0.05 when the
original data was used, but none were significamemtransformed data was analysed. In
spite of these statistical differences, all BCAsthwor without Si, reduced the AUDPC

values by 44-77%, in parallel with reductions isadise severity.

In both trials, the effect of Si on individual ttegents was not significant when contrasts
were made between treatments that contained Shsigiose without Si. In spite of
difference in disease levels between treatmengse tivere no obvious differences in terms

of time to flowering and fruit setting among plots.
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Table 6.1 Effects of biocontrol agents and siliconfinal disease level (FDL) and AUDPC values

of powdery mildew of zucchini under field conditgn

Treatment Silicon Trial 1 Trial 2

FDL AUDPC FDL AUDPC
Water - 25.7 (4.9%) 233.3(14.87) 29.0(5.34) 532.3(22.99)
Water + 7.0 (2.59) 77 (8.59) 19.7(4.16)° 306.0(16.26)
B15 - 12.0 (3.458f 126.0 (11.1Af 20.3(4.27 266.3(16.13Y
B15 + 9.0(2.98) 92.2(9.52 19.3(4.2%) 229.0(14.86¥
EH - 17.0(4.1)  129.5(11.3" 11.3(3.35) 168.0(12.71F
EH + 23.3(4.79) 190.2 (13.68) 20.0(4.47F 266.7(16.31F
H20 - 20.7 (451  165.7 (12.75F 9.3(2.90) 127.7(11.16)
H20 + 16.0 (3.97f 141.2 (11.67f 17.0(4.08} 201.0(14.02f
Y15 - 16.0 3.9F 1365 (11.37F 22.0(4.67F 217.3(14.73F
Y15 + 16.3 (4.03) 151.7 (12.1% 22.7(4.72%" 304.0(17.35)
Y41 - 14.3 (3.75F 143.5 (11.8%F 20.0(4.28Y" 220.7(14.57f
Y41 + 12.7 (3.55f 124.8 (11.14f 20.0(4.4) 283.7(16.64¥
Effects P-value P-value P-value P-value
Treatment 0.030 0.200 0.587 0.068
-Sivs. +Si 0.084 0.168 0.576 0.655
F.LS.D. 1.266 3.992 1.98 5.891
CV (%) 19.4 20.3 27.6 22.2

- =no Si, += Si present

Means within column followed by a common letter et significantly different according to Fisher's

protected least significant difference (P < 0.05).

Values in brackets are means of data transformied sgjuare root transformations
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Figure 6.1 Efficacy of five biocontrol agents aiiéten in reducing the severity of powdery mildewzoicchini under
field conditions five weeks after inoculation wBtodosphaera xanthin two trials.
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Figure 6.2 Efficacy of five biocontrol agents ailicen in reducing the AUDPC values of powdery neild of zucchini after five

weeks of inoculation witfPodosphaera xanthiinder field conditions.
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6.4 DISCUSSION

The BCAs tested and a Si drench demonstrated ttengpal to reduce the final disease
levels of PM of zucchini effectively. Isolate Bl%ome, or together with Si, provided
significant disease control. Compared to the résh@isolates tested, Isolate B15 showed
superior biocontrol activity, although its efficasas lower in the second trial. However,
the efficacies of most treatments were reducedheénsecond trial, with the exceptions of
Isolates EH and H20 without Si. Five weeks aftecciiation withP. xanthii the epidemic

of the disease, as represented by AUDPC values, sigsficantly reduced by all

treatments.

These two trials showed that, in spite of theireptigll to control the disease, inconsistency
was observed with some of the isolates testedeXample, Isolate B15 was the best in the
first trial, but performed poorly in the secondtriln contrast, Isolates EH and H20 were
inferior at the first trial and were the best ie $econd trial. Interestingly, the performance
of Isolates Y15 and Y41 were relatively stable wthbtrials. For most treatments, the
disease level of the second trial was slightly lowean the first one. Cook and Baker
(1983) suggested that effective biocontrol activign only be obtained within a specific
level of disease. According to these authors, & thsease level caused by a target
pathogen is minimal compared to the Uninfected @bnthen the efficiencies of various
treatments in controlling the disease appear todggigible, masking the efficacy of some
genuinely effective isolates. In contrast, if theedse level is higher than certain level,
especially for fast developing diseases such astRéM the contribution of each control
measure becomes minimal, and comparison betweatmigats usually results in non-

significant differences.

Significant control of diseases and subsequeneas®s in yield has been obtained in a
number of field studies of biological control. Timajor problem, however, is the failure to
repeat these results consistently in differentssoilin different years in naturally infected
fields and to make biological control of plant dises competitive with chemical control
(Schippers, 1988). Unlike greenhouse trials, whaest environmental conditions are
controlled, field trials results are affected bwesal environmental factors operating
independently or in combination with each otherp®tés of previous studies on biocontrol
of several diseases indicated that fluctuationsnvironmental conditions in the field have

been the main reason for the failure or inconsisparformance of biocontrol agents
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(Paulitz and Bélanger, 2001). Because of their irements for specific environmental
conditions, BCAs are usually effective within a iied range of temperature and RH
(Blakeman and Fokkema, 1982). For instance, motiganists of PM operate more
efficiently when RH is maintained above 80% (Bélangt al, 1997; Jarvis and Slingsby,
1977), which can be achieved by manipulating tleeghouse environment, but this is not
possible under field conditions. The requirementnainy BCAs for a high RH has been
confirmed by Jarviet al (1989) and Bélangeat al (1994), who showed that the efficacy
of Stephanoascus flocculosUsaquair , L.A. Shaw and Jarvi§porothrix flocculosa
Traquair, Shaw & Jarviend S. rugulosusTraquair, Shaw & Jarvisgainst PM was
reduced when RH levels dropped below 60%. Hijwe@®92) also showed that survival
and antagonistic activities dfilletiopsis minorNyland againstP. xanthii was reduced
significantly when RH levels were reduced below7B3%. Relative humidity is often the
primary limiting factor under field conditions, weit drops below a minimum

requirement of the BCAs.

Climatic data secured for the two periods of tli@grshowed that during the first trial, the
mean temperature was <°C5and the mean RH was > 70%. Although the prevakeht
was ideal for germination of PM spores and infectaf the plant by the pathogen,
development of the disease was retarded becaube ¢dw temperature, which was less
than optimum for the fungus (Cheah and Falloon,1200/ost BCAs prefer warmer
environmental conditions for their establishmerd &est biocontrol activities. In spite of
that, the performances of the bacterial isolatesewavoured by high RH of the field,
which was within the range of their requirementtfgir survival and biocontrol activities.
In the second trial, where day time temperaturethénfield were high (i.e. 27-28) and
RH was lower than < 54%, the efficacy of antagenifingi was better than that of
bacterial isolates. This might have been relatethéosensitivity/tolerance of these BCAs
towards RH. Based on the results of these twostridlwas concluded that the fungal
BCAs were relatively tolerant to low RH but werensiéve to low temperature;
specifically, Isolate B15 was more sensitive t@a RH; and Isolates Y15 and Y41 were

less sensitive to fluctuations in temperature akid R

Although the contrast analysis between treatmemt$aining Si against treatments without
Si showed no significant effect, application ofr&iluced the disease severity consistently

and improved the efficacy of most of the BCAs, esgly/ in the first trial. Reduced
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performances of Si in the second trial might hagserbrelated to the high temperatures in
the field. Schuerger and Hammer (2003) reportediaimesults, where the efficacy of Si
in controlling PM of glasshouse-grown cucumber on@s reduced at higher temperatures
(24-32C). According to these researchers, the optimunpégature for best control of the

disease using Si was in the range dX2@vhich supports the results of our first trial.

Despite its potential, this study showed that tbeeptial role of Si in controlling PM of
zucchini under field condition may be limited, esiply when compared to previous
reports that were conducted under greenhouse comslitBélangeet al, 1995; Gueveét
al.,, 2007; Menzieset al, 1991a & b; Schuerger and Hammer, 2003). Soméhef

following reasons might have contributed for tHieigcoming.

For effective control or disease prevention, Singssupplied to the plant continuously.
Interruption of the supply, even for one day, caasuit in infection of the plant by the
pathogen. Samuelst al. (1991b) reported that enhanced resistance ofnechieu against
PM lasted only 24 h after Si was removed from thtiant solution. Firstly, in this field
study, one litre of Si was applied to the rhizosple a frequency of once per week. Most
of the water content of the solution can be losinsto evaporation, leaving dry Si in the
rhizosphere. In this form, Si cannot be absorbeglagt roots because the element is not
in the form of a solution. Secondly, some of thpleg Si may have become permanently
unavailable to the plant roots if it bounds to*’Abr Mr?* ions in the soil (M.D. Laing,
2008, pers. comm.). Therefore, if the applied Sias being taken up by the plant due to
unavailability, the plant could be infected eadilythe pathogen after 1-2 d of treatment.
Once the symptoms appear on the susceptible @pptying Si as curative measure has
little impact because the disease can cover thdemplant within few days. Kantet al
(2006) and Lianget al (2005) noted that Si is more effective when uysexventively than
curatively. Therefore, increasing the applicatisaqiency or switching to using slow
release formulations of Si could be used to impritneeavailability of Si to plants over an

extended period of time.

In greenhouse trials, Kanat al (2006) showed that the efficacy of Si in contra|IPM of
strawberry was affected by the susceptibility af phants to the disease. These researchers
showed that the less susceptible cultivar resporukter to Si treatment than more

susceptible cultivar.
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In both trials, there was little variation in terimfstime of flowering and production of fruit
among the treatments. From the lack of correlatietween the treatments, and time of
flowering and fruit setting, it would appear thaetlinkage between PM infection and the
development of zucchini under field conditions isak. Severe infection of PM causes
indirect effects on the quality and yield of frbiy reducing the photosynthetic area of the
plant through premature senescence of leaves (Cdrgclalloon, 2001; Keinatét al,
2000). Fruit set is indirectly affected as a restilthe reduced photosynthetic activities of
the plant. Therefore, one explanation for our oletgwn would be that the cultivar used in
these studies may be highly susceptible, but hatatively high level of tolerance to the

disease, continuing to yield well despite high dsselevels.

The efficacy of the tested antagonistic fungi wasegally superior in the second trial
compared to the first one. In the first trial coothd from March to May 2006, the relative
humidity was in the range of 70-75%, with a tempeeof 4-12C. In the second trial, the
mean temperature and RH during the growing perfathouary to February 2007 was 27-
29°C and 54-59%, respectively. From this informatibnyas concluded that Isolates B15,
Y15 and Y41 have the potential to perform wellavér temperatures, provided that there

are high RH levels.

Some of the tested isolates provide some degreerifol, especially when they were used
together with Si. This is an encouraging resultaose it provides the growers with an
option to include this combination as an alterrativ PM control. Farmers who do not
want to use conventional fungicides can use thisonp However, since there were
inconsistent performances by some of the BCAs dedfeere is a need for repeated
investigation under various environmental condgioRepeated application of Si may give
a better control as compared to the frequency usthds study. Hence, further research on
the dosage/frequency of Si applications is needsdré its use is adopted widely as a
control strategy against this disease. In additiba, cultivar used in this study was very
susceptible to the disease and the potential dfréfaments might have been hindered due
to the extremely fast development of the diseasis. possible that the efficacy of BCAs
and Si treatments would have been improved if thiévar used was less susceptible to the
disease. In studies conducted by Bélangteal (1994) and Diket al. (1998), it was
observed that the degree of control provided by B@as better when resistant cultivars

were used compared to susceptible ones. Similiwdyefficacy of sprays of inorganic salts
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such as potassium bicarbonate was affected bysdigg@ssure (McGrath and Shishkoff,
1999; Muza and Travis, 1995). Other reports alsawgldl that efficacies ohmpelomyces
quisqualisCes ex SchleciTrichodermaharzianumRifai andBacillus subtilis(Ehrenberg)
Cohn were dependant on environmental conditionsdisehse pressure (Elatlal, 1998;
Pertotet al, 2008).

Moreover, co-application of some of the antagoniststed in this study might have
provided enhanced efficacy in controlling the dégedn a number of studies, synergistic
effects have been observed by combining antagonists instance, the use of
Pseudomonas fluoresceMigula and a mixture offrichodermaspp. provided effective
control of PM and downy mildew (Abd-EI-Moitgt al, 2003). They also reported that
whenB. subtiliswas added to that combination and applied at dg age (i.e. 4wk old),
the crop gave its highest yields. The additiveafavere probably due to a combination of
multiple mechanisms that affect the pathogens, pposed to the fewer control

mechanisms provided by a single antagonist.

There is also a need to understand more about gltereiology of the disease, the
resistance level of the plant and to identify tipéirnal environmental requirements of the
BCAs in order to improve their efficacy by manipitg some of these variables.
Moreover, since disease suppression by an intrabdbegeficial organism depends on the
amount of inoculum applied onto the phylloplane,may be necessary to alter the
application protocol using higher rates, shorteragpintervals or applying chemical

fungicides when the disease pressure is too high.
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CHAPTER SEVEN

UPTAKE AND DISTRIBUTION OF SILICON IN ZUCCHINI AND  ZINNIA,
AND ITS INTERACTION WITH THE UPTAKE OF OTHER ELEMEN TS

H.B. Tesfagiorgis’and M.D. Laing®

@Discipline of Plant Pathology, School of Agricultural Sciences and Agribusiness
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa

Abstract

Elemental analysis was conducted to determinentipact of differing application levels of
silicon (Si) in nutrient solutions on: (1) the ugpgaand distribution of Si into different
organs (tissues) of zucchini and zinnia; (2) itpact on the uptake and accumulation of
other elements; (3) the effect of powdery mildewtba levels of selected elements on
these two plant species; and (4) the effects afiféake on the growth of zucchini and
zinnia plants. Plants were grown in re-circulatmgrient solutions, supplied with Si at
different concentrations. Samples were taken frafferént organs of each plant and
analysed usingreergy dispersive X-ray fluorescence scanning edactnicroscopy (EDX)
and inductively coupled plasma-optical emissionctpeneters (ICP-OES). Increased
levels of Si in the solution increased accumulatbi®i in leaves and roots of both plants
without affecting its distribution in other parts.zucchini, roots accumulated higher levels
of Sigdw" than leaves. With zinnia, accumulation of Sigtwas highest in leaves.
Accumulation of K in shoots of bothlantsincreased with increased levels of KSi in the
nutrient solution. However, K levels in flower dhnaia, fruits of zucchini and roots of both
plants remained unaffected. Increased level ofefuced accumulation of Ca in both
plants.

Adding Si into the nutrient solution at a lower ééyi.e., 50 mg™) increased the growth
of zucchini plants and resulted in a maximal uptakeé®, Ca, and Mg in both plants.
However, application of higher levels of Si did mwbvide further growth enhancement.
Levels of Si in the nutrient solution had no eféeadn elemental composition and

characteristics of the fruits of zucchini. Howevwshen Si was applied at > 50 rig, then
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the P level of the fruit was reduced by 50%. Inhbplants, infected leaves accumulated
higher levels of Si and Ca, but less P, than leafeminfected plants exposed to the same
levels of soluble Si. The highest concentrationSiofvere observed in leaf areas infected
with PM, and around the bases of trichomes of Iptdints. For optimum disease control

and maximum accumulation of different elementshiese two plants, application of Si at

50-150 mgt ™t is recommended.

7.1 INTRODUCTION

Silicon (Si) is the second most abundant elemettierearth’s crust. It has been considered
as not essential to the growth of plants (EpstE®94). This is because of a perception that
many plants can grow normally in its absence (Epst£999) and symptoms for its
deficiency and toxicity are not apparent (Ma andmdéa, 2006). Even today, some
scientists do not consider Si as an essential elefaeplant growth, although its beneficial
roles on plant growth and resistance to biotic aiiiotic stresses have received
considerable attention (Datnoff et al., 1997; Epst&994, 1999 & 2001; Ma, 2004; Ma
and Yamaji, 2006; Meyer and Keeping, 2005). Howgtlezse researchers have shown that
when crops with a high Si demand are repeatediwmgiia soils with low levels of plant-
available Si, then symptoms of Si deficiency anadgpenanifested by low productivity, and

susceptibility of the crops to biotic and abiotiesses.

The mechanisms of uptake, translocation and acatioaolof Si on different plants have
been investigated by several researchers (Ledrad, 2005; Ma and Yamaji, 2006; Rains
et al, 2006; Raven, 2001; Tamai and Ma, 2003). In sptarts, the uptake of Si can be
equal or even greater than Ca, Mg, S and P (Epste84 & 1999; Ma and Yamaiji, 2006),
ranging 0.1-10 % (Tamai and Ma, 2003), with the wellls of epidermal layers being the
main site of Si deposition (Adatia and Besford, @98 he level and mechanisms of uptake
varies among plants species (Adatia and Besfor@6;18la and Yamaiji, 2006). Beneficial
effects of the element on growth and yield of salverops have been linearly related to the
level of Si supplied to the plants (Bélangdral, 1997; Ma, 2004; Ma and Takahashi,
2002). However, an excessive supply of Si to cummiBélangeet al, 1997; Samuelst

al., 1993) and strawberry plants (Lieteh al, 2002) may result in poor fruit quality.
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Therefore, there is a need to determine the optiraual of Si supply in order to obtain
maximum benefits without compromising the quangéitd quality of yield, or the cost of
applying Si to plants. With the increased applmatof Si to soil-less media in order to
enhance plant growth and disease protection, damefestigation of the uptake and

distribution of this element in different part bitplants is needed.

Increased accumulation of Si in trichomes, arouathggen sites of infection and at
different parts of the cell has been reported owdssy mildew (PM) infected plants
(Cherif et al, 1992a; Menziegt al, 1991; Samuelst al, 1991a, 1991b & 1993). The
presence of Si may result in different levels dfivation, or speed of activation, of defence
reactions in infected and uninfected plants (Chetriil, 1992b). Where a plant is infected
by P. xanthij its uptake of Si increases, and then resistandbéd disease is enhanced
(Cherif et al, 1994; Rodriguegt al, 2005). To date, there is little information dshble
that maps out the distribution of Si to differenargs of different plant species.
Understanding the level of uptake and accumuladio8i into different organs of plants,
and its effects on the total elemental uptake ahtsl can lead to the better use of this
element in crop production. The objectives of ttesearch were (1) to assess uptake and
distribution of Si to different parts of zucchimd zinnia, in relation to Si supply and its
impact on the uptake and accumulation of other efemby these plants; (2) to determine
the relationship between infection of these pléyt®. xanthii and accumulation of Si and
selected elements by each plant; and (3) to stueleffects of Si supply on characteristics
of fruits of zucchini and flowers of zinnia and aowulation of other elements in these

organs.

7.2 MATERIALS AND METHODS
7.2.1 Preparation of plants

Seeds of zucchiniQucurbita pepo F1-Hybrid Partenon) and zinnidifnia eleganscv.
Jakobrekop Sunbow), obtained from Starke Ayrmsd McDonald Seefisrespectively,
were used for this study. Seeds of both plants plkemreted in Speedling® trays containing

1 Starke Ayres, P. O. Box 304, Eppindust 743&th Africa.
2 McDonald Seeds (Pty) Ltd, P. O. Box 238, Pietertnhtirg, 3200, South Africa.
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composted pine bark. These were transferred irttmael operating at 26-28 and 75-
85%. Trays were irrigated with a balanced fertilig&1:3 (38) from Ocean Agricultute
at 0.5 gt] + [Ca(NOy), at 0.5 g¢™*] until seedlings were transplanted into pots dilteith
composted pine bark. Transplanting was commended séedlings of zucchini developed
their first leaf, and when zinnias reached a heigh&0-70 mm. Finally, pots were
transferred into a nutrient re-circulating systémattis in a greenhouse (24°80and RH of
60-70%) and supplied with a complete hydroponidsient solution. Soluble Si was added
in the form of KSiat 11 different concentrations (0, 50, 100, 151,250, 300, 400, 500,
750 and 1000 m@™). To see the effect of infection wifh xanthiion elemental uptake by
these two plant species, both plants were inoallat#h the pathogen and grown on
separate benches while being supplied with Si (8@ ™). Inoculations were made by
dusting conidia of the pathogen from infected |lsawmto healthy zinnia leaves, or
spraying a conidial suspension onto zucchini leaxssg a hand sprayer. The levels of Si
used were based on previous results for both pl@iéts of zucchini and zinnia were
kept in the system for 6 wk, by which time all thiants had produced well-developed
fruits and flowers.

7.2.2 Energy dispersive X-ray fluorescence (EDX) analysis

Leaf samples were taken from different positionseath plant and washed thoroughly
with distilled water to remove superficial dustt ¢ato pieces of approximately 10 mm
diameter, and fixed overnight in 3% glutaraldehyaeacodylate buffer (0.1 M; pH 7).

Samples were then dehydrated in a graded alcohielss&pecimens were critical point
dried in a Hitachi HCP-2 using carbon dioxide as ttansfusion fluid. Dried specimens
were mounted onto copper stubs using double-sidedon tape. All stubs were then
coated with gold-palladium in a Polaron E500 Sputeater and the accumulation of Si
and other elements in the samples was assayed aisirgvironmental scanning electron
microscope with an energy dispersive X-ray analggstem (ESEM-EDX). Analysis was

performed on leaves of uninfected plants and avéadected leaves that were covered or

uncovered with colonies of the pathogen.

3 Ocean Agriculture (Pty) Ltd., P. O. Box 742, Mulgiénift, 1747, South Africa.
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Quantitative calculations were made using the fometgtal parameter method of the EDX
program as used hyargui et al (2005). Elements that were considered for analged
guantification included: carbon (C), nitrogen (Njalcium (Ca), magnesium (Mg),

potassium (K), oxygen (O), phosphorus (P) andailiSi).

To further study the effects of infection and preseof the pathogen on Si accumulation
in leaves, elemental mapping was performed on (ttiredy disease-free leaves, (2)
disease-free areas of infected plants, and (3ttedleareas of infected plants covered by
PM colony. Elemental mapping was also performeéxamine the distribution of Si to

different parts of the leaf.

7.2.3 Inductively coupled plasma-optical emission spectraeters (ICP-OES)

analysis of plant tissues for elemental composisisen
(a) Preparation of samples

Plants of zinnia and zucchini were removed fromirtlggowing medium and washed
thoroughly using tap water and finally rinsed istiied water, to remove superficial dust.
The plant materials were cut into four parts: leaveoots, flower/fruits, and
stem + petioles. Samples were then oven-dried @ ¥ 72 h, ground into particles less
than 1.0 mm in diameter, using a blender and therotughly homogenized. A sample of
0.5 g of each plant material was put into a crgcdnhd kept overnight in a furnace set at

650°C. Ashes of the samples were processed using mav@digestion.
(b) Microwave digestion

All sample digestions were carried with the CEM Migave Digester (CEM MARSH
Microwave) using tarred 100 mTeflon® PFA digestion vessels. The vessels were
thoroughly washed using acid and rinsed with destilwater to free them from any
particulate matter and then dried. Ash was transfieinto the vessels and 5t rof 65%
HNO; and 0.1 ni HF were added to each sample and the vesselstheneafter sealed
with their lids. Thirteen vessels, including a reagblank vessel, were arranged in a
scrubber and digestion was performed using thewvatg procedures. The temperature
was ramped to 166 within 10 min with the application of 1200W powésllowed by a
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dwell time of 20 min at 16%. The temperature and pressure limits were s&E7THC and
15.2 bar (220 psi), respectively. Following comialet of the digestion program, the
vessels were allowed to remain in the microwavetgawntil the internal temperature
cooled to < 6%C. Then the scrubber was removed from the microwphazed in a fume
exhaust system and then the vessels were ventetly 4lo release the residupfessure.
Roots and leaves of zinnia and zucchini producsohall quantity of precipitate at the end
of the cycle, so the procedure was repeated afiting 0.9 ni HF to the digest. Once the
samples were fully digested, they were diluted @ri¢ with de-ionized distilled water
(DDW) to make a dilution factor of 100 (v/v) andarmsferred into high-density
polyethylene (HDPE) bottles. After every cycle, thessels were washed with tap water
and rinsed with DDW.

(c) Preparation of standards

A 100 mt reagent blank was prepared by mixing DDW with 6 o HNO; and 0.1 or

1 mt of HF, depending on the volume of HF used fordlgeest. Two sets of five standard
solutions (i.e., 2, 15, 50, 100 and 200 fify were prepared to avoid formation of Si
precipitates, with the first set containing only&8id the second set including Ca, K, Mg
and P.

(d) ICP-OES system

All measurements were made using an Inductively pal Plasma-Optical Emission
Spectrometer (ICP-OES) (Varian Model 720-ES). Twi@dvinstrument damage and
contamination from the free HF of the solution, @Move nebulizer, a Sturman-Masters
Spray Chamber, and a Radial Torch were used instéatle glassy materials of the
machine. The system components used were recomuohdmylehe supplier as being
suitable for solutions containing up to 30% HF. phen were taken automatically at a rate
of 1 m¢ min-1 using an SPS3 AutoSampler. The plasma fahpamwer was 1000W with
plasma and auxiliary gas flow rates of 15 and(lngin-1, and a pump rate of 15 rpm was
used to aspire the sample solutions. The ICP systamcalibrated using ICP Expert I
software, with each calibration curve being cored linearly through zero after
subtraction of the reagent blank, as used by Fealj €.999).
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7.2.4 Statistical analysis

Data collected from the ICP-OES was analysed ugoignomial regression to study the
relationships of Si in the nutrient solution witlermental compositions of different tissues

of zucchini and zinnia plants.

7.3 RESULTS

7.3.1 Observations from EDX-ESEM analysis and elemental apping

Results of the EDX analysis and elemental mapphmved that leaves of both plants
accumulated high levels of Si. Even in the contndiere Si was not added into the nutrient
solution, leaves of both plants accumulated someldeof Si (Figures 7.1 & 7.2). As the
concentration of Si in the nutrient solution wasreased, the level of Si in the leaves of
both plants increased. In some cases, the lev@l wfis even higher than that of C and O.
In both plants, infected leaves accumulated moréh&i the uninfected leaves, with Si
mainly concentrated around the infected areas.hBurinvestigations of these areas
showed that Si was accumulated in the plant andimehe hyphae of the PM fungus
(Figure 7.3B). Regardless of Si concentration arhtrient solution, Si was always highly

concentrated at the base of trichomes (Figure 7.3A)
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Figure 7.1 Energy dispersive X-ray (EDX) spectrumissilicon and other elements on leaves of zucchird zinniaplants the
received Si treatments of 0 (control), 100 &fgand 100 md™ plusPodosphaera xanthindGlovinomyces cichoracearumespectively
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Figure 7.2 EDX mapping of silicon deposition onves of zucchini and zinniplants that received Si treatments
(control), 100 mg™* and 100 md ™" plus Podosphaera xanthiéndGlovinomyces cichoracearumespectively
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Figure 7.3 Scaning electron microscope and EDX nmgpghowing silicon deposition of Si at the
base of trichomes of non-infected leaf of zuccfdyiand in the leaf containing structures of the
pathogen ()).
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7.3.2 Results of ICP-OES analysis

When samples were completely digested through aowmave treatment, the digest
became colourless. An amount of 8 MNO3 and 0.1 rii HF were sufficient to yield full
digests of samples of flowers of zinnia and fraeitzucchini and the stem and petioles of
these two plants. However, leaf and root samplgsired an extra 0.9 tof HF for a

complete digestion.

As with the EDX analysis, both plants accumulatedsiderable amounts of Si in their
tissue, even if the element was not added to thaent solution. The source of this
element in the control was probably from the congmbgine bark that was used as the
growing medium, plus the Si in the irrigation wat@ccumulation of Si by both plants
was directly related to the level of the elementthig nutrient solution. With zucchini,
adding as little Si as 50 nfgl increased growth of the plant. However, extraliaptions

of Si did not result in further increases in plgrdwth. Adding Si into the nutrient solution
at 50 mgt-1 doubled the total amount of Si accumulated ffedint tissues of the plant,
with leaves accumulating more than six times ashmis the levels of Si in the nutrient
solution was increased up to 400 ), the level of Si accumulated by leaves was
increased by 8-9 times, reaching its maximum |efeb8.8 mg g-1 dry weight (dw).
However, the extra accumulation of Si in the leawbtained by supplying Si at 150-
400 mgt-1 was negligible, and extra applications had €ittimpact. Similarly,
accumulation of Si in roots was almost doubled whigs concentration of Si in the
solution was kept between 50-200 . However, application of Si at higher rates.(i.e
> 200 mgt-1) had little impact on the level of Si accumuthtey roots. In addition, the
level of Si accumulated in stems and petioles athini remained constant when Si was
supplied at 0-200 mg-1. However, at 250-500 migl, that amount increased by 35-65%.
The amount of Si in the fruit of zucchini was néfeated by nutrient concentrations of Si
(Figure 7.4).

The effect of Si levels in the nutrient solutions the accumulation of Si by zinnia was
similar. As the level of Si in the nutrient solutioncreased, leaves of zinnia accumulated
as high as 92.6 mg g-1 dw, which was more than ldaile value obtained for the control

treatment. Optimum concentration of Si in the rauitisolution was considered to be
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250 mgt-1 because increasing the Si level further had gligiele impact on
accumulation of the element. Roots of this plasbaccumulated high amount of Si (24.2
mg g-1 dw) as the level of Si in the solution was at 150 md-1. Flowers of zinnia
doubled their Si content when the plant was sugpkgth 50 mgt-1. However,
subsequent increases in Si supply did not resulidreased Si levels in zinnia flowers.
Changing Si level in the nutrient solution did radtect the Si content of the stems and

petioles of zinnia (Figure 7.4).

Both plant species responded positively to thel$eg€ KSi in the solution by increasing
the total amount of K obtained in their tissuestiucchini, adding Si at 100 nigl to
the solution increased the amount of K found in ld#eves by 44%. However, applying
more Si did not increase accumulation of K furthbr. contrast, leaves of zinnia
accumulated higher levels of K when the plant wagspied with higher levels of Si. In
addition, the K content of the stems and petioledaih plants was increased as the
concentration of the Si supply was increased. \Kf&nwas added to the nutrient solution
at the maximum concentration (i.e., 1000 frat), the amount of K accumulated by stem
and petioles of both plants almost doubled. In @mtf the levels of K in the roots and
fruits of zucchini, and flowers of zinnia were radtected by Si levels of nutrient solutions
(Figures 7.5 & 7.6).

The levels of Mg in leaves of both plants were @ased in both plants as a result of
increasing Si level in the nutrient solution. ABalevel of 50 mg.™?, the level of Ca in
different parts of both plants was increased. Haxeextra levels of Si in the solution did
not increase their Ca contents. Instead, reducednadation of Ca was observed,
especially in roots, flowers and fruits. Level ofrfruits of zucchini and flowers of zinnia
were increased slightly with increased levels oinShe nutrient solution. In addition, the
Mg content in leaves of both plants increased aslatiel of Si of the nutrient solutions
increased. Measurement of levels of Ca, Mg and IBoth plants showed that the highest
levels of these elements were obtained when Siadaed to the nutrient solution at
50 mgt™* (Figures 7.5 & 7.6).
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Figure 7.4 Effects of Si level in nutrient solution the accumulation of Si in different parts of
zucchini (A) and zinnia (B) plants after six weegrowth in a nutrient recirculating system.
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Figure 7.5 Effects of concentrations of Si appliedutrient solution on accumulations of K, P, @agd Mg in different parts of zucchini after six Wweef

growth in a nutrient re-circulating system.
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Figure 7.6 Effects of concentration of Si appliedutrient solution on accumulations of K, P, Cd By in different parts of zinnia after sixeeks of growt

in a nutrient re-circulating system.
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Figure 7.7 Effects of infection with powdery milddungi on the accumulation of Si, Ca andnP
different parts of zucchini and zinnia plants groivra nutrient rezirculating system for six wee
and supplied with Si at 150 nig.
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Effects of powdery mildew on accumulation of seleetl elements

Infected plants of zucchini accumulated higher lev& Si in their leaves and roots than
disease-free plants. However, the amount of Sitlreroparts of infected plants was almost
unaffected. The total amount of K found in differ@arts of infected zucchini plants was not
significantly affected as a result of infection kwithe pathogen. The total amount of P
accumulated by all parts of infected zucchini maakclined by 30%, with leaves of infected
zucchini plants accumulating 56% less than uniefiéaiucchini plants. In addition, the P level
in stems and petioles of infected zucchini plangs weduced by 29%. However, the level of
Ca accumulated in different parts of infected zuggblants was increased by 81%. Infection
doubled the amount of Ca in leaves and increasadithroots by 26%. However, fruit of
infected zucchini plants accumulated less Ca. tideaesulted in increased levels of Mg in
leaves (+45%), while reducing that of roots andt$r(+62% and -34%, respectively) (Figure
7.7).

Plants of zinnia infected wit. cichoracearumaccumulated higher levels of Si in their roots
and leaves than similar tissues of disease-freetplddowever, other parts of infected and
non-infected plants accumulated similar levels af Smilarly, infected plants showed
increased levels of Ca and Mg in their differenttphan the uninfected plants. Infection with
zinnia with G. cichoracearundid not have a major impact on the total amounKand P
accumulated by this plant, although the level ai Raves was reduced slightly. The effect of
infection on accumulation of different elementszogchini and zinnia plants are presented on

Figures 7.7.

7.4 DISCUSSION

To our knowledge, this is the first investigatiendetermine the uptake and distribution of Si,
K, Ca, P and Mg to different parts of zinnia andchini plants. The analytical techniques
employed in this study provided unbiased and ridiabformation on the concentration of
different elements in different tissues of bothniéa EDX analysis was faster and required
lesser chemicals in comparison to the ICP-OES. WewdCP-OES has a higher precision
and lower detection limit than EDX (Einh&user, 199is is because the sample size taken

by EDX is often small and superficial. For instani€¢he reading is taken from the surface of
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a leaf, the value may vary depending on the presefdhe pathogen on the leaf. In some
cases, where the leaf was covered by the pathdgergi values were much higher than that
of a disease-free leaf. In addition, the data olegifrom EDX was relative (i.e. the graph

represents a percentage of each element from thla@riacconsideration). Moreover, depending
on the age of the plant, distribution of Si on bettles of the leaf can differ (Hodson and
Sangster, 1988), with older tissues accumulatingen® than the young tissues (Ma and
Yamaji, 2006). According to these authors, theaased accumulation of Si in specific tissues
is related to immobility of Si in older tissues. erafore, it is not possible to make firm

conclusions on the exact amount of a specific eténb@sed on EDX assessment alone.
Despite these limitations, the EDX can give useftdrmation about a sample’s composition

and its elemental distribution (Einhauser, 199Furthermore, it provides an opportunity to

observe the effect of Si treatments on the morgholf the pathogen and the plant, as well
identifying the distribution of the element in specplant tissues. The main advantage of ICP
over EDX was that it provided accurate results aking representative samples, while
minimizing the level of sampling error. Hence, orthe results of the ICP analyses were

considered for interpretation.

Although the mechanism of uptake and distributiérEpin different plants remains poorly
understood, Epstein (1999) suggests that Si isrbbdoby plant roots in the form of
monosilicic acid [Si(OHy] and translocated to different parts of the plgmbugh the xylem
(Hodson & Sangster, 1989), making for uneven diatron within shoots (Ma and Takahashi,
2002; Ma and Yamaji, 2006). In monocots, once isilecid is translocated from roots to
shoots, it becomes more concentrated as a reslittsefof water through transpiration and
polymerizes to form silica gel (S§®H,0). In most monocots, polymerization starts onee th
concentration of Si(OH)in the xylem exceeds 2 mM, although higher corregions are
needed in some plants such as rice and wheat (Bl&amaji, 2006). If Si is deposited in a
polymerized form, it is not available for redisttion or for physiological activity (Ma and
Yamaiji, 2006). However, these studies were conduictenonocots, which routinely deposit
Si as phytoliths in their leaves. In contrast, tndisots do not deposit phytoliths (some
cucurbits are the exceptions), and it is therefonékely that the same process applies to
dicots.
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Leaves have been the main organ selected for amalylsen determining uptake and
accumulation of elements by plants (Adatia and &elsf1986; Ranganathast al, 2006;
Samuelset al, 1991b). However, such observations may leadiasel and inconclusive
results because elements are distributed to diffevegans of plants at different levels. Even
when samples are being taken only from leavesy trentation can affect the outcome.
Adatia and Besford (1986) discovered that leavesuaumber positioned at the bottom of
shoots had a higher Si content than the top leaSash differences might be related to
differences in the age of the leaves, or to theaximnity to the source of Si (Ma and Yamaji,
2006). In young leaves of wheat, Si is mainly corided in the abaxial (lower) epidermal
cells, whereas in old leaves both abaxial and afldxpper) epidermal cells have the same
levels of Si (Hodson, and Sangster, 1988). Moredupstein (1994) noted that distribution of
this Si in different parts of the roots and reprctdee parts is often variable. In this study such
variables were avoided by taking representativepéasnof each organ from the entire plant

and blending it thoroughly after drying.

Accumulation of Si by some plant species may rdaehls, or higher, than recognized plant
macronutrients such as P, K, Mg, Ca and S (Epsi®i#4 & 1999). Our investigation showed
that there was accumulation of Si in both plantgerkin the control, where no Si was added
into the nutrient solution, the levels of Si in tlodts and leaves of zinnia and zucchini plants
were higher than that of Ca, P, K and Mg. We belithat these plants obtained the element
from the composted pine bark and water, which wesed in the growing system. This is in

agreement with the observation that Si is ubiquitounature (Epstein, 1994 & 1999).

Regardless of the level of Si in the nutrient solutthe daily uptake of the element by both
plants was related to their water consumption. Harethe fact that both plants reached
saturation at a certain level of Si in the solutlemonstrates that they absorb the element
actively rather than passively. The difference acwemulation of Si by different species of
plants has been attributed to differences in thiyabf the roots to take up this element (Ma
and Takahashi, 2002). The uptake, translocationpahgnerization of Si in rice is affected by
the transpiration rate and other metabolic acésitf the plant (Ma and Yamaji, 2006; Rains
et al, 2006). However, Ma and Yamaji (2006) have idexat a Si transporter gene in rice

that is believed to be responsible for increasedmcilation of Si in this plant.
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In zucchini and zinnia plants, Si was mainly acclated in roots and leaves. In contrast, the
remaining parts of these two plant species accuedilalatively little Si. High levels of Si in
the root were assumed to be as a result of a slvof translocation of the element from the
roots to shoots, or that the amount of Si requbedther organs of the plant had reached its
saturation stage. A high level of Si in leaves migh because of high transpiration rate of this
organ (Raven, 2001), coupled with other metabadito/gies that take place in this part of the
plant (Lianget al, 2005; Raingt al, 2006).

Although both plants accumulated more Si as thel$eof Si in the nutrient solution were
increased, zucchini attained its optimal level ofwgh a lower level of Si in the nutrient
solution than zinnia. Supplying Si at levels a® las 50 mdg* increased the growth of
zucchini because the uptake of most of the elensntied was maximal at that level of Si.
Adding Si at > 50 md@™ did not result in increased growth because thel$esf most of the
other macronutrient elements in the plant remaiadmost constant. With cucumber,
application of Si increased the weight of leavethefplant without affecting their size (Adatia
and Besford, 1986). According to these authorydeaf Si- fed plants were stronger than the
control because they had higher chlorophyll comsteBurprisingly, the effect of Si on the
growth of zinnia was not noticeable. It is possitflat the difference could not be detected
easily because the plant does not produce a bigncrAccumulation of Si and K in the petiole
and stems of Si supplemented plants was not diffesempared to the control. In addition,
there was no apparent difference in the morphotdfgye zinnia flowers as a response to the
increased supply of Si in the nutrient solutiof®ant size also appeared similar. However,
this may have been because the beneficial effefctSi dreatment of plants are usually
expressed when the plants are subjected to vastoess conditions (Epstein, 1994). However,
in this study, plants were not stressed becausg were raised under optimum growth

conditions and kept free of diseases, except PM.

In addition to protection against biotic and aldositresses, Si has also been shown to
strengthen the plant by thickening its stem aniflesing the leaves (Takahashi, 1995). This
role can be of great importance especially for @nand other ornamental plants, and

vegetables, where their ornamental value or thmeit uality are affected by the ability of the
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plant to stand erect and support its organs prgpégpplication of Si can also improve the
yield of zucchini, as well as increasing the qugntas has been mentioned for other crops
(Datnoffet al, 1997; Ma, 2004; Ma and Takahashi, 2002; Saneted, 1993).

Although the mode of action by which Si exerts ptotective effects against diseases and
pests are complex and remain controversial (Feiwad, 1998; Epstein, 1994; Ghanet al.,

2004), the relationship between the accumulatiorSiofn specific areas of the plant and
consequent disease protection remains of greatrtampze. Therefore, accumulation of a high
level of Si in leaves of both plants may proteatsth plants against PM and other foliar

diseases.

Adding Si into the nutrient solution did not affette elemental composition of fruits of
zucchini. With the exception of P, accumulatioratifother elements (i.e. Ca, Mg, K and Si)
was slightly increased by supplying the plant witv levels of Si (i.e. 50 mg?). As the

concentration of Si in the nutrient solution waised beyond 50 mg*, the levels of Ca and P
in zucchini fruit were slightly lower than that tife control, while the level of Mg remained
unaffected and levels of both K and Si increasiegh#y. Even increased in K and Si levels in

response to extra Si application were negligible.

Time of flowering and fruit settings and the siddlee fruit were not affected by Si supply in
the solution. In addition, visual estimations wérat the colour and texture of Si-treated and
untreated zucchini fruit were the same, suggesthag treatment with Si did not have major
impact on the characteristics of the zucchini fr@ontrary to our findings, a study by
Bélangeret al (1997) reported that application of Si at > 10§ #1} increased the cucumber
yield, but at the same time, it hardened the fofiitucumber, resulting in poor fruit quality
which limited farmers to using Si at low levels.n8eelset al (1993) found that cucumber
plants produced unusual, dull appearing fruits, wihey were grown in hydroponics supplied
with Si. Therefore, the response of cucurbits to Si treatmey vary among species or even
the cultivar level (Agoet al., 2008). Hence, no generalization can be made oh pkmnt

species and cultivar without proper testing.
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Elemental analysis of the whole plant showed thmilieation of 100-150 mg™’Si was
optimal for zinnia. Application of Si at 150 nig provided effective control of PM and
resulted in accumulation of high levels of Si ihgarts of the plant. Moreover, concentrations
of Ca, P, K, and Mg in all parts of the plant wétde affected at that level. For zucchini,
supplying Si at 200 mg* resulted in the highest level of Si accumulatiorrdots, although
leaves could accumulate more with an extra supplysio However, the differences in
accumulated Si as a result of applications of 50-#fg¢™” were small, indicating that
translocation of Si from roots to leaves was noteased significantly as a result of increasing
the supply of Si. Since our main objective wasdotml| PM, the impact of lower levels Si on
growth and composition of zucchini and zinnia weot investigated. We believe that when
the risk of infection by PM is minimal, the use $if at lower levels (i.e., < 50 mg') can
increase the growth of both plants because acctiongaof most of the elements studied
seemed to be optimal. However, when the risk ofi®Nigh, Si should be used at higher rates
(100-150 mg'™). This level could be altered, based on the neebatance the uptake and
distribution of other elements, which ultimatelytetenines the health of the plant. For
example, K was part of the solution (i.e. KSi) dtwllevel in the plant was increased by
increasing the concentration of potassium siliegplied. However, this can result in reduced
uptake of Ca, Mn, Fe and other elements by the flMa and Takahashi, 1993). For instance,
uptake of Ca by rice plants was reduced when Siagdged into the nutrient solution (Ma and
Takahashi, 1993). With cucumber, reduced uptakeaoés a response to Si supply resulted in
increased growth of the plant (Marscheeagl (1990). However, adding Ca to the solution did
not affect uptake and distribution of Si in ricegMnd Takahashi, 1990).

Previous research on the effects of Si on uptake atumulation of P in various plants
provided contradictory results (Ma and Takashi, @9&lam and Saha, 1969). This was
because Si is possibly involved in the metaboligbysiological changes in the plants by
promoting or suppressing uptake and transportatioselected elements, depending on the
stress conditions (Liang, 1999). Islam and Sah&qL@iscovered that the application of Si
resulted in increased levels of P, Ca and Mg ie.rlaterestingly, Ma and Takashi (1990)
found that the concentration of Si in the shootscofumber was slightly reduced with
increased level of P in the same organ, althougakepof Si was not significantly affected by

the presence of P in the nutrient solution. Theyctwded that Si could increase availability of
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P when Si is deficient or reduce uptake of P wieerls of Si are high, reflecting that Si plays
a major role in balancing P uptake. Within a snralige, adding low levels of Si to the
nutrient solution improved accumulation of P in tparts of both plants studied here.

Infections of zinnia and zucchini with PM resultiedncreased accumulation of Si and Ca in
their leaves. Similar observations have been redddr various plant species (Samustisl,
1991b; Koga, 1994: Cher#ét al, 1992a). Even in the same leaf, the concentratiofi
around infected areas was higher than diseasedreas. This agrees with previous
investigation by Menziegt al (1991) and Samuelst al. (1991b) who demonstrated that
infection of the plant with the pathogen resultsnareased accumulation of Si in the leaves.
These authors observed high levels of Si at thectidn sites and around the hyphae of the
pathogen. Our observations using EDX mapping gaxé&aeinformation, showing
conclusively that Si was accumulated in the leaf aot in the pathogen. The conclusion was
based on the observation that when the concenirafi®i in the pathogen and the leaf tissue
(infected site) were compared using contrast mapnlevels were low in the pathogen, but
were at high levels in leaf tissue adjacent to Bhae. Even though the total uptake of K
and Mg by both plants was not affected by infectithreir accumulation on leaves was
increased by infection. This indicates that theyralso have some roles in disease control.
Regardless of infection, the highest concentratio8i was observed at the base of trichomes,
confirming observations of other researchers (lwiaaad Matsumura, 199%amuelset al,
19914, 1991b & 1993).

Leaves of zucchini and zinnia infected their res§ipecpathogens accumulated more Ca and
less P than leaves of uninfected plants. Simileseolations were reported for other crops
infected with different pathogens (Goodenough araii2008; Kalamera and Heath, 1998).

Reduced uptake of P by infected plants may have bfected by the increased uptake of Ca
by the infected plant. Zhangt al. (2006) showed that the uptake of P was reduceehwh

plants were supplied with calcium silicate (CaSi@).has been noted that under stress
conditions, Si enhances absorption of Ca by thet@athe expenses of Fe and Mn (Islam and
Saha, 1969; Liang, 1999). However, whether theem®e in Ca content of infected leaves is

related to the expression of the resistance to PMbis still not clear.
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CHAPTER EIGHT

EFFECTS OF SELECTED BIOCONTROL AGENTS AND SILICON O N
POWDERY MILDEW OF ZINNIA PLANTS GROWN HYDROPONICALL Y

H.B. Tesfagiorgis®, M.D. Laing? and M.J. Morris’

®Discipline of Plant Pathology, School of Agricultural Sciences and Agribusiness
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa
PPlant Health Products, P. O. Box 207, Nottingham Road, South Africa

Abstract

Five selected biocontrol agents, and soluble silig®i) at various concentrations, were tested
for their ability to control powdery mildew of hyajponically grown zinnia plants. Biocontrol
treatments were applied before infection and coetihweekly, while Si was supplied to
plants continuously. Both BCAs and Si reduced tbeesty and AUDPC values of PM
significantly. Application of BCAs resulted in rections in severity and AUDPC values of
PM by 38-68% and 30-65%, respectively. Both seyesitd AUDPC values of PM were
reduced by 87-95% when plants were supplied withbée Si (50-200 md™). It is proposed
that the provision of a continuous supply of Si d@hd ability of zinnia to accumulate high
levels of Si in its leaves were the major reasamgshe good response of zinnia plants to Si
treatments against PM. Silicon played a protectiwie before infection and suppressed
development of PM after infection. The combinatadrihe tested BCAs and Si can be used as

effective control options against PM of zinnia grolydroponically.
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8.1 INTRODUCTION

Zinnia Zinnia elegand.) is a popular ornamental flower grown in manytpasf the world.
Production of attractive flowers, fast growth, aodhproduction cycle and minimal labor
requirements makes zinnia a commercially importaop as a cut flower (Pintet al, 2005),

as well as a popular bedding plant. However, itsceptibility to several diseases often
reduces its value as an ornamental plant (LinderananEwart, 1990). Powdery mildew (PM),
caused byGolovinomyces cichoracearu(@C.) VP Heluta is one of the common diseases of
zinnia, resulting in plant losses and decreasedmemtal values by weakening plant growth,

resulting in poor flowering (Boyle and Wick, 199%6amp, 1985).

The use of fungicides to control PM of annual baddlants is limited by their toxicity to the
flower crop (Kamp, 1985) and other non-target orgras. Furthermore, development of
fungicide resistance by several species of PM fusgia response to intensive use of
fungicides has also been a major challenge (McGiEB6; McGrath, 2001; McGrath and
Shishkoff, 2001; O'Harat al, 2000; Wong and Wilcox, 2002). As an alterna@pproach to
the control of PM of zinnia, Kamp (1958) succedgfuked a polymer-based anti-transpirant.
Similarly, applications of biocontrol agents (BCAs)d soluble silicon (Si) to PM susceptible
crops have produced promising results in supprgsgie disease caused by different PM
species, under controlled environmental conditifDi& et al, 1998; Guévekt al, 2007;
Liang et al, 2005; Menzies and Bélanger, 199%&rhaaret al, 1996, 1997). However, in spite
of the challenges that PM poses to growers of ainno alternative control measures have

been developed to date to supplement or replaggdides.

Based on prior research, the objectives of thidystumere to test the efficacy of five selected
biocontrol agents, and Si applied at various cotragans, for control of PM and to assess
whether a continuous supply of Si could improve d@tScacy. Zinnia was selected as an
ornamental test plant for this study under hydragooondition because of its relatively small

size and its susceptibility to PM.
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8.2 MATERIALS AND METHODS

8.2.1 Preparation of plants

Seeds of ZinniaZinnia elegansL., cv. Jakobrekop Sunbow), obtained from McDonald
Seed} were planted in Speedlifigrays containing composted pine bark and traresfieimto

a greenhouse tunnel operating at 26c28nd an RH of 75-85%. Trays were irrigated with a
balanced fertilizer [3:1:3 (38) from Ocean Agricu at 0.5 g¢™*] + [Ca(NO;), at 0.5 gt

for 3 wk. Seedlings were transplanted into pot® ({iBn diameter) once they had produced 2-
3 well developed leaves and attained a height pfagmately 50-70 mm. Thereafter, pots
were transferred into a greenhouse (mean tempera28iC and RH of 60-70%). All pots
were placed into horizontal mini troughs with thatrirent solution being supplied in a re-

circulating system (Figure 8.1).

8.2.2 Design of the hydroponic system

Horizontal mini troughs, constructed from 1mm thiglack plastic, were placed on a table.
The troughs were arranged in alternating directiongrovide enough space for the reservoirs
(8¢) to fit next to each other. Each reservoir corgdia Project Powerhead submersible pump
(100w) fitted to supply lines which carried the ment solution to the top end of the trough
from where it flowed through the trough and backthe reservoir (Neumann, 2003). The
pumps ran continuously and the level of nutriemtitsan in each reservoir was maintained by
adding the nutrient solution as needed. Where Siwgad as a treatment, its concentration in
the nutrient solution was set at 50, 100, 150 a@@ rAgl™ by adding KSiFinally, the
seedlings of zinnia, in pots, were placed intottbaghs with each row containing four or five

pots for the first and second trials, respectively.

! McDonald Seeds (Pty) Ltd, P. O. Box 238, Pieteitzianrg, 3200, South Africa
2 Ocean Agriculture (Pty) Ltd., P. O. Box 742, Mulslénift, 1747, South Africa.
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Figure 8.1. Horizontal mini troughs and their asoe®s used to supply nutrient solution to the tslan
in a re-circulating system.

8.2.3 Preparation of biocontrol agents

Microbial suspensions of thregerratia marcescen@Bizio) isolates (i.e., Isolates B1¥15
and Y41) and two fungiGlonostachys rose@.ink) Schroers, Samuels, Seifert & Gams (syn.
Gliocladium roseum (Isolate EH) and Trichothecium roseum(Pers.) Link (syn.
Cephalothecium roseyndsolate H20)) were prepared as described in Chapt&iocontrol
agents were applied to plants once a week at aeotnations of 1®and 16 spores m* for
bacterial and fungal BCAs, respectively. Treatmenith BCAs were applied 2 d before
plants were inoculated with PM, and repeated 4ter dfie first symptoms of PM developed
and continued weekly. To enhance survival of BCAs the phylloplane, spraying was
commenced during the late afternoon using hand/esa

8.2.4 Preparation of powdery mildew inoculum and inoculaton technique

Seedling of zinnia were prepared as describedaratiove and put into ice cream containers
(2¢) and kept in an open environment to allow naturdction by placing them in batches,
placed at different positions in the Controlled Eornmental Facility (CEF) of the university.
Plants were watered manually by drenching them witdomplete nutrient solution. After the
first symptoms of PM, infected plants were keptanseparate glasshouse to enhance

development of the disease and to avoid contammdietween experiments. The inoculum
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was maintained by infecting fresh plants througtreati contact of infected and uninfected

leaves.

Three inoculation techniques were tested: (1) darodl PM were sprayed onto both sides of
zinnia leaves until run-off, using a hydraulic hapdayer; (2) dusting of dry conidia collected
from infected leaves onto disease-free plants; (@hghysical contact between infected and
disease free leaves. However, the spray technifjireculation did not result in infection of

zinnia. Therefore, the last two methods were coetbias the standard inoculation technique
for zinnia. Infected leaves of the same age welkeated from the source plants, and one
infected leaf was used to infect one plant by dwgsthe conidia using a brush and by gently
rubbing the infected leaf against 3 leaves of #w plant. Inoculation was performed during

the late afternoon to enhance establishment afifease.

8.2.5 Disease assessment

Percentage of leaf area covered by PM was assessekly before spraying of BCAs for
5 wk, and AUDPC was calculated using an AUDPC Rrog(Shaner and Finney, 1977). The
final disease level recorded at the end of the mxy@mt was recorded as the final disease

level.

8.2.6 Statistical analysis

The experiment was conducted twice, with eachrreat having four replications in the first
trial, and five replications in the second triaheTarrangement was determined by access to
space in the hydroponics system. Because of tloenolginuity, the results of these two trials
were mixed together and ANOVA analysis was perfarmesing GenStd Statistical
Analysis Software (GenStat, 2006). To reduce theffmdent of variation, data was
transformed a using square root transformation. ideat treatments were compared using
Fisher's Protected LSD at P < 0.05. Percentagecteauin disease severity and AUDPC

values were calculated by comparing each treatagaihst the control.

146



8.3 RESULTS

Symptoms of PM started to appear on the leaveswaek after inoculation and developed
slowly. After 5 wk, disease level of the controapls reached > 45% in the first trial and 31%

in the second trial.

In both trials, the BCAs and Si had significanteets on the severity of PM and its AUDPC
values. In the first trial, all BCAs reduced theragty of PM significantly, with reductions of
35-84%. Isolates EH and H20 reduced the severiti?Mfby 83% and 60%, respectively.
Similarly, treatments with the Isolates B15, Y15dari4l caused significant reductions in
disease severity of 35-76%. Among the three battésolates tested against the disease,
Isolate Y41 performed best. In the second trialy dsolates EH, H20 and Y41 reduced the
severity of PM significantly. Treatments with thebkeee isolates provided disease reductions
of 41-47%. Although statistically not significamsplate B15 and Isolate Y41 also reduced the
final disease level by 30% and 34%, respectivéhyboth trials, application of BCAs reduced
the AUDPC values significantly (P < 0.001). Amorg tBCAs tested, Isolate EH gave the

best results in suppressing the development of Hiyufe 8.2).

Adding Si at concentrations of 50-200 i into the nutrient solution reduced the severity
and AUDPC values of PM significantly. After one nlorof infection, the final disease level
recorded for plants treated with Si was reduced6y100% and 75-90%, in the first and
second experiments, respectively. AUDPC values aks@ significantly reduced when plants
were treated with Si (Figure 8.2). The performaoic8i was better in the first trial, providing
disease control as much as 100% when Si was adtiethe nutrient solution at 150 nid.
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Table 8.8 Effects of selected biocontrol agents sihdon on the final disease level (FDL) and area
under disease progress curve (AUDPC) of powderglawilof zinnia, five weeks after inoculation with
Golovinomyces cichoracearum

Treatments FDL AUDPC
Control 36.9 (5.92f 358.2 (18.02§
BCAs

B15 22.8 (4.45) 220.5 (13.86)%
EH 12.1 (3.00%° 126.4 (9.74%°
H20 17.8 (4.07 182.0 (13.065
Y15 22.6 (4.53§° 250.8 (15.18°
Y41 15.7 (3.47Y 145.8 (11.00§
Silicon
50 mg(™ 4.3 (1.92f° 43.2 (6.045°
100 mge™t 2.3 (1.297 21.4 (3.87}
150 mge™ 4.1 (1.39} 31.9 (3.93f
200 mge™ 4.7 (1.82f° 47.4 (5.695°
Effects P-values P-values
F <0.001 <0.001
CV% 46.8 46.6
MSE 2.222 21.885
FLSD 1.398 4.389

Means within column followed by a common letter evamot significantly different according to Fisher's

protected least significant difference (P < 0.05).

Values in brackets are means of data transformied assquare root transformation.
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(AUDPC) (B) of powdery mildew of zinnia after fiwgeeks of treatment with five biocontrol age
soluble silicon, compared to a control inoculatéthwolovinomyces cichoracearum
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8.4 DISCUSSION

Unlike other crops, where inoculation PM fungi daen performed by spraying on a conidial
suspension of the pathogen in water, inoculationirfia with conidial spray onto leaves was
not effective. It has been reported that high leatness has detrimental effects on the
germination of conidia of PM fungi (Bushnell andvirkadl, 1967; Quinn and Powell, 1982;
Sakurai and Hirata, 1959; Sivapalan, 1993). I #tudy, even though the time between
harvest of conidia and spraying was minimized 3 ldnan 30 min and a high concentration of
conidia was used, the inoculation method did notlpce consistent infection, indicating that
this pathogen was sensitive to water. Thereforstinly conidia by shaking the infected leaf
over the test plant, and physical contact betwetatied and disease-free leaves were used as
standard technique of inoculation. Although thesshmiques lacked information on the exact
amount of inoculum used to cause a certain levehfefction, both techniques consistently
produced a level of infection that developed tdb%cAwithin one month after inoculation.

From the hydroponic trials, it was demonstrated #ilathe tested BCAs and Si reduced the
level of PM significantly. In both trials, the ldvef control obtained from Si treatments was
better than that of BCAs. If zinnia plants absortb&ore infection, then they become highly
resistant to infection bys. cichoracearum Richmond and Sussman (2003) noted that plants
treated with Si before infection displayed an aexakd activation of SAR resistance of the
plant, thereby inducing fungal cell death. In castr although some BCAs which can
antagonize the pathogen within one week after egjpdin (Sundheim and Krekling, 1982),
most antagonists require an average of 10-14 dtabksh themselves on the phylloplane and
to start their antagonistic activities (Verhaaral, 1997). Therefore, by the time the BCAs
started their activities, the pathogen could hdkeady covered a large part of the phylloplane,
making biocontrol less effective. In previous cleapt fast development of the disease versus
slow establishment of the BCAs has been shown taneeof the challenges in controlling PM
with BCAs. To overcome a similar problem, Verhadral (1997) suggested that BCAs
should be used as preventatively (i.e. applied @pprately 1 wk before mildew inoculation)

or as an early curative treatment (within 2 d afht inoculation).
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Both BCAs and Si gave some control of PM. Most ated tested in this study showed
promising performance by reducing the severity B &d suppressing its progress. Among
the BCA isolates tested, Isolate EH performed bpstyiding disease control that was
comparable to that provided by Si. In spite of fliations in disease levels between the two
experiments, the relative efficacies of all isotateere almost constant and were less than Si

treatments.

Several researchers have reported that treatmeitits Sv produced promising results in
controlling PM of different crops (Bélanget al, 1995; Guévett al, 2007; Menzie®t al,
1991). However, most of these researchers indictitatl the level of control was usually
incomplete. In contrast to these reports, our tesigmonstrated the possibility of obtaining
complete control of PM when zinnia plants were grom hydroponics supplied with Si.
Unlike hydroponics, where a plant is supplied vatimutrient solution continuously, in most
glasshouses and field trials, Si is usually suppt plants as a spray or drench, at limited
frequencies per week. Samuetsal (1991) observed a rapid decline in Si-inducedstasce
against PM when cucumber plants growing with additaining solution were transferred into
a Si-free solution. However, the same plant spesigsplied with Si continuously at a
concentration of 100 mg* or higher, showed a reduction in PM severity byragh as 98%
(Menzieset al, 1991). Similarly, as much as 100% control watioied when zinnia plants
were continuously supplied with Si (50-150 i), leading to a conclusion that for maximum
disease protection, a continuous supply of Si eled. This, according to Heieg¢al. (2006),

is because Si-enhanced resistance of plants aghsestses is linked to the maintenance of a
high Si status in the plant. Another reason foritte®nsistency in efficacy of Si is the effect
of the soil. Soil pH and nutritional balance cartedaine the availability of Si to the plant. For
instance, soils that have large amounts of Feaid, Mn can bind Si and make it unavailable

to the plant (M.D. Laing, 2008, pers. comm.).

In this study, complete control of PM was obtaimédtere plants did not show any symptom of
the disease one week after artificial inoculatiothwhe pathogen. Once symptoms of PM
were observed on the leaves, it was not possibter® the plant completely regardless of the
concentration of Si added into the nutrient sohytimdicating that Si was more effective as
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protective treatment. Although Si did not provideanplete curative treatment, it kept PM
levels low, probably by inducing resistance of giants against the disease (Bélangieal.,
2003; Faweet al, 1998; Lianget al, 2005).

The response of zinnia to Si treatment for the rgameent of PM was promising. To date,
there is no information on the uptake and accunauaif Si by zinnia and subsequent disease
suppression. In Chapter 7, however, we showedléaats of zinnia could accumulate Si to
levels of 10% of dry matter. Although the mode dfi@en by which Si provides its protective
role against plant pathogens remains a controvessiae (Fauteuet al, 2005; Ghanmet al.,
2004; Rodriguegt al, 2004 and 2005), reports by Ma and Yamaji (2008icated that there

is a positive relationship between the amount cd&@umulated in the plant and the level of
disease resistance. Therefore, the high level ofcBMrol observed on zinnia by Si treatment

could be the result of high uptake and accumulaticthe element by this plant species.

The experiments were conducted as a preliminatynte®f both control options and they
were not used together as part of an integratetbapp in managing the disease because there
was a lack of space in the glasshouse. Howeveengile additive effects of BCAs and Si
shown in our previous research, the promising tesabitained in this study, suggest that co-
application of these two components should probieteer control of PM, leading to increased

growth and quality of zinnia plants.
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CHAPTER NINE

GENERAL OVERVIEW

The impact of powdery mildew (PM) on crop produst&nd the control strategies that have
been used against this disease has been widelyecbiethe literature (Bélanget al., 1997;
McGrath and Thomas, 1996; Yarwood, 1957 & 1978&)rdasingly, reports in development of
fungicide resistance by a number of PM species,pledu with public concerns for
environmental and health hazards, have made thefusagicides less popular. To meet the
need for safe and environmentally friendly contmasures, biocontrol agents and soluble
silicon have emerged as viable alternatives thathma used individually, or combined with
other control strategies for integrated diseaseagament (Bélangest al, 1997; McGrath,
2001; McGrathet al, 1996).

The use of biological control against PM of sevespkcies has been well documented
(Bélangeret al, 1997; Jarvis and Slingsby, 1977; Sztejnledrgl, 1989; Verhaaet al, 1996

& 1998). This has resulted in development of sommmising biocontrol products on the
market. However, their use has been limited duehtr inconsistency under variable
environmental conditions. To improve the efficadybacontrol agents (BCAs), which has
been associated with their specific requirementspecific environmental conditions, various
technigues have been used. To a certain extentatkeof appropriate screening protocols,
combined with insufficient environmental experimerduring evaluation, and a lack of
knowledge of the modes of action of the specificABGave all contributed to this problem.
Similarly, promising progress has been made irugeeof soluble silicon (Si) against PM and
other diseases (Bélanget al, 1997; Epstein, 1994 & 1999; Ma and Takahash@220In
some plants, increased growth and yields have tegmted as a result of enhanced resistance
against biotic and abiotic stresses, especiallynwbiewas applied to soils that were deficient
in Si (Datnoff et al, 2001). The ability of Si to benefit plants withoaffecting the
environment negatively has made it an “agronomycadisential element” (Ma and Takahashi,

2002) or quasi-essential (Epstein, 1999). In smfethis, due to the incomplete and
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inconsistent control it provides, the use of SiiagfaPM and other pathogens has been limited.
The main reasons for the low efficacy of Si areaakl of knowledge on the optimum
application conditions (i.e., concentration, fregeye and methods of application), mode of
action in controlling the disease and the relatiigmbetween Si and the plant, and other biotic
and abiotic factors that are involved in the prdaucsystem.

The research presented in this thesis focused enisthlation andin vitro screening of
antagonists, using a series inf vitro and glasshouses experiments, for the evaluation an
improvement of the efficacy of BCAs and Si agaiR¥ under different environmental

conditions. It was established that:

* At the preliminary stages, 29 BCA isolates redusederity of PM by 30-77%. Under
glasshouses and field conditions, five isolates, Gliocladiumroseum(lsolate EH).
Trichothecium roseunfisolate H20) and 3 isolates Skerratia marcescen@solates
B15, Y15 and Y41)) reduced the severity of PM by9B0%6.

« Break-Thr (BK) at lower concentrations (i.e., 0.2 1fi*) improved the efficacy of
spray applications of BCAs and Si by enhancingrttieposition on the leaves and the
pathogen, and by directly affecting the pathogereaB-Thr¥ was compatible with
the zucchini and BCA isolates when used at < 0.4@ ™ However, at higher rates, it
was toxic to zucchini and to the BCAs, especialylates EH and H20.

* When Si was applied as a foliar treatment, it irthib PM through direct contact with
the pathogen. Efficacy of Si spray was improvediriyeasing the spray frequency.
Although no Si was absorbed directly through ttsd, Ipart of the foliar treatment was
absorbed by the plant roots as runoff and drify ptayed a role in enhancing host
resistance of the plant against PM.

* The efficacy of Si was better when added into tb&ient solution than when it was
drenched onto roots of plants or sprayed on asliar fereatment. In all these
application methods, increased concentrations @ealvi better disease control.
Drenching 250 rh (under greenhouse conditions) of funder field conditions) of Si
at 100 mgt™* per week provided significant control of PM of zhini. Spraying
750 mgt ™ of Si also gave significant reduction in the setyesf PM. When added into
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the nutrient solution, 50-150 nfg* of Si reduced the severity of PM of zinnia by 85-
100%.

* A combination of BCAs + Si + BK provided better ¢xah of PM under both field and
glasshouse conditions, and can be used for inegyranagement of PM.

* Adding KSi into the nutrient solution increased teeels of Si and K in zucchini and
zinnia. It also enhanced the growth of zucchinihaitt affecting morphological
characteristics of the fruits. However, it did wause obvious changes to the growth of
zinnia plants and their flowers.

» Infections of zucchini and zinnia plants with PNutted in increased uptake of Si and
Ca by these plants, while reducing their P uptél@vever, it did not affect the uptake
of K and Mg in these plants.

The development of a proper isolation andvitro screening protocol that provides rapid,
repeatable and reliable results is an importatialrstep in screening effective antagonists for
biocontrol of PM. Since the performance of biocohisolates on agar has less predictive
value thanin vivo tests (Verhaaet al, 1998), the screening protocol adopted in thesith
involved three components: the biocontrol agentABGhe pathogen and the plant itself. If
one of these three components were to be missieg, the screening procedure would have
been incomplete. Isolates that showed consistenitseagainst PM of zucchinP( xanthi)
under different growth conditions also controlleld Bf zinnia caused b¥. cichoracearum
confirming a previous hypothesis that if a BCA @&el can antagonize PM of one species of
plant, then it can often be used against PM sp@fiddferent plants (Sztejnburgt al, 1989;
Szentivanyi and Kiss, 2003). The process of scngeand rating systems followed in this
study can serve in developing a more comprehemsmecol, especially where isolates are to
be screened against obligate pathogens, and titéurregal activity is not noticeable during

vitro assays.

Clonostachys rosehas been reported as mycoparasite of many fupgaies (Kwasnat al.,
1999) and could be used as BCA against PM (SuttdrPeng, 1993) and other foliar (Ceta
al., 2008; Morandiet al, 2008; Yu and Sutton, 1997) and root diseasesgafifiao et al.,

2007). Serratia marcescenbas been identified as a growth promoting rhiztdragn that

158



produces several antibiotics and can induce resistaf plants against several diseases
(Battaglinoet al, 1991; Jeun, 2004; Kobayagt#ti al., 1995; Majiet al, 2003; Ordentlictet

al., 1988; Robert®t al, 2005; Strobekt al, 1999; Sujayet al, 2003; Weiet al, 1996).
Similarly, a report by lidaet al (1996) identified Trichothecium roseunmas producing
antifungal antibiotics and inducing host resistanoeplants. In other research, it has provided
promising results when tested against PM and otlerases (Hijwegen and Buchenauer,
1984; Huanget al, 2000; Vannestet al,, 2002).

All the adjuvants tested (i.e., Break-TfiruPartne? and Tween-88) improved spray
efficiency of BCAs and Si by enhancing coveragéhef spray and reducing the total volume.
Both Break-Thrll and Partnét suppressed PM directly. However, Break-Thmas chosen
for further studies because it was more compatite our BCAs and the plant. Electron
microscopy investigations showed that Break-ftinereased the deposition of BCAs on the
pathogen and on the leaves. It also inhibited geation of conidia, and caused the collapse
and disintegration of conidia and mycelia of théhpgen. The fact that it was biocompatible
at lower dosages provides the opportunity to bel uirsehe spray mix in controlling PM with

spray applications.

Si was more effective against PM when supplied l@nts as a nutrient solution in a
hydroponics system than when applied as drencbl@r fspray. For best PM control, plants
need an uninterrupted supply of Si, which was meablg under hydroponics. Regular
drenching of Si onto the roots of plants was al$ectve in reducing the severity of PM of
zucchini under both glasshouse and field conditiohen Si is added to the soil as a
fertilizer, it usually improves the resistance tdrs against PM, and other biotic and abiotic
stresses of the plant, resulting in increased dramid yield of the plants. These benefits are
noticeable when the plants are grown under subm@btconditions (Datnofet al, 2001).
However, if the aim is to control PM, then Si shibbk applied before infection because once
the plant is infected, curative treatment with Siléss effective (Lianget al, 2005). In
addition, continuity of supply of Si to plants isore important than the total volume or level
of Si in the solution. Therefore, to improve thenttouity of plant-available Si in the fields,
the development of slow release formulations ofoBincreasing the application frequencies
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are recommended. As a foliar treatment, increasiiegconcentration and frequency of Si
applications provided the best control of PM. Thiss partly due to increasing availability of
Si to plant roots via drift and runoff. Spraying tBree times per week at lower levels of Si
(i.e., 250mgt™) provided the best results while reducing theltamount of Si that gave
equivalent PM control when applied once per weekeWKSi is used as a foliar treatment
against PM, Si has been identified as the actigeentient of the solution (Menzies al,
1992). Direct contact between Si and the pathogethe changes in osmotic characteristics
of the leaf created by Si deposition, are one efrittechanisms of disease control (Lizt@l.,
2005). In addition, increased deposition of Si be leaf surface can prevent penetration of
fungal hyphae into the host (Bowen al, 1992). However, there is no evidence that shows
penetration of the leaf surface by Si directly. fEfiere, any priming of resistance of the plant
by foliar applications of Si can only be the rexflSi that is absorbed by plant roots after the
element is intercepted by the plant roots as dtrestunoff or drift.

Although the use of BCAs and Si against PM has Iséadied intensively, there are not many
studies that incorporated both control options agt pf an integrated control package.
Combinations of BCAs and Si were more effectived ahould result in a better PM control
than when these two control measures are usedaselyarAs expected, better control was
obtained under both glasshouse and field conditiatien BCAs were applied with Si. The
additive effects were probably due to the comboratf different modes of action that affect
the pathogen, as opposed to the fewer control nmésrina provided by the BCA or Si. Unlike

most fungicides, Si has a broad spectrum of amss/ithat affect economically important
diseases (Datno#t al, 2001). Therefore, the use of BCAs and Si foeas® control should

be developed and practiced in an integrated diseasagement programmes.

The main challenge in the use of BCAs and Si ajdtd has been the speed of PM
development. In this study, the use of Break-fhan lower concentrations improved the
performances of BCAs and Si spray by reducing #te of PM development and contributed
substantially towards an integrated programme undhéch BCAs and Si can actually control
this disease. It might be possible to use comhinatif BCAs + Si + Break-Thfuiagainst

other foliar diseases of economic crops. Treatmetit Si resulted in less infection of the
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plant and the presence of Break-Thmeakened the pathogen, increasing the vulnergbiit
the pathogen to attacks by the antagonists. IEtmebination fails, the addition of 1-2 sprays
of effective, systemic fungicides may provide bettentrol, leading to an integrated disease
management programme that would minimize the frequef fungicide application, reduce
the risk of fungicide resistance, and reduce emwvirental pollution, while providing a high

level of PM control.

In using Si, a lack of knowledge on optimum concatians for optimal disease control and
plant growth, without compromising quality has bélea main challenge. Epstein (1994) and
Feng (2004) have noted that disease resistanoekesllwith the amount of Si accumulated by
the plant, which is species and cultivar dependand, is linked to the level of physiologically
available Si. Although high levels of Si providdeetive PM control, at high concentrations,
Si can reduce the quality of fruits of some crapéléngeret al, 1995 & 1997, Lieteret al,
2002). In this study, the use of Si at 100-150 #igs a soil drench, or in nutrient solutions,
provided effective control of PM on zucchini andhraa. Increasing the level of Si in the
nutrient solution resulted in an increased accutimriaf Si in roots and leaves of both plant
species, without affecting its distribution to atlparts of these plants. The fact that growth of
zucchini and the uptake of most other element®oth plants were optimal when Si was added
into the nutrient solution at 50 nig showed that, where the likelihood of infectionthg PM
fungi is low, then application of Si at lower lesgl50 mg(™) can improve growth of the
plant, while minimizing the cost of Si applicationdowever, since the experiment was
conducted under optimal condition, these resulesine be confirmed on different species of

plants growing under different growth conditions.

Electron microscopic observations on increasedraatation of Si in the base of trichomes
and around the leaf areas infected by PM confirpregtious reports by Menziet al (1991)
and Samuel®t al (1991a & b). The role of Si in infected plant was priming defense
mechanisms of the plant (Cheeif al, 1992). Leaves of zucchini and zinnia infectgdheir
respective pathogens accumulated more calciumemsdohosphorus than leaves of uninfected
plants. Similar observations were reported on otlreps infected with different pathogens
(Goodenough and Maw, 2008; Kalamera and Heath, )1998Il wall strengthening and

thickness are some of the functions of Ca (Whitk Broadley, 2003). However, whether the
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increase in Ca content of infected leaves is rélatethe expression of the resistance to

infection or not is still not clear.

The way forward

» This study presents some promising isolates that ki@e potential to be used against PM
and other foliar diseases. Some of them may alsased as growth promoters and in
priming the resistance status of the plant (Jetual, 2004; Kobayashet al, 1995; lidaet
al., 1996). However, before these BCAs are develdpetier for commercialization, a
series of studies is needed to assess their effi@gainst other pathogens under various
conditions. More investigations on the formulatishglf life and cost-benefit analysis of
these isolates are needed before they are releasbob-products. Toxicological studies

will also be essential.

« Most of the trials on Si were conducted under auiletd growth conditions, where the
plants were almost free of stresses except fomfleetion with PM. We believe that effects
of Si would have been more visible if the plantsravgrown under more stressful

conditions.

* Most available information on uptake, transportatéemd accumulation of Si in plants are
based on studies conducted in monocots. It is matvk whether the same principle applies
to dicots or not. Since the form of Si inside thanp is more important than total, more
investigations is recommend on dicots in orderdtexnine the mechanisms of uptake and

levels of different forms of Si in different plargdpecies.

* In our study, the level of Si application did natuse obvious effects on the quality of the
fruits of zucchini. However, since this effect mdiffer from species to species, it is
important to assess this effect on other cropsdatermine the impacts of the fluctuation of

selected nutrients in the fruit quality as influeddy Si application.

e It is only recently that Si has been studied asoption for disease management. It is
concluded that much research is still needed 1y tulderstand the impact of this element
on plant metabolic activities. Even in areas whateh research has been conducted, e.g.,

disease control mechanisms, there is still mudbettearned. However, since the effects of

162



Si on plants seemed more complex than it was liyitiemagined, inter-disciplinary
research is needed in order to exploit the fuleptal of Si for control of abiotic and biotic

stress, and to prpmote plant growth.
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