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ABSTRACT

Injuries sustained by citrus fruit during harvest and postharvest handling
and storage allow the entry of wound pathogens, inclugemgcillium digitatum
Sacc (green mold) arfl. italicumWehmer (blue mold)he two major pathogens
of citrus fruit being e casgal agents of green and blue lthadiseases,
respectively.

Control of these pathogens has classically been conducted with chemical
fungicides, buta growing international concern over the often indiscriminate use
of synthetic fungicides, theresenceof residues in the food and in the
environment, as well as the development of fungal resistancehandossible
harmful effects on human healtinake it necessary to undertake new approaches
for disease control that minimize health and environmental. risks

In this work we evaluated the effectiveness of inducers of disease
resistance for postharvest control of green mold of citrus. The chemical inducers
(acibenzolais-methytA S M, ¢ h taminobuayric,acieBABA) exerted direct
antimicrobial activity aganst of P. digitatum P. italicum and Geotrichum
candidumwhen testedin vitro on PDA and on orange peel extract agar media,
with differences related to their concentrations and challenged pathogens. The
antimicrobial efficacy of BABA and chitosan was alsanfirmed by their ability
to inhibit in vitro P. digitatum conidial germination. Moreover, BABA and
chitosan significantly reduced disease incidence and severity when applied on
citrus fruit (oranges cvslarocco, Valencia and Washington navel, lemons cv
Femminello and grapefruits ciMarsh SeedlessDn the oppositenone ofASM
concentrations conferred protection agaiist digitatum The induction of
resistance of BABA compound was detectedl@mon and grapefruit wheR.
digitatum was inoculated into wounds made at 1 cm from the original BABA
treated sites.

Curative and preventive treatments wRseudomonas syringadrichoderma
atroviride and Wickerhamomyces anomaldsocontrol strains were evaluated
alone and in different conmied mixtures with hot water, sodium carbonate,
sodium bicarbonate, ASM and chitosan. Combined applications of sodium
bicarbonate, hot water and biocontrol agents efficiently controlled green mold



when treatments were applied 24 and 48 hours before thegest inoculation.
Whensodium carbonate, hot water and biocontrol agents weirgocaolated with

P. digitatum green mold was significantly controlled as well even if less
effectively, whereas fruit inoculated 24h before treatments developed green mold,
and no treatment managed to control significaRtlgigitatum.

We have analysed gene e xlp3glecanaseon | e v
phenylalanine ammonia lyase, gluthatione peroxidase in responses to curative and
preventive biocontrol treatments. On ttwnole, CHIL PAL and GPXlover
expressions were observed within 2h after treatments, but only CHI1 over
expresion was observed for each treatment (curative and protectives). Quantitative
RT-PCR techniqushowed that treatment wigodium bicarbonate, hatater and
Pseudomonasyringae pv. syringae48SR2 induced the highest increases in the
levels of chitinase gene transcripts 48h after treatments and 2h after pathogen
inoculation. Despite gene expression, only a partial correlatioriouas with the
ability of othertreatments to control green mafdvivo.

P. syringaepv. syringaestrains are able produce cyclic lipodepsipeptides
correlated with the ability to control postharvest fungal pathogens. In this work
treatment with sodium barbonate, hot water afl syringaepv. syringae48SR2
generated weak owexpression ofyB1 gene and high ovexpression osypA
in citrus peel tissue 48h after teatment and in absenPe difjitatum.However,

P. digitatuminoculation stronglyinduced syB1 gene exmssion and, on the
opposite, weldy inducedsypA genes expression. Pathogen inoculation resulted
to be strongly stimulatory only t®yrB1 expression, suggesting that at leasB1
gene is involved in biocontrol activity.

These data indate type of treatments that could be successfully used to
control postharvest fruit diseaseand suggest that a signal produced by the
pathogen is essential for triggering enhanced transcription levels of both defence

related and lipodepsipeptides syntiset genes.



Introduction

Chapter 1.

INTRODUCTION

Citrus is one of the most important crop in the world, not only for the
production, which exceeds by far that of other fruit species, but also, and mainly,
because citrus is grown in over 100 countries on six continents, with a worldwide
crop production of 122.38B.732 tonnes (FAO 2009) exceeding that of
watermelons, bananas agdhpes. Citrus fruit is enjoyed around the world for its
taste nutritional value and relatively cheap price.

Oranges constitute approximately %@ o f the worldbés <citr
followed by tangerines, mandarinsand clemat 18%, lemons and limes at 11%,
citrus fruit nes (9%pand grapefruit at 5%. The most popular orange varieties are
t he Navel and 6Val enci ab. Cleméyntine m
consumers for their seedsegess portability and ease of peelingtigmented
oranges Tarocgo/alencia and Washington navBigmented grapefruit is gaining
popul arity over white varieties, wi th th

0Star Rubyd cul.tivars most common
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The Mediterranaa basin is the first citrus producing region with a
production estimated to be about 20 million tons which is concentrate on fresh
market, and the leader producing countries in this area are Spain, Italy, Egypt,
Turkey and Morocco.

The majority of the wdrd 6 s citrus crop i s har ve
October to June in the Northern Hemisphere and from April through November in
the Southern Hemisphere. Consequently, citrus is available gead.

Fruit passing maturity standards is transported in bulk bnsthe
packinghouse where it is usually drenched with a mixture of fungicide and
chlorine to guard against decay prior to packing. Early season citrus is degreened
with 1i5 ppm ethylene in rooms maintained at 20°C and 9296% relative
humidity for 24 72 hrs to stimulate chlorophyll breakdown. It is then washed,
sorted by size, graded for caloand blemishes and treated with fungicides, either

separately or in the wax.

1.1 Major Post-harvest Citrus Diseases

The major posharvest diseases of citrus cée separated into two
categories based on their initial infections.-Ragvest infections includBiplodia
natalensis (PoleEvans) Phomopsis citri (Fawcett) Colletotrichum
gloeosporioidegPenz.) Sac¢Phytophthoraspecies andlternaria citri (Ellis &
Pierce) and postharvest infections includdenicillium digitatum (Pers.:Fr.)
Sacc, P. italicum(Wehme} and Geotrichumcitriaurantii (Ferraris R. Cif. & F.

Cif. ) (Whitesideet al., 1988 Brown and Miller, 1999; Ohr and Eckert, 1985

The types ofdecay and severity are dependent on the climate, varieties,
agricultural practices and pelsarvest handling practices.

Infection by fungi may occur during the growing seasons, at harvest time,
during handling, storage, transport, and marketi¢hifeside et al, 198§.
Furthermore, handling procedures in the field and during harvest and marketing
processes cause various kinds of mechanical injuries (wound, bruising), which are
the main sites of entry of pathogens, particularly in environments which are

highly contaminated by conidia &. digitatumandPenicilliumitalicum (packing
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lines, storage rooms, means for transportation, geffries and Jeger, 1900
responsible for severe economic losses worldwiakért and Eaks, 1989

1.1.1 Green and blue mdds of citrus

The genusPenicillium includes 150 species. Relatively few species are
economically important plant pathogerBit(, 1979. Among the most notable
species ar®. digitatum(Pers.: Fr.) Sacc. arf. italicumWehmer which cause
green and blue nhd of citrus, respectively. Postharvest losses of citrus fruits
caused byP. digitatumand P. italicum can account for more than 90% of all
postharvest losses in searid production areas of the world.

Green mould caused by. digitatum is a universal postharvest disease of
citrus. It is identified by the mass of olive green spores produced on infected fruit.
Infection takes place only through wounds where nutrients are available to
stimulate spore germination and fruit decay begirthese infected injury sites.

The early infection area appears as a soft watery spot and sometimes it is
referred to as clear rot. As the lesion progresses, white mycelia develop and these
produce the green spores. The white mycelium develops intooad @one
surrounding this sporulating area and the mycelium produces celtiegrihding
enzymes that cause a breddwn of the fruit cell walls.

Within a few days the entire fruit can be covered with green spores. Spoilage
of fruit, caused by the spread spores from diseased fruit onto adjacent fruit, can
occur within the shipping container, but green mould spores will only infect
damaged fruit in packed cartons.

Blue mould is caused bf. italicum which develops on citrus fruit via
injuries like greermould. It occurs in all citruproducing regions of the world,
although it is not as prevalent as green mould. Blue mould is recognised by the
mass of blue spores produced in decayed fruit.

Initial lesions are similar to the lesions of green mould, eitspores are blue
in colour and are surrounded by a narrow band of white mycelium encompassed
by watersoaked rind. Blue mould develops less rapidly than green mould under
ambient conditions so that the green mould is often observed in mixed infections.

Blue mould is more common in fruit held in cold storage during the summer and
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it can spread in packed cartons mor e
decayed fruitAt low relative humidity, the rotted fruit becomes a dry mummy.

Due to that abity to produce large masses of spores, fungi have the potential
to develop resistance to postharvest fungicidswn et al, 1995. Millions of
spores of the causal fungi are produced on the surface of infected fruit and these
spores are present practically everywhere in the field, packing area, storage room,
transit containers, and market place.

In packed containers, fruits infecteég P. italicummay contaminate healthy
ones, producing nests of rotting fruits, wherdasdigitatum can only cause
infection at injuries to the rind that occur during harvesting and packing, when
moisture and particular peel compounds are present to lataniwspore
germination Pelser and Eckert, 19¥.7

Volatiles emitted from wounded peel tissue of various citrus cultivars had a
pronounced stimulatory effect on germination and germ tube elongation of both
Penicillium digitatumandP. italicunt however P. digitatumappeared to be more
sensitive to the stimulatory action of citrus peel volatilesoby et al, 20(®).
Enzymes such as pectin methylesterase, polygalacturonase, pectin lyase facilitate
hyphal penetration by degrading the middle lamella betwee#s of the rind El
Shaieb and Malibari, 1995

Other species d®enicillium,like P. ulaiensecausing whisker mould (Hsie#t
al., 1987), has been considered important on citrus, especially in pdukisgs.
(Frisvadet al., 2000).

I e a
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1.1.2 Sour rot of citrus

Sour rot, caused b@eotrichum citriaurantii, is second in importance only to
Penicillium decays as a wourndediated disease of citruEdkert and Brown,
1986) It has been reported in most areas where citrus is grown, occurring on all
cultivars. It is particularly troublesome on frugld in long term cold storage

The fungus only infects fruit through injuries and in particular deep injuries
that involve the albedo tissue. Sour rot develops more frequently on mature to
overmature fuit with high peel moisture.

The initial symptoms aravatersoakedlesions, light to dark yellow and
slightly raised, with the cuticle being more easily removed from the epidermis
than lesions caused by green or blue mould.

Decayed fruit tissue has awoodair that attracts fruit flies and these can
spread the fungus to other injured fruit during storage. The fungus is present in
soil and can reach the fruit surface from windblown or splash dispersed soil and
by fruit-soil contact.

Contaminated fruit &n spread the pathogen through drenching equipment,
soak tanks, pallet bins, washer brushes, belts and conveyors. Infected fruit spreads
the disease to sound fruit within the container. The disease develops rapidly at
warm temperatures, with an optimumatifout 27°C.

1.2Postharvest decay control strategies

Occurrence and severity of pdsrvest decays depend on many factors
including the growing region, fruit variety, tree condition, cultural practices, pre
harvest treatments, harvesting method and-pastest handling procedures.

An effective control can be accomplished using an integrated approach to
prevent, reduce, and/or eradicate pathogen infections and disease development
during pre and postharvestages.

Good cultural practices, including adequate fertilization and pest control,
pruning lowhanging branches, use of herbicides to reduce wetness, which results
in lowering pathogen populations and disease pressute gibeosporioides, D.

natalensispP. citri andPhytophthoraspp.Postharvest green nid can be reduced
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by removing fallen fruit under citrus trees since fruit infected WAthdigitatum
produce akborne spores that contaminate fruit surfaces.

Preharvest application of chemicals is amonon and effective practice
for control of certain diseases that occur after harvest. Field application of
fludioxonil and azoxystrobin have been effective in gumtvest decay control
(Zhang,2002.

Harvesting is a major source of fruit injuries, providing infection channels
and nutrients foPenicillium species and. citri-aurantii. Care must be taken to
minimize fruit damage during harvesting. Fruit should not be allowed to come in
contact with thesoil since abrasive soil particles cause injuries during fruit
handling and harbor inoculum d&. citri-aurantii (Brown and Miller, 199%
Harvest time should be delayed for several days after irrigation or heavy rains to

reduce decay and peel injuries.

1.2.1Physical treatments
Drenching

Drencing fruit with fungicides is a common and effective practice to
control postharvest green mould. Thiabendazole and imazalil are commonly used
in the drench treatment for the controlRénicilliumdecays, but have no activity
against sour rot. Chlorine is added to thiabendazole drench suspension to control
G. citri-aurantii, Phytophthoraspecies and thiabendazole resistant strains of
Penicillium species. Recommended concentrations of thiabendazule free
chlorine are 1,000 ppm and 50 ppm, respectively. The optimum pH range of the
drench with chlorine is 6i5.5. Chlorine cannot be added to imazalil drench since
they are not compatible.
However, a heated imazalil drench is used in some packingfauseorks well
since heat can enhance the efficacy of imazalil and it has some sanitizing activity
against sour rot and moulds. Three new fungicides, azoxystrobin, fludioxonil, and
pyrimethanil, that belong to different chemical classes, agbhhieffedive in
managing posharvest citrus green mold and are being registered for postharvest
use in the United States.
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Hot water treatments

The use of hot water treatments was one of the earliest nonchemical
methods of control investigated to reduce postharvest decay. Hot water treatment
are of short duration, easily monitored, leave no chemical residue on the fruit
surface, and pathogens mag eradicated even after they have entered the fruit.
Curing fruit at 3236 °C for 36 to 72 hrs is an effective method for the control of
green and blue mouldBénYehoshuaet al, 192, Stange and Eckert, 1994;
Plazaet al, 2003) Curing stimulates théormation of phenolidype compounds
and lignin resulting in healing of injuries and increased resistance to (isceyl
and Brown, 197p Hot water (5056 °C) treatments including dipping, drenching,
brushing and rinsing reduce pdsirvest decay causeby green mouldBen
Yehoshueet al, 1992 Poratet al, 20@®; Smilanick, 2003).

Immersion of lemons in 3% sodium carbonate at@3%or 30 seconds is a
common commercial practice for control of moulds and sourSwilénicket al,
20@). Ozone isalso used in dump tanks to disinfect fruit in some packinghouses.
The fungicide sodium -phenylphenate (SOPP), the only registered-pastest
fungicide having some activity against sour rot, is often applied for decay control.
Care must be taken to avaigjury to fruit, often caused by prolonged brushing
and excessive brush speddiller et al. 2007). Washing is followed by a potable
water rinse to remove surface contaminants. Fruit is then dried with heated air and

graded to remove defective fruit.

Ultraviolet light (UV)

Low doses of shonwvave ultraviolet light (UVYC, 246280 nm wavelength)
can be used to reduce fungal decay in harvested fruits and vegetables. At low
doses UVC irradiation target the DNA of microorganisms, and for this reason
UV-C treatment has been used as a germicidal or mutagenic ddgenefficacy
of the UV-C treatment is affected by a variety of factors including, positioning of
the fruit in relation to the irradiation source, type of fruit, cultivar or fruit
maturity, whid can cause significant variations in efficadar{isiewiczet al,
2010)
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The detrimental effect of UAC includes tissue structural damage, changes
in cytomorphology and changes in water permeability of inner epidermal cells
(LichtscheidiSchultz, 198h Nevertheless, low doses of WY irradiation
stimulated beneficial reactions in biological organs, a phenomenon known as
hormesis $hama, 2009. It has been reported that hormetioses of UVC can
prolong the postharvest life and maintain the quadtytropical fruits. These
effects include delay of senescence process and fruit ripe@myzélezAguilar
et al, 2007, induction of natural defence and elicitors against fungi and bacteria
(Alothmanet al, 2009.

In addition to the direct germicidal activity, U® irradiation can
modulate induced defence in plants. {@Vcan stimulate accumulation of the
stressinduced phenylpropanoids and PR proteins associated with induced
resistance and reduction of lemon andpgfeuit susceptibility toP. digitatum
(BenYehoshuaet al, 1992; Poraet al, 20(). Increased UMC dose lead to
higher concentrations of the phytoalexin scoparone induced in flavedo tissue
(BenYehoshuaet al., 1993.

In fruits such as apple, peachtras fruits, grapes or tomato, significant
reductions in postharvest decay have been observed after UV treatviison(et
al., 1994; Wilsoret al, 1997; Chalutet al, 1992; Liuet al, 1993; Stevenst al,

2005.

Ozone

Ozone has traditionally bearsed as a water disinfectant throughout the
world (Nickils and Varas, 1992 It can also be used to reduce fungal spore
contamination in water used for handling fruits and vegetables in packinghouses,
and therefore reduce new infectio®sr(ilanicket al, 2002.
Gaseous ozone continuously released at low doses (0.3 or 1 ppm, v/v) is able to
inhibit the sporulation of several important postharvest pathogens of table grapes,
stone fruit, and citrus fruitRalou et al, 200). Sporulation ofPenicillium
digitatum and P. italicum on coldstored oranges or lemons was suppressed

without injuring the fruit.
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Ozonated water, however, has been reported to be not effective in controlling
infections from wounds on pears or citrus fruitscnlated before ozorteeatment
(Smilanicket al., 2003; Spots and Cervantes, 1992).

1.3Fungicide application.

In the packinghouse is one of the most important steps for successful
control of postharvest decayCurrently, the blue and green moulds are controlled
with pre am postharvest applications of fungicides such as sodium
ortholphenylphenate (SOPP), thiabendazole (TBZ) and imazalil (INsB)a(l
and Zhang, 2004; Kinagt al. 2007. These fungicide treatments are effective in
controlling preexisting, established or new infections occurring in pack houses.

Imazalil and thiabendazole are used in an aqueous suspension before
waxing or in the water emulsion wax. Recommended rated a6 ppm for
aqueous application and 2,000 ppm when used in the wax. The higher rates of the
fungicides used in wax are due to the reduced efficacy of fungicde
combinations. Applying heat to imazalil greatly enhances its efficacy in decay
control. Imazalil also has good activity for control of green and blue mould
sporulation and it provides some activity for controAtiernaria stemend rot.

Refrigerated storage and shipping of citrus fruit is an effective measure for
decay control, maintenancefodfiit quality and extension of shelf life. Appropriate
temperatures of storage for citrus fruit depend on many factors including variety,
susceptibility to chilling injury and production region. Recommended storage
temperatures vary with the growing regidn Florida, grapefruit is stored at 10 to
15 °C; tangerines at 4.4C; and oranges at 0 to 1°C. Oranges grown in other
regions such as California, Egypt or Spain are usually shipped and stored at higher
temperatures than those recommended for Flanidages.

Packinghouse sanitation is an important component of the overall strategy
to minimize decay, reduce losses and increase grower returns. Numerous
sanitizers are approved for use on fruit and/or packinghouse equipment and
chlorine is by far the nmg&i commonly used. At a concentration of 200 ppm,
chlorine is effective against most microbial agents, including moulds and bacteria

(Brown and Miller, 1999; Pao and Kelsey, 1989 soak tanks and on the surface
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of fruit. To achieve maximum sanitizing eftefrom chlorine, the pH must be
maintained at 6.8 to 7.0. Quaternary ammonium compounds are commonly used
to sanitize equipment and harvesting containers. Although these compounds are
not approved for direct use on fruit, their regular application irp#ekinghouse
contribute to lowering the inoculum levels and reducing -pastest decay.
Formaldehyde at 1 to 3% is used to fumigate packinghouse storage Broms (

and Miller, 1999 and is effective in eradicating spores of green and blue moulds

as wellas mycelia of the sour rot causing fungus.

Fungicide resistance management

Penicillium resistance to thiabendazole, imazalil and SOPP is a severe
problem since resistant strains develop readily in large populations of spores. A
number of strategies arased to reduce fungicide resistance problems: 1)
sanitation of packinghouses, of storage rooms and use of sanitizers such as
chlorine and quaternary ammonium; 2) rotation and/or mixing of fungicides with
different modes of action; 3) application of brospectrum biocides such as
sodium bicarbonate and biological control agents to fruit before storage; 4)
application of fungicides with specific modes of action immediately before
shipment Brown and Miller, 1999 Pyrimethanil, fludioxonil and azoxystrobin
have different modes of action to thiabendazole, imazalil and SOPP and these new

chemicals could provide more chemical tools to manage fungicide resistance

Non-fungicidal measures to reduce postharvest decay

Some markets require fruit that has not beeatéd with any podtarvest
fungicides. To provide such fruit, care must be exercised in the grove,
implementing proper cultural practices, and during packing, shipping and storage
to minimize decay (proper sanitation of the packinghouse, minimizingasjtw
fruit during harvesting, packing, storage and shippthgs reducing infections

by mdd and sour rot pathogens.

10
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1.4 Biological control.

Postharvest losses of fruits and vegetables are caused to a large degree by
pathogenic microorganisms and affect the cost and acceptability of the product,
reduce storage time, and represent a source of risk for human and animal health
because of the accwtation of cancerogenic mycotoxins in contaminated food.
Losses from postharvest spoilage of fruit and vegetables have been managed
primarily by applying fungicidesHolmes and Eckert, 199®ut often pre and
postharvest treatments are inefficient arghsicant levels of rots occur during
storage, transport and marketing. However, the use of chemicals is becoming
increasingly restricted because of the development of pathogen resistance and
consumer concerns about fungicide residues in the food. Tkesesi have
resulted in an intensive search for safer control options that pose minimal risk to
human health and to the environmentiléon et al, 1999.

Biological control holds great promise of providing safer alternatives to
present postharvestsynthetic fungicides and reducing the health and
environmental hazards that they pose. Use of fungi, yeast and bacteria to control
postharvest decay of several agricultural commodities has been studied and
examples of successful disease control e3#@nigewicz and Korsten, 2002;
Fravel, 2005; Cirvilleri, 20085harmeet al, 2009).

1.4.1Bacteria in post-harvest disease control of citrus

During the last 25 years, the use of bacterial strains to control postharvest
decay of fruits has been extensivelydstd and several strains &acillus,
BurkholderiaandPseudomonaspp. able to reduce disease caused by a variety of
postharvest pathogens were fouartt some of these have been developed into

commercial products.

Bacillus spp.

Several studies focused dBacillus spp. strains as biological control
agents because of their production of brspdctrum antibiotics and their ability
to form resistant endospor@@mmert and Handelsman, 1998) subtilisstrains

have been commerciaéid as a biocontrol agent for field applications, for control

11
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of root diseases and for control of various seedling pathogéesefficacy ofB.
subtilis against fruit diseases was subsequently reported, confirming the ability to
control green mold, sour rot, stem end rot on citrus and brown rot on stone fruits
One of the first studies was reporteg Gutter and Littauerl©@53), who isolated

an antagonisti B. subtilisstrain from the surface of citrus fruit that effectively
inhibited the development of citrus fruits pathogen. The efficacB.o$ubtilis
against fruit diseases was subsequently reported, confirming their ability to
control green mold, soupt, stem endat on citrus(Singh and Deverall, 1984)
and brown rot on stone fruitt/tkhede and Sholberg, 198®. subtilisstrains F1,

L2 and L25, isolated from citrus fruit surfaces, reduced significantly the
incidence of P. digitatum and P. italicum molds on artificially inoculated
"Valencia" and "Shamouti" orange fruit, but were not effective as the fungicide
treatment (quazatine plus imazalil) which gave comept®ntrol of both diseases
(Obagwu and Korsten, 20p3Huanget al, (1992)reported the use ofB. pumilus
strain that showed strong antagonistic activity agatstligitatumin Valencia
oranges, which was as effective as imazalil and was significantly better than
benomyl treatment.

Intensive screening and field testing haled to the commercial
development of diversBacillus strains as biological control agents of interest in
postharvest. Serenade (Agraquest Inc., Davis, CA) base. aubtilis strain
QST713, is labeled for the management of a variety of plant diseadgd(igght,
fire blight, downy mildew, tomato leaf spots) and for the use agBinghereain
grapes, strawberry and stone fruit in -paed postharvest controlPart of the
biocontrol activity of Serenade appeared to be due to preformed antibiotics
contained within the commercially formulated product, in addition to the
production of antibiotics bys. subtilisin vivo. Serenade was also evaluated on
rough lemon for the control of citrus scdfiginoe fawcett), on grapefruit for the
control of melanose(Diaporthe citr), and on tangerine for the control of
alternaria brown spotAlternaria alternatd, and its effectiveness was probably
due to its protective activity based on antagonistic effect8.osubtilis on
germinating fungal sporeé\@ostinietal., 2003.
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Burkholderia spp.

Burkholderiaspecies are widely distributed in the natural environment and
can be found in soil, water, rhizosphere, in humamg] @ the hospital
environment Parke and Guriasherman, 2001 Traditionally, Burkholderia
species are known as plant pathogens, but several of them have been also studied
as biocontrol agentgFridlenderet al, 1993; Hebbaet al, 1998; Parke and
GurianSherman, 2001; Parket al, 1991) Moreover, commercial products
containingB. cepaciastrains are available in the market fantrol of soil borne
pathogensHKravelet al, 199§.

Smilanick and Deni&rrue (1992)reported that @8. cepaciastrain was
capable of suppressing green mold of lemons. An antibiotic producing stfain of
cepacia(ID 2131), tested on a sesodommercial scale, gave good biocontroPof
digitatumon postharevest orang@Huanget al, 1993% Huanget al, 199).

Some studies showed that straindBofgladioli have antagonistic activity against
plant pathogenic bacteria and fun@ittafuah and Bradbury, 198Mao and
Cappellina, 1989; Walkest al, 1996) Recent studies showed that straindof
gladioli have antagonistic activity against plant pathogenicepgctand fungi
including P. digitatumin vitro and on orange and lemon frubquderiet al,
2008.

Pantoeaspp.

Among bacteria used as biological control ageRtmtoea agglomerans
strains formerly known asErwinia herbicola or Enterobacter agglomerans
(Gavini et al, 1989) have been found as effective biocontrol agents of
postharvest diseases. Among thdPantoea agglomeranstrain CPA2 isolated
from apple surface has been reported to be an effective antagonist to the major
postharvest pathogens of citrus and pome fruit (UstHl, 2001; Teixidoet al,

2001; Nuneet al, 2002).

Pseudomonaspp.

P. syringaeis one ofthe bacteria which is actually studied as a biological

control agent on numerous cultivated plants in pre andhaosestP. syringads
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a common epiphytic bacterium on fruit and vegetable crops, capable of producing
several antibioticg¢lacobelliset d., 1992) to induce resistant responses in plants,
(Smith and Metraux, 1991) and to produce biosurfactants that may have
antimicrobial effects facilitating dispersal of the bacterium on plant surfaces
(Lindow and Brandl, 2003)

Strains ofP. syringaehave been reported to be effective as biocontrol
agents againd®. digitatumon citrus (Bullet al, 1997;Cirvilleri et al, 20095 P.
expansumand B. cinereaon pears and applgdanisiewicz and Jeffers, 1997;
Janisiewicz and Marchi, 1998ugar and Spotts, 1998houet al, 2001;Zhouet
al., 2002) M. fructicola and R. stoloniferon peachegZhou et al, 1999) V.
inequalis on apples(Zhou and DeYoung, 1996).coli 0157:H7 on apple
(Janisiewiczet al, 1999) and as agent of induced taince againgtlasmopara
viticola andUncinala necatoon grapgKassemeyeet al,, 1998)

In 1995, the US Environmental Protection Agency (EPA) registered the first
biological control products against postharvest diseases of fruits, BioSave 10 and
BioSaw 11, based oR. syringaestrains ESE€L0 and ES€EL1 (Janisiewiczand
Marchi, 1992. The commercial products were approved for postharvest use on
citrus, apple, and pear fruits against the geBaaytis, Penicillium, Mucor and
Geotrichum(Janisiewiczand Jeffers 1997 Jeffers and Wright1994 Smilanicket al,

1995.

Strains of P. syringae produce two classes of pei@ming
lipodepsipeptide phytotoxins that target host plasma membranes, syringomycin
and syringopeptin. that are synthesised by modular nonribosomal peptide
synthethase.

The production of lipodepsipeptides By syringaestrans has been correlated
with their ability to control postharvest diseases of citrus, apple and pedutuit

et al, (1998) demonstrated tham vivo production of syringomycin is likely
depend on the physiological state of the bacteria and on nutviaitatality and
presence of plant signal molecules . Mo and Gross (1991) suggesteyl eates

are activated shortly after bacterial penetration of host tissues, showing that plant
signals like phenolic compounds and sugars, promote the expressigrngehes

required for syringomycin production.
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Lipodepsipeptides can be detected by PCR amplification using specific primers to
amplify thesyB andsyrD genesg(Sorenseret al, 1998) This analysis has been
applied for the identification and characterization Raf syringaestrains that
produce lipodepsipeptide@Bultreys and Gheysen, 1999%pr identification of
putative antagonisti®. syringaestrains(Cirvilleri et al, 2005)and gems also
useful for markewassisted selection of bacterial BCAs and for tracking the

behaviour of the biocontrol agents in the environment

Mode of actionof biological control bacteria

Although the mode of action of bacterial biological control agents of
postharvest diseases are still incomple@mpetition for nutrients and space,
production of siderophores, antibiotics and hydrogen cyanide or induction of plant
defense mechanisnappear to be significant for many of therCirvilleri, 2008;
Andersoret al, 1988; Bullet al, 1991; Bakkeet al, 1991; Weller, 1988; Beret
al., 2002; Pieterset al., 2001)

The ability of biological control agents to survive and multiply at a
sufficient population level in specific niches of fruit surfaces or fruit wounds after
application increases their capacity to colonize larger areas preventing pathogen
colonization. Cometition for space and nutrients seems to be an important mode
of action of bacterial antagonists in postharvest biocontrol suehagglomerans
CPA-2 (Poppeet al., 2003) P. syringaeESG10 and ES€L1 (Bull et al, 1997)

P. cepaciaLT-4-12W (Smilanick and DenisArrue, 1992. The mode of action
involved in the control of green mold on citrus fruits BysyringaeESG10 and
ESCG11 is mainly due to space and nutrient competitions, as well as to
syringomycin E productiofBull et al, 1997 Bull et al, 1998). AntagonisticP.
syringaestrains occupy wounds on citrus fruits and reduce the disease incidence
(Smilanick and Denig\rrue, 1992;Smilanicket al, 1995)

Biological control based on competition for limited nutrients can be nullified by
increasing the concentrations of nutrien®oppeet al, (2003) observed this
phenomenon foP. agglomeran€PA-2 which clearly reduced the germination of
Penicillium conidiawhen diluted orange peel extract was the nutrient source, but

not in undiluted orange peel extract thus indicating that competition for nutrients
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may play a role but not at high nutrient concentratith&gglomeransCPA-2

was unable to produce antibiior chitinolitic enzymes, and no significant
increase in phenyalanin ammonia lyase and peroxidase activities were observed
after orange inoculation with CR2 in presence or absence of the pathogen
(Poppeet al, 2003)

Antibiosis is an important mechann that has been suggested to operate
also on postharvest biocontrol. Some of the most active antagonistic bacteria
produce antibiotics, whose action, at least partially, determines their effectiveness.
However antibiotic production, as demonstrated thinoungvitro assay, is not
necessarily correlated with the inhibition ability of the pathogensvo (Fravel,
1988)

Pyrrolnitrin, an antibiotic with broadpectrum antifungal activity firstly
isolated fromPseudomonas pyrrocin@rima et al, 1964)and subsequently from
several strains d?seudomonaandBurkholderiaspp., has been suggested to play
an important role in postharvest biological cont(danisiewiczet al, 1991;
Roitmanet al, 1990) This antibiotic was isolated, purified and ideetif in theB.
cepaciastrain LT-4-12W (Janisiewicz and Roitman, 1988 biological control
agent for apple and pe@ranisiewiczet al, 1991) citrus (Smilanick and Denis
Arrue, 1992) and stone fruit{Smilanick et al, 1993. However, the role of
pyrrolnitrin in biocontrol is not clear, sincB. cepaciastrain LT-4-12W still
provided substantial control of blue mold decay on oranges inoculated with
pyrrolnitrin resistant mutants d®. italicum (Janisiewicz and Korster2002.
Smilanick and Denig\rrue (1992) likewise showed that pyrrolnitriresistant
isolates ofP. digitatumwere controlled by pyrrolnitrin producing strain Bf
cepacia.Studies on the mechanism of action indicated that pyrrolnitrin may have
systemic activity in mammal€ordee and Thoma$969 and may inhibit fungal
growth by inhibiting the respiratory electron transp@rtipathi and Gotthieb
1969. Moreover, pyrrolnitin deficient mutant still protected orange fruits against
green and blue mold#lezianeet al., 2009.

Production of cyclic lipodepsipeptides (LDPs) By syringaestrains has
been correlated with the ability of bacteria to control plant diseases chysed

postharvest fungal pathogefull et al, 1998. Pseudomonas LDPs proved to be
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quite effective in the growth inhibition of a wide array of fungi and bacteria
(Lavermicocceet al, 1997)and clinically important fungal pathoge(Sorensen

et al, 1996. In addition to their antifungal properties, the cyclic
lipodepsinonapeptides syringomycin E, syringotoxin B, and syringostatin A
caused erythrocyte lysi¢Sorensenet al, 1996. Syringomycins (SRs) are
significantly more toxic to fungi than to plantdiges and bacterigacobelliset

al., 1992, while syringopeptins (SPs) are more phytotoxic. It has been
hypothesized that the low activity of SP on fungi foundvitro is due to the
barrier effect of the fungal wall, and that the efficacy of this toxmsivo is
mediated by the action of enzymes capable of increasing cell perme@lmlity

et al, 1996. Recently, a marked synergism between antimicrabjehgomycin
SRE and syringopeptin SPZBoduced by antagonistieé. syringaestrains and
chitinages and glucanases from antagoni$tiharzianunstrainsin the inhibitian

of several pathogenic and npathogenic funghas been show(Foglianoet al,
2002)

The role of syringomycin E in biocontrol & syringaegESG10 and ESE
11 (BioSave) is in doubt because efforts to isolate this compound from fruit
wounds treated with the antagonist have been unsuccessful, and rapid growth and
colonization of the wounds suggests that competition for nutrients and space may
play a major rol¢Bull et al, 1997 Bull et al, 1998)

Syringomycin and syringopeptin are synthesized by nonribosomal peptide
synthetases which are encoded by the syringomggin énd syringopeptinsip
genomic island of Pseudomonas syringa@v. syringae Previous studies
demonstrated that expression of syesypgenes was controlled by tealA-syr-
regulatory pathway, which in turn was induced by plant signal molef{ibang
et al, 2006) Differential regulation of bacterial genes critical to biological control
by plant signal molecules may alter biological contusding genetic tools, it will
be possible to investigate the requirement of syringomycin E production for

biological controland to determine if this antibiotic is produced in wounds.
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1.4.2Yeastsin post-harvest disease control of citrus

Several type of yeastsolated from the surface of fruits and vegetables
are reported as alternative methods to contpmstharvestdiseases for their
capability to grow rapidly, colonize the fruit surface, use nutrients of the surface
and proliferate very fast limiting nutrient availability to pathogeRglfard and
Prusky, 2002), produce exicellular proteins that block the growtbf the
pathogens propaguled/(sniewski and Wilson, 1998harmeet al, 2009).

Among the mechanisms that have been reported to play a significant role in the
biocontrol activity of antagonistic yeasts, interaction between yeast and post
harvest pathogens involved. It has been suggested that attachment of the yeast
to fungal hyphae and production of extracellutaccharidgsand extensive
production of extracellular enzymesuch asgluconase, chitinase, proteinases
may play a key role by either enharg nutrient competition or by giving the
ability to degrade the pathogen cell wall, or by some other undetermined
mechanismsJ{akli and Lepoivre, 1998; Chan and Tian, 2005

Several yeasts have been reported to be effective as biocontrol agents on
citrus. Pichia anomalaand Pichia gulliermondiiare two yeasts commonly used
for controlling postharvest green mold of citrus fruitLghlali et al, 2004;
20011a; 2011b; Wilson and Chautl®0). Debayromyces hanserias been
reported to control green and blue mold of citrus fruBingh, 2002
Metschnikowia fructicolaand M. pulcherrimahave been described as effective
biocontrol agents again$t. digitatum(Kinay and Yildz, 2008 and P. italicum
(Droby, 2006 on ctrus. Kloeckera apiculatastrain 349 provided a good
application of controllingP. italicumon citrus [onget al, 2006; 2007).

Some yeast strains produce extracellular protein toxins designated as
Akill ero proteins or k isdnditieer mictolmak ¢eliss whi c
(Hemandezet al, 2008; Schmitt and Breinjg2002. Killer protein production
appears to be a widespread characteristic among yeast species of different genera
including Saccharomyces, Hansenula, Kluyveromyces, Piatoaferring an
ecological advantage over their competit@sritini et al, 2009; Maglianiet al,

2008. Among the species with a killer phenotypéckerhamomyces anomalus

(formerly Pichia anomalx NCYC 434 has been extensively studied and its killer
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protein, Panomgocin, has been suggested as a potential antifungal @gguat

and Altinbay 2004, Izguet al, 2011) FurthermoreW. anomalusurrently has

QPS (Qualified Presumption of Safety) status from EFSA (European Food Safety
Authority) and this has benefits iterms of public perspectives of food
biotechnology and acceptability of novel microorganisms in fo®dndh and
Melin, 2010).

1.43 Fungi in post-harvest disease control of crus fruit

Other promising microorganisms that have potential to protect citrus fruit from
disease are the imperfect fungi in the genushoderma They are worldwide in
occurrence and easily isolated from soil, decaying wood, and other forms of plant
organic matter Rapid growth rate in culture and the production of numerous
spores that are varying shades of green characterize fungi in this genus.

Several mechanisms are employedTbighodermaspp. as biocontrol tools of
plant diseases pathogengichodermaspp. have been reported to compete for
nutrients, secrete antifungal compounds, parasitize fungal pathogens, and induce
systemic resistance in the host plaHafmanet al, 2004 2001; Whipps and
Lumsden 2001). The parasitic activity ofTrichodermais meliated by the
production of cell waldegrading enzymes (CWDEs) and of antibiotics such as
gliotoxin (Haranet al,, 1996; Lorito, 1998; Zhihet al, 1998; Chet, 1987).

In addition, the treatment witfirichodermaspp. can have indirect effect on
controling pl ant pat hogens by incréaweli ng pl al
2003; Harman2000)

Trichoderma spp. have been used also to control postharvest pathogens,
including Botrytis cinereaon grapes, apples, strawberries and cucumBrrsd(s,
1984; Harmaret al, 1996; Tronsmo and Raa, 1977; Batta, 1999; Eladl,
1993 Colletotrichum gloeosporioides Botryodiplodia theobromae and
Gliocephalotrichum microchlamydosporumn rambutan fruitsSivakumaret al,
2000) andP. digitatumon orange fruits (Diaz and Vila990).
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1.44 Commercial biological products

Some antagonistic microorganisms are constituents of commercial
products for postharvest usBio-Savé™ 10LP and BieSaveTM 11LP (JET
Harvest Solution, Longwood, FL, USA) based on the bacterial strainslB%@d
ESG11 of P. syringae respectively; AspirgEcogen, US) based on the yeast
Candidaoleophila; Serenad¥® (AgraQuest, Davis, CA, USA) based on #imin
QST 713 ofBacillus subtilis(Ehrenberg) Cohn; YeldPIU% (Anchor Yeast, Cape
Town, South Africa) based on the ye@syptococcus albidugSaito); SheméP
(Bayer CropScience, AG) registered in Israel and based the yeast
Metschnikowia fructicold&urtzmanandDroby.
The two biocontrol productsCandida oleophila(Aspire) and Pseudomonas
syringae(BioSave), were registered by the #BA for commercial postarvest
treatment of citrus fruit for control of green and blue mouBl®\Wn and Miller,
1999. The biocontrol agents show preventive activity agddesticillium species
with limited or no eradication activity when compared to imazalil and
thiabendazoleThey are not compatible with wax, soaps or sanitizers such as
chlorine. These bifungicides might have potential for the control of fungieide
resistant strains d?enicilliumspecies. They are acceptable for use on citrus when
customers require neuse of posharvest chemicals, chemieaée citrus.

At present, Biosave is still available dne market for postharvest use,

whereas Aspire andieldPlusare no longer available.

1.5 Chemical inducers of resistance

Induction of resistance appears to be another approach for the control of
postharvest disease of fruit. Some chemical inducers of resistance, such as
acibenzolassme t hy | takiBoldtyric aéid (BABA), and chitosan, have

been shown to enhance defenegponses in fruit and to reduce disease incidence.

1.5.1Acibenzolar Smethyl (ASM) in post-harvest disease control of citrus
Acibenzolar Smethyl (ASM), a functional analogue of salycilic acid (SA)

(Tally et al, 2000)is perhaps the most potent synthetic activator of SAR, the

inducible defence mechanism that play an important role in disease resi#itance.
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is commercialized in several countries, includitigly (commercial name
BionTM), where it can be used on tomatoedacco, cucurbits, pear and hazelnut
trees. It could be consider as crop protection agent because it is not phytotoxic and
increase the resistance.

ASM do not show any antimicrobial activity in vitro and activate
resistance against the same specty@atiogens as the biological inducers of SAR
(Oostendorpet al., 200)).

Acibenzolar has effective role of elicitor in both monocotyledd@asriachet al.,
1996 and dicotyledonsTally et al, 200Q when applied as a foliar spray.

Huanget al (2000 havedemonstrated that pfeowering spraytreatment
with acibenzolar on melon leaves significantly reduced incidence and severity of
postharvest fruit diseases causedHusarium, Alternaria,Rhizopusafter low
temperature storage of the frulthe same reseeh also reported no ASM activity
against mycelial growth of the fungi testedvitro. Authors thus hypotethesised
that ASM was able to decrease postharvest disease in melon after foliar
application by activating lontasting systemic resistance in theuifr They
suggested a strong possibility that ASM or a second messenger affects fruit
generating cells in the flower. Rapid uptake from foliar sprays is followed by
metabolic conversion in plants to a closely related products that moves up and
down throudp the floem. Binding to receptor sites throughout plants is presumed
to precede the known activation of genes and the accumulation of proteins which
different consequences, including impediments to pathogen penetration,
hydrolysis of components of fungabils, more rapid cell reaction to infection.

In mango Mangifera indical.) fruit, salycilic acid treatment induced
significant increases in the activities of several pathogenglsited (PR) proteins
and other defenseelated enzymes, such as phenylalanammonidyase and
peroxidase, and in the generation rate of reactive oxygen species, and inhibited
anthracnose rot caused Gylletotrichum gloeosporioidgZenget al., 2006.

In the Yali pearPyrus bretschneidefRehd.), ASM treatment significantly
increases the activities of phenylalanine ammdyaae, peroxidase, chitinase and
superoxide dismutase, and reduced the incidence and the area of lesions caused by
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P. expansun{Cao et al, 2005, with similar results oained for ASMtreated
peach Prunus persicd..) fruit (Liu et al, 2005.
The activation of defense responses has also been reported as one of the
mode of action (and sometimes the main or unique mode) of ASM €t al,
2005; Liuet al, 2005; Zhuwet d., 2008) and BABA (Poragt al, 2003) inseveral

fruit-pathogen interaction.

1.5.2b-aminobutyric acid (BABA) in post-harvest disease control of citrus

Aminobutyric acid (BABA) is a noiprotein aminoacid, which induces
resistance against a broad rargdediseasecausing organisms, including fungi,
bacteriayiruses and nematodeSdhen, 2002; Cohen, 2001; Jalafal, 2001).

Most of the studies describing the phenomenon of BABRAIced disease
resistance were done in annual weedy plant spexseecially those belonging to
the Solanaceae family, such as tomato and potato, and to the Cucurbitaceae
family, such as tobacco, pepper, cucumber and mélohgh, 1994; Cohen and
Gisi, 1994; Honget al, 1999; Siegristt al, 2000) In additon, it wasreported
that BABA induced disease resistance in other weedy species such as
Arabidopsis cotton, cauliflower and sunflowet ¢si et al, 1998; Zimmerliet al,

2000; 2001; Siluet al, 2003.

More recently, it was demonstrated that BABA may also indiisease
resistance in woody plants, such as grapeviGebénet al, 1999; Reuvenret al,
2002.

However, as far as we know, no report is yet available regarding the
effects of BABA on the induction of disease resistance in fruit tissues.

The reductia in disease incidence that follows the application of BABA
must result from its effects on the induction of pathogen defense responses in the
host, since the compound itself did not seem to have any direct antifungal activity
and did not affect the growtbf various pathogens vitro (Cohen, 1994; 2001;
Cohenet al, 1994; Sunwoet al, 1996; Toset al, 1999.

Moreover, in many cases, BABA induced systemic resistance: application
to the root system or to the lower leaves of the plant induced pathogen resistance

22



Introduction

in other distant notreated portions of the plan€¢hen, 1994; Hongt al, 1999;
Okaet al, 1999;Silueet al, 2003.

It was concluded that BABA protects plants from infection by potentiating
pathogerspecific resistance mechanisr@sngmerli et al., 2000; 2001

The mode of action of BABA in inducing plant pathogen resistance is not
yet fully undersood. However, several reports indicated that BABA activated
pathogenesiselated (PR) protein accumulation. For example, BABA induced
PR-1a, chitinase, anfl-1,3-glucanase protein accumulation in pepper, tomato and
tobacco Cohen, 1994; Coheat al, 1994 Hwanget al, 1997; Siegriset al,
2000.

On the other hand, although BABA increased disease resistance it did not
induce PRprotein accumulation in cauliflowerArabidopsis or tobacco,
suggesting that activation of RRoteins cannot be its only mod# action
(Cohen, 1994; Jakadt al, 2001; Silueet al, 2003.

Other host pathogen defense responses that were reported to be induced by
BABA include induction of the hypersensitivity response, callose deposition and
lignin accumulation Cohenet al, 1999; Siegristet al, 2000; Zimmerliet al,
2000.

In any case, BABA may induce pathogen resistance in plants either
through the activation of a signaling pathway that is dependent on salicylic acid
(SA) or through the activation of a novel signalicagscade that is not dependent
on the SA, jasmonic acid (JA) or ethylene signaling pathwZyanerli et al,

2000; 2001

In grapefruit Citrus paradise Macfad.), BABA treatment induced

resistance againgtenicillium digitatum (Pers.) through enhancemeftchitinase

gene expression and phenylalanine ammdbyaae activity Poratet al, 2003.

1.5.3Chitosanin postharvest disease control of citrus

Chitosan is obtained from the deacetylation of chitin, and consists of
p ol y me-i4glua$amibesubunits PalmaGuerrercet al, 2009.

The antimicrobial activity of chitosan and its derivatives (eg,

glycolchitosan or carboxgnethyl chitosan) depends mainly on the degree of
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deacetylation, pH of the medium, temperature and the presence of food
comporents (anisiewicz 2010. Chitosan has numerous physiological and
biological properties in industries such as agriculture, food, biotechnology,
pharmacology, medicine, cosmetolg@autistaBanoset al, 2009.

Chitosan has dual function: working as fustgtic and as a biostimulant.

Numerous previous studies have shown that chitosan could directly inhibit
spore germination, germ tube elongation and mycelial growth of many
phytopathogens, such &wotrytis cinerea(Chienet al, 2009, Fusarium solani
(Eweis et al, 2009, Rhizopus stolonife(Hernanded.auzardoet al, 2009,
Penicillium(Chienet al, 200§ andSclerotium rolfsiiEweiset al, 200§.

Chitosan is able to create a sgmermeable film, used as an ideal
preservative coating for fresh frtand vegetables because produce a coating on
the surface of treated fruit, also inhibits the growth of fungi because stimulate
defensaesponsegRomanazzet al, 2006).

Chitosan is an exogenous elicitor, and chitin oligomers have been reported
to stimulate systems involved in resistance, such as lipoxygenase, phenylalanine
ammonia | yase ac-1,3glucahaseeand phendiic tcompoand,e ,
synthesis of phytoalexins and induction of lignificatidda(tistaBanoset al,

2006.

Chitosan at lev molecular weight has been reported to control-pastest
diseases of citrus fruitChien et al, 20073. Low molecular weight chitosan
coating beneficially influenced firmness, total soluble solid content, titratable
acidity, ascorbic acid content andater content of citrus fruit after 56 days of
storage at 15C.

The combination oandida saitoanavith glycolchitosan was more effecting in
controlling decay of apple and citrus fruit th@h saitoanaor glycolchitosan
treatment aloneH]-ghaouth and Wson, 1997.

Verticillium lecaniias well as chitosan are equally capable of inducing a
striking response . digitatuminfected citrus fruits when exogenously applied
prior to fungal infection. Although it is clear that reduction of disease incidence

results from the synergistic action of several mechanisms, the induction of a
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specific host response appears to play arkds in the control of citrus green
mold byV. lecanii(Benhamou, 2004

1.6 Bicarbonate and carbonate saltsin post-harvest disease
control of citrus.

Sodium carbonate, sodium bicarbonate, calcium chloride, and ethyl
alcohol are GRAS substancisquently utilized in integrated biological control
programs Janisiewicz and Korsten, 2002

Sodium bicarbonate (SBC) (NaHGMaking soda) and sodium carbonate
(SC) (NaCG0;s;, soda ash) are common food additives permitted by the United
States Food and Drug Administration with no restrictions.

The effect of the SBC and SC treatments are to delay spore germination
since they have only fungistatic effect. They can be usefus tooinanage citrus
postharvest decays because in addition to their considerable antimicrobial activity,
they are inexpensive, readily available, and can be used with a minimal risk of
injury to the fruit Usall et al, 2008. Several reports suggest thikadinization of
the fruit surface with alkalyzing agents, e.g., NaHC®@ould provide an
attractive approach for control of acidifying pathogens sucR.axpansum, P.
digitatum and P. italicunfPoratet al, 2002; Smilaniclet al, 1999 2009.

For the future prospective exists the possibility that through genetic
engineering and conventional background
and vegetables that have epiphytic populations that make them more resistant to

postharvest.

1.7 Combined treatments.

Several studies have demonstrated that the efficacy in biocontrol of
postharvest pathogens can be increased by the use of combinations of
microorganisms or their metabolites.

Mixtures of complementary and n@ompetitive antagonists have ader
spectrum of activity (different fruits and cultivars) and can control more than one
disease simultaneously, thus providing a larger protection than when used alone.

In this case, the antagonistic action will result not from the activity of one species
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but rather from the action of a community of microorganisms that suppress a
target pathogen through different mechanisms of action.

Furthermore, in a mixture, the presence of an antagonist could improve the
efficacy of the other biocontrol agent. For exde) bacterial biocontrol agents
could utilize the nutrients released by chitinolytic enzymes from hyphae of target
fungi for proliferation, and the subsequent increase in bacterial populations should
enhance their ability to act as biocontrol agents tbai al, 1993). Combination
of cyclic lipodepsipeptides produced I syringaeand cell wall degrading
enzymes fronTrichodermastrainssynergistically enhances the antifungal activity
of PseudomonakPDs, by facilitating their access to the cell membesa

The application of antagonist mixtures has reduced variability and improved
efficacy of biocontrol in many systems, some of which include pathogens that
infected fruits.

Janisiewicz(1988) showed thaB. cinereaandP. expansunmots of apple
were simultaneously controlled with mixtures of antagonistic bacteria
(Pseudomonaspp.) and yeastAcremonium breye and that the antagonistic
strains were less effective when tested separately then when applied in mixture.

Leibinger et al (1997) demonstrated that mixtures @fureobasidium
pullulans Rhodotorula glutinisandB. subtilis,applied to apple trees, reduced the
size and the number of lesions causedPbgxpansumB. cinereaand Pezicula
malicorticis to a greater extent asompared with the same strains applied
individually. These results were in agreement with those of Janisiewicz and Bors
(1995) who demonstrated th&. syringaeand Sporobolomyces roseustrains
controlled blue mold on apple more effectively when mixeghtivhen applied
separately. The broad nitrogetilizing capacity ofP. syringaeand the broad
carbonutilizing capacity ofS. roseunallowed both antagonists to form a stable
community dominated b¥y. syringaein carbon rich apple and pear woun8s.
plymutica strains 1C1270 and IC14 were applied separately and in combination on
oranges, and green and blue mold control increased when both bacterial strains
were combinedMezianeet al., 2006).

Compatibility between BCAs is also important. For example, when

applied on apples in combination wiih subtilis, populations ofA. pullulans
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were reduced and the mixture was slightly less effective than mixture of
pullulans and R. glutinis Similar results were obtained when antagonigtic
syringaeandS. roseunstrains were applied in mixture on apples: populations of
S. roseumwere lower when applied with the bacteria than when applied alone
(Janisiewicz and Bors, 199%ut the mixtureenhanced biocontrol ¢f. expansum

on Golden Delicious apples compared vatitagonists applied separately.

However, the effectiveness of microbial antagonists depends upon the
concentration of the antagonist, concentration of salt additive(s), their
compatibility and duration and time at which they are applied. Usually, the
cultures should be applied well before the initiation of infection process (Barkai
Golan, 2001).

For the most effective control of decays, biological control can be
integrated with other alternative methods. This approach includes the utilization
of abiological control agent in combination with substances Generally Regarded
as Safe (GRAS) or other methods. Sodium carbonate, sodium bicarbonate,
calcium chloride, and ethyl alcohol are GRAS substances frequently utilized in
integrated biological controlrpgrams El-Ghaouthet al, 2004;Janisiewicz and
Korsten, 2002J)anisiewiczet al, 2010.

In combining SBC or SC with any antagonist, it is important that the antagonist is
compatible with the carbonate solution and able to proliferate in fruit woands i
their presencel@nisiewiczt al, 2010.

Sodium carbonate and sodium bicarbonate have been reported to reduce
conidial germination oP. digitatumandP. expansungJanisiewiczet al, 1998
Smilanicket al, 1997; Smilaniclet al, 1999) and development d?. digitatum
andP. italicum,with reduction of up to 90% in the incidence of both molds after
fruits treatmentgPalouet al, 2007). Treatments of 3% sodium carbonate w#th
syringaeESG10 were superior to treatments alone in aaghirg green mold on
citrus(Smilanicket al, 1999.

Several isolates oBacillus subtilis were evaluated for control of green
mould and blue mold on citrus fruits. While one of the antagonist isolates or SBC
alone reduced decay toi12D%, thecombination resulted in complete control of

both diseasesObagwu and Korsten, 20P2A significant increase in biocontrol
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activity of B. subtilisstrains F1, L2, and -8, antagonists of citrus green and blue
molds, was observed when the antagonists wawmbined with sodium
bicarbonate (83% for 2 min) orwhen were applied flowing hot water treatment
(45°C for 2 min)(Puseyet al,, 1986.

The antagonisPantoea agglomeranSPA-2 combined with SC and SBC
reduced incidence of green mold from approximately 90% among control oranges
to 55% and 25%, respectively after treatment with SC and SC + the antagonist,
and 60% and 40%, respectively after treatment SBC and SBC + the rastago
(Usall et al, 2009. The efficacy ofP. agglomerangor the control of green mold
of oranges was improved when combined with bicarbonate, or baking soda
(TeixidG et al, 2001)

The control of postharvest fruit rots achieweth antagonistic bacteria
might be improved when combined whieat treatmentd_urie, 1998) Biocontrol
activity of Pseudomonas glathetrain ID 2859 was significantly enhanced when
citrus fruits were incubated at 30°C for 24 h aRedigitatuminoculation (Huang
et al, 1995. The heat treatment retarded the fungal spores germination, and the
antagonistic bacterial cells multiplied quickly before infection occurv&tile
heat treatment acts as an eradicant significantly reducing the pathogen population
on the fruit surface, it provides little residual protection. The residual (protectant)
protection from the antagonist adds to the control provided by the heat meatme
to provide a complete decay control strategy. Since biocontrol of postharvest
diseases has little eradicative activity, a combination of hot water treatment
followed by biocontrol would be effective in providing both eradicant and

protectant activities.

1.8Induction of disease resistance.

When a plant detects pathogen attack, several mechanisms of resistance, such
as systemic acquired resistance (SAR) and induced systemic resistance (ISR) are
activated. Several pathogenesated (PR) proteins, includeéd SAR group,
have antfungal and antbacterial action, so that over expression of genes
codifying products with antifungal activity is one of the strategies to improve

plant defense against fungal attattkshould be mentioned that these processes
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have mostly been studied in vegetative organs of plants, while mature fruits have

received less attention.

1.8.1Systemic acquired resistance (SAR)

SAR is major mechanism of induced defence that may confefldsitigg
protection against a broad spectrofmmicroorganisms (van Looet al, 2006),
and it is characterised by the accumulation of SA and by the expression of PR
genes (Hammerschmidit al, 2001), such as chitinase (CHI1) and glucanase
(GNSL). SAR refers to a distinct signal transduction pathway that plays an
important role in stimulation of plant resistance system against pathogens after
initial contact with the pathogen (Ryasal, 1996). It is activated systemically in
induced plants flowing localized inoculation with pathogens which can be
viruses, bacteria or fungi (Kuc, 1982; Kessmahal, 1984). SAR is mediated by
salicylic acid (SA), a compound which is frequently produced following pathogen
infection like asignaling moleculesenvironmental stressemnd activedefense
reactions against pathogen invasion (Dumteal, 1997; Terry and Joyce, 2004).
Plants, when appropriately stimulated, are able to substantially enhance their
defensive capacity in eithe8A-dependent or SA irgpendent manner, both
leading to an increased protection against various types of pathogens (Pieterse and
Van Loon, 1999) The development of SAR is associated with various cellular
defence responses. These include synthesis of pathogesiatisl (PR) mteins,
phytoalexins, accumulation of active oxygen species (AOS), rapid alterations in
cell walls, and enhanced activity of various deferedated enzymesThe
association SAR of with PRs has led to the hypothesis that accumulation of PRs is
not a prereqgisite for the induction of resistance, but that PRs contrilboitthe
protective state (Vandon, 1997).

1.8.2Induced systemic resistance (ISR)

ISR depends on responsiveness to the plant hormones jasmonic acid (JA)
and ethylene (Beckers and Conrath, 2007) which are produced following
applications of some nonpathogenic rhizobacte&i@@monates play an important

role as signal molecules in plantfelece responses against pathogen attack,
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induce the synthesis of antioxidants such as vitamin C, phenolic compounds, and
increase the activity of enzymatic antioxidant syst€hafjirakulet al, 2009.
Enhancement of ethylene production commonly occursnost diseased or
injured plants (Williamson, 1950). Ethylene is an important plant hormone in
many developmental and stress processes, and exerts its signaling role through
regulation of its biosynthesis, perception, and signal transduction, to modulate a
wide array of responses that include gene expression changes é\ng002).

As applications of SA prime cells for rapid expression of defense genes
upon invasion by pathogens, the activity of applied JA and MeJA depends on the
subsequent action of ethylene (Walling, 2001). There can be signaltalioss
between SAand JAinducedpathways resulting in additive or synergistic effects
(Bostock, 2005). Application of SA and MeJA induces resistance to various
pathogens in different fruits, including resistance to brown rot (caused.by
fructicola) and blue mould (caused I expansumin sweetcherry {fao and
Tian, 2005; Charet al, 2008) fungal decay in papaya (Gonzal&guilar et al.,

2003), anthracnosgaused byColletotrichum cocode} in tomatoes (Tzotzakis,
2007), anthracnose (caused 16 acutatun in loquat fruits (Cacet d., 2008),

green mould (caused I digitatun) in grapefruits (Drobet al, 1999)and apple
decay (Saftneet al, 1999).

1.8.3Reactive oxygen species (ROS)

Another mechanism involved in plant disease resistance for protection
against attack opathogens such as fungi, bacteria and viruses, and also against
adverse environmental conditions, is the production of reactive oxygen species
(ROS). The transient and rapid production of ROS, including superoxide,
hydroxyl radical, and kD, is the firstsignal of HR. HO, increases biosynthesis
of gluthationeS-transferase (GST) and gluthatione peroxidase (GPX), involved in
resistance to pathogen infection. Since jasmonates (JA) are important signal
molecules involved in ISR, phenylalanine ammelgase PAL) is responsive to
stress conditions in plants and it results activated by the JA/ethylene pathway. The
involvement of PAL gene expression and the synthesis of phenylpropanoid

derived compounds have been reported previously in the citrus response to
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biocontrol agents and to the citrus postharvest pathdgenicillium digitatum
(Ballesteret al, 2006; GonzaleCandela®t al, 2010; Mittleret al.,, 1999).

1.8.4Pathogenesis related proteins (PRS)

Plant PR proteins are defined as proteins encoded by host plants that are
induced in pathological or related situations, and represent major quantitative
changes in soluble protein during the defense response (vanetain 1994;

Stintzi et al, 1993).In incompatible hospathogen interactions, damage caused
by the pathogen remains defined as result of the plant defensive response. This
response is associated with a coordinated and integrated set of metabolic
alterations that are active in impeding hat pathogen ingress, as well as in
enhancing the capacity of the host to limit subsequent infection by different types
of pathogens\{an Loon, 1999). Pathogenesielated proteins (PRd)ave two
subclasses: an acidic subclass, secreted to cellular spatey vacuolar basic
subclass (Kitajima and Sato, 1999). Signaling molecules mediate induction of PR
proteins in plants during pathogen infection including SA (salicylic acid) for
acidic PR genes as well as ethylene and MeJ for bR&aenes (Kitajima and

Sato, 1999). In additionPR genes (basic in general) also are present
constitutively in some plant organs or tissues, including roots, leaves and floral
tissues.

PR proteins were first classified into ARto PR5 families, based on
serological propemis and later on sequence data; more recently PR proteins
comprise a large group of 17 protein families, even thougHl®R PR17
families have been recognized (van Latral, 2006).

Antimicrobial activities have been demonstratedvitro for members of
PR protein families through direct hydrolytic activities on cell walls and contact
toxicity; whereas indirect activities perhaps avoid an envelopment in defense
signaling (van Loonet al, 2006). Ten PR families are recognize as direct
activities against fungi pathogens (ARPR2, PR3, PR4, PR5, PR8, PR11,

PR 12, PR13, PR14 families)(Tah 1).
Development of induced resistance in plants is also associated with the

coordinate expression of a complex set of PR proteins, &d | e dg emMEAR
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(Conrathet al, 2001). The enzymatic activities of several PR proteins have been
identified and include 1;8lucanases (PR) and chitinases (PRB), which possess
direct antimicrobial activity by degrading microbial cell wall components (Van
Loon, 1997). Some plant dimases also have lysozyme activity and can therefore
hydrolyse bacterial cell walls (Bollet al, 1983; Heitzt al, 1994). Furthermore,
breakdown products of pathogen and/or plant cell wall components released by
the activity of these enzymes have mabown to act as elicitors of plant defence
responses (Van Loon, 1997). The expression of PR genes and the associated
accumulation of the encoded PR proteins have often been considered as the
molecular basis of induced resistance. A correlation was alsodf between
induced resistance and accumulation of chitinase.

b-1,3-glucanases (GNSAhre PR proteins involved in plant defence against
pathogen attack; they are able to hydrolyze-ft[3-glucoside a compound
present in the constituent of fungus cell walhis ability to hydrolyze 1;3b-D-
glucoside inhibites directly fungal growth (Poreit al, 2002). These families
proteins are also able to synthesis lignin and phytoalexins €¥al, 2002). The
activation of b-1,3-glucanases may stimulate the se@ydplant pathogen
defence responses and the over expression of this gene may determine in the
tissue more resistance to pathogen attack Eflal, 1994).

Chitinases (CHI) catalyse the hydrolysis of chitin, a major component of
cell walls of phytopathagnic fungi, and serve as potent inhibitors of fungal
growth (Lorito and Scala, 1999This enzyme is involved in the synthesis of
lignin and phytoalexins. The activity of CHI can be stimulated by wound in the

tissue of fruit, infection of tissue with patipens, exposition to ethylene.
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Family Type member Properties Gene symbols

PR1 Tobacco PRL° Unknown Yprl

PR2 Tobacco PR2 d1,3-glucanase Ypr 2, [ Gns

PR3 Tobacco P,Q Chitinase type Ypr3, Chia

LILIV,V,VLVII

PR4 Tobacco ORO Chitinase type 1,1l Ypr4, Chid

PR5 Tobacco S Thaumatinlike Ypr5

PR-6 Tomato Inhibitor | Proteinasénhibitor Ypr 6, Pis

PR7 Tomato R Endoproteinase Ypr7

PR8 Cucumber chitinase Chitinase type llI Ypr8, Chib

PR9 Tobac c oforinihgpgemion i + Peroxidase Ypr9, Prx

PR10 Parsl ey APR1O Ribonucleasdike Yprl0

PR11 Tobacco ficl ass Chitinase, type | Yprll, Chic

PR12 Radish RAFP3 Defensin Yprl2

PR13 Arabidopsis THI2.1 Thionin Yprl3, Thi

PR14 Barley LTP4 Lipid-transfer protein Yprl4, Ltp

PR-15 Barley OxO2 (germin) Oxalate oxidase Yprl5

PR-16 Barley OxOLP Okalateoxidaselike Yprl6

PR17 Tobacco PRp27 Unknown Yprl7

Table 1.Families of pathogenesis related proteins (van Letaal, 2006).

1.8.5Induction of resistance againsPenicillium digitatumin citrus fruit
Thei ncrease of the fruitds indutiouaf a l

resistancehas attracted great interemt a means to reduce the use of chemical

fungicides during posthargehandling and storage of fr@hd has been proven to

be effective in laboratory and field trials cases (Tian and Chan, 2004).

In fully mature citrus fruit, increased resistance agaipstdigitatum

infection can be achieved by application mfysical (Kim et al, 1991; Ben
Yehoshueet al, 1992; Rodo\et al, 1992; Drobyet al, 1993; Arcast al, 2000),
chemical (Porat et al, 2001; 2002; Venditti et al, 2005), orantagonistic

microorganisntreatments (Arras, 1996; Fajardbal, 1998; Drobyet al, 2002).

The efficacy of these treatments in elicitimgluced resistance is variakded in

many instanceslepends on the maturity of the fruit.

Treatments include UV irradiation (Droley al, 1993;Poratet al, 199%)

and hot water rinsing and brushing (Patgl, 2000); the application of natural

compounds such as the plant growth regulator jasmonic acid (JA) (Btaddy

1999) ,

c hi

t osan

(Benhamou,

2atnidebytyrica n d
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acid (BABA) (Poratet al, 199%); and use of the biocontrol yeast antagonists
Candida oleophilgDroby et al., 2002).

Induction of plant pathogen resistance is a complex mechanism involving
the activation of various processes, includiig induction of expressionf o
defencerelated genes,accumulation of pathogenesiselated (PR) proteins,
increased synthesis ghytoalexins and other antifungal secondary metabolites,
either after fungal infection or after treatments that induce protection against
fungal infection Afek et al, 1999; McCollum, 2000; Porat al, 2001;2002; Del
Rio et al, 2004).Nevertheless, little is known about the molecular mechanisms
involved in the defence response of citrus fruits against fungal infection

UV irradiation, hot water and biocontrol yeast elicitation of fruit resistance
are accompanied by induction of the PR prota@hinaseand b-1,3-glucanase
(Poratet al, 1999, 2001)Lignification andaccumulation ophenolic compounds
have also been amsated with the resistance of citrus fruit R digitatum
infection (Angioni et al, 1998; Ortuncet al., 2006).

Hot water dips and curing reduce postharvest citrus decay development
after storage (Schirra and DO6hall ewi n,
green mold pathogef®. digitatum (Kim et al, 1991). Two major groups of
proteins may be activated by thet water treatments that induce fruit resistance:
heat shock proteins (HSPs) and pathogenetaged (PR) proteins. PR proteins
coded by host plant genes are induced by pathogen infection or related situations,
and are thought to play a major role inrglalefence responses against a wide
variety of pathogens (Van Loon and Van Strien, 1999).

Phenylalanine ammonia lyase (PAlgnd peroxidase activities were
induced in grapefruit after elicitation of resistance by UV irradiation (Dedla},

1993) or by the biocontrol yeaSandida oleophilgDroby et al, 2002).

PAL is a key enzyme in the JA/ethylene biosynthetic pathwayjsatite
first enzyme in the phenylpropanoid pathway, from which phytoalexins scoparone
and scopoletin are synthestz

Induction of this citrus phytoalexin has been observed inittAdiated
fruit (Rodovet al, 1992) or after elicitation of resistance by antagonistic yeasts
(Arras, 1996; Drobyet al, 2002).The levels of theantifungalscoparonen the
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flavedo of cirus fruit increased in pathogémoculated fruit that were
subsequently subjected to a heat treatment, whereas pathogen infection did not
promote such an increase (Kieh al, 1991). Induction of this citrus phytoalexin

has also been observed in titvadiated fruit (Rodovet al, 1992) or after
elicitation of resistance by antagonistic yeasts (Arras, 1996; Deblay, 2002).
Therefore, scoparone has been considered a good marker of induced resistance in
citrus fruit.

The production of H,O, increasesthe byosinthesis of glutathione
peroxidase (GPX), involved in the resistance to pathdgeroxidases play a key
role at a later stage in the pathway during the synthesis of lignin, which acts as a
cell wall reinforcement enhancing resistance againstipleippathogens, and may
alter the antioxidant ability of citrus fruit to cope witenicillium infection
(Ballesteret al, 2006). In this regard, it is noteworthy that both enzymes have
been suggested to play a role in the defense response of citruagainstP.
digitatum (Ballesteret al., 2006),although their transcriptional regulation during
development of induced resistance in citrus fruit remains unknown.

The most thoroughly carefully investigated chemical elicitors are those
interfering with sécylic acid (SA) pathway, such as INA (2,6
dichloroisonicotinic acid) olASM (benze(1,2,3)thiadiazole7-carbothioic acid
S-methyl ester; BTH). ASM is commercialized in ltaly and in some other
countries under the tradename of BION and it is used on ¢@satobacco,
cucurbits, pear and hazelnut trees (Friedethl, 1996; Benhamou and Belanger,
1998). It has proved to be effective on the control of diseases caused by viral,
bacterial and fungal pathogens in different plant species (Goeftach, 1996;
Benhamou and Belanger, 1998; Cole, 1999). It has been used as potential elicitor
of fruit resistance to postharvest diseases in melon (Hwngl, 2000),
strawberry (Terry and Joyce, 2000), passionfruit (Willingretnal,, 2002), Yali
pear (Ca et al, 2005), peach (Liet al, 2005) and mango fruits (Zhet al,

2008).

A new class of resistangeducing compounds belongs to aminobutyric

acid. DL-b-aminobutyric acidBABA) induces resistance against a broad range of

diseasecausing organisms,ncluding fungi, bacteria, viruses and nematodes
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(Cohen, 2001; 2002; Jakatb al., 2001; Okeet al, 1999). The mode of action of
BABA in inducing resistance in plants is still poorly understood. It is not clear if
BABA-induced resistance involves the sglic acid pathway or another pathway.
BABA treatments promote callose deposition and lignin accumulation, enhance
the production of phenolics and peroxides and induce accumulation -of PR
proteins in some hogtathogen system€&€0henet al, 2002.

Few remrts have shown that BABA activated pathogenedeted (PR)
protein accumulation in tomato, pepper and tobacco (Cehah, 1994; Cohen,
1994; Hwanget al, 1997; Siegriset al, 2000), whereas other authors reported
that BABA did not induce PRroten accumulation in caulifloweArabidopsisor
tobacco, suggesting that activation of-piteins cannot be its only mode of
action (Cohen, 1994; Jakai al, 2001; Siluéet al, 2002). Recently, application
of BABA was capable of controlling. alternatain apple fruits in the laboratory
and in the field (Reuveret al, 2003),P. digitatumin grapefruit (Poraet al,

2003) andP. italicumin sweet orange (Tavalladt al, 2008).

Until now, many authors have studied BABA without describing direct
antifungal or antibacterial activities associated with BABA treatment (Cehen
al., 1994; Sunwooet al, 1996; Jakabet al, 2001) and excluded a direct
antimicrobial effect for efficienprotection against biotic stress, except Petatl
(2003), who suggested a direct antifungal effect ag&insiigitatum in vitroand
in vivo on grapefruits, and Fishet al, (2009), who showed a direct antifungal
effect againsB. cinerea in vitreexperiments.

Chitosani s a high mol ecul ar we i-Igdh t cat.i
glucosamine compound, derivated from shellfish exoskeletons or from cell walls
of some microorganism after deacetylation of chitin (Hiratoal, 1976).
Chitosan is not toxic tplants and has been used as a surface coating on fruit and
vegetables. The polymer exhibits antifungal activity against several fungi, forms a
semipermeable film that reduces transpiratiorsé@sand fruit ripening (Bautista
B a Ret al, 2006; Romanazz2010) and it can also induce defense responses in
seeds (Benhamoet al, 1994; Lafontaine and Benhamdi96), leaves (Trotel
Aziz et al, 2006) or fruits (Fajarde@t al, 1998; BautistdB a R et sal, 2006)

reducing disease caused by fungal pathogenshifosan coating is known

36



Introduction

effective to prolong the storage life and control the decay of strawberries (El
Ghaouthet al, 1992; Parket al, 2005; Varga®t al, 2006), litchis (Zhang and
Quantick, 1998), sweet cherries (Park and Zao, 2004), Murcott rtadngts
(Chienet al, 2007), apples (de Capdevili¢ al, 2002; Yuet al, 2007), peaches,
Japanese pears, kiwi fruits (2 al, 1997) and table grapes (Romanazzal,
2002, 2007; Munoet al,, 2009).
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Chapter 2.

OBJECTIVES

Green moldcaused byPenicillium digitatumis one of the most important
postharvest disease of citrus fruit that often causes extensive losses during storage
and transportation. Synthetic fungicides such as imazalil (IMZ), thiabendazole
(TBZ), and sodium ghenylphenol (SOPP) are traditionally dde control green
mold and they play an important role for the managemeit digitatumof citrus
fruit.

There is increasing concern about the environmental contamination and
human health problems caused by synthetic fungicides due to possible
toxicological risks. Therefore, the need for alternative strategy to control
postharvest di sease of citrus fruit
frequently decreased by development of postharvest pathogen resistance.

Previous studies have demonstrateapabilities of increasing citrus
resistance against green mold pathogenicillium digitatumby applying various
treatments, such as UV (Droley al, 1993), hot water (Porat al, 2000), JA
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(Droby et al, 1999), antagonistic microrganisms (Dradtyal 2001; Cirvilleriet
al., 2005).

Thus, the activity of resistance inducers, alone or in combination with
BCAs or carbonate salts, was evaluated in this study. In addition, preventive and
curative activity, like possible alternatives to the use of symtHatigicides in
cortrolling postharvest pathogens, was evaluated.

Objective 1. Direct antifungal activities of elicitors and BCAs in

controlling postharvest green molih vitro and on citrus fruit

Approaches

- Direct antifungal activity of ASM, BABA and chitosain vitro.
- Direct antifungal activity of ASM, BABA and chitosan on citrus fruit.
- Direct antifungal activity of yeasts vitro.

- Direct antifungal activity of yeasts on oranges fruit.

Objective 2 Curative and preventive activity dfiological control agents

andelicitors in different combined treatments on oranges fruit.

Approaches

- Combined treatment ofPseudomonas syringa@v. syringae strains
(48SR2, 40SR4, 46t water, sodium carbonate, MSchitosan

- Combined treatment oPseudomonas syringapv. syringae 48SR2
Trichodermaatroviride P1 andchitosan

- Combined treatment oPseudomonas syringapv. syringae 48SR2

Wickerhamomyces anomalBS91, hot water, sodium bicarbonate

Objective 3. Gene expression of defenoelated genes and

lipodepsipeptides synthetase genes in orange fruit in response to
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antagonist/elicitofipathogen interaction using quantitative -RTR
technique.

Approaches:

RNA citrus tissues and bacterial extraction frioiwculated fruit.

Selection of amplification primers.

One step quantitative RPFCR gene expression analysis (gRTR) of
c hi t i -aagueanaseb phenylalanine ammehjase and glutathione
peroxides, syringomycirsyrB) and syringopeptinsf/pA).

Relatve quantification of defeneeelated genes and afyrB1 andsypA

genes.
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3.1

3.1.1

3.12

Chapter 3.

MATHERIALS AND METHODS

Objective 1 Direct antifungal activities of elicitors and BCAs
in controlling post-harvest green moldin vitro and on citrus
fruit

Direct antifungal activity of ASM, chitosan and BAB®
vitro.

Chemicals

Fruit

Fungal cultures

In vitro assays

Effectof chemicals on spore germination of P. digitatur
vitro

Direct antifungal activityof ASM, chitosan and BABA ¢
citrus fruit
Effects of ASM, chitosan and BABA on direct contr®t.of

digitatum in vivo
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3.13

3.14

Effect of BABA on thimduction of resistance . digitatum
Statistical analysis

Direct antifungal activity offeastdn vitro.
Biocontrol agent

In vitro assay 1

In vitro assay 2

Direct antifungal activity of/easts a oranges fruit

Effects ofyeastson direct control oP. digitatumin vivo
Statistical analysis
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3.11 Direct antifungal activity of ASM, chitosan andBABA in vitro

Chemicals

ASM compound (AcibenzolaB-Methyl-Bion WG 50; Novartis Ltd.,
Basel, Switzerland) was dissolved in sterile distiled water (SDW) at
concentrations of 0.1, 0.2, 0.5, 1, 2, 5, and 10 mg/ml.

Chitosan oligosaccharide (Acros Organics, New Jersey, USA) was

dissolved, under continuous stirring, in 0.5% (vé&cetic acid plus 0.1% Tween

80 Du et al, 1997; Romanazat al, 2002)to obtain a concentration of 10 mg/mi
(stock solution) and pH adjusted to 5.6 by using 1N NaOH. Lower concentrations
were obtained by appropriate dilutions (0.1, 0.2, 0.5, 1, 2, 5, and 10 mg/ml) with
SDW (Romanazzet al., 2007.

BABA (DL-3-aminon-butaroic acid, DLb-aminobutyric acid) was
purchased from Sigma (Chemical Co., St. Louis, MO). A stock solution of
BABA (1 M in sterile distilled water) was used. Lower concentrations were
obtained by appropriate dilutions (0.1, 1, 10, 100 and 1000 mM) \BD¥N.S

Fruit
Orange C. sinensis(L) OsbecR cv. Tarocco, Washington Navel and

Valencia, yellow lemon@. lemonBurm) cv. Femminello, and grapefrui€irus

paradisii Macf) cv. Marsh Seedless fruitere obtained from local markets and

used immediatelyonel d at 4 eC for no |l onger than
each experiment, fruit showing no visible wound were carefully hand selected and

were washed with tap water, surfasterilized by dipping for 2 min in 2% of

sodium hypochlorite, rinsed with steritkstilled water and then adried at the

room temperature.

Fungal cultures
Culture of Penicillium digitatum, P. italicunand Geotrichum candidum

were isolated from infected fruits in our mycological laboratory, stored on potato
dextrose agar (PDA) slenat 4°C, and grown on PDA plates for 1 week at°€5
Spore suspensions were prepared by floodwtiayold sporulating cultures of
pathogens with SDW. Conidia were rubbed from the agar surface with a sterile

glass rod. Conidia were counted with a haeytometer and then were adjusted
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with SDW to obtain an assorbance of 0.1 at 420 nm determined with a
spectrophotometer. This density is approximately equivalent to®lsgidre/ml,
and this inoculum densityb is recommended for evaluation of postharvest

treatments to control citrus green mokeckert and Brown, 1986

In vitro assays

The effects of ASM, chitosan and BABA compounds on mycelial growth
of P. digitatum P. italicumand G. candidumwere testedn vitro. According to
the method ofReuveni(2003) with some modifications, a 10 pl aliquot of the
conidial suspension of each pathogen {@kconidia/ml ) was spotted on potato
dextrose agar (PDA, Oxoid, Basingstoke, UK) and on orange peel extract agar
(100 g/l of orange peel extract; 20 g/l of agaxoid) amended to make final
concentrations of:

a)0.1, 0.2, 0.5, 1, 2, 5 and 10 mg/ailASM compound&septically added
to the autoclaved media

b) 0.1, 0.2, 0.5, 1, 2, 5 and 10 mg/ml (wt/vol) of chito¢arded to the
media before being autoclaved);

c) 0.1, 1, 10 and 100 mM of BABA compoundsgptically added to the
autoclaved medja

Unameneéd PDA and orange peel extract agar plates served as controls.
Cultures were incubated at 2& for 7 days in the darkAt the end of the
incubation period,adial growth reduction was calculated in relation to growth of
the cantrol as follows: %l = (€T/C) x 100, where % | represented the inhibition
of radial mycelial growth, C was radial growth measurement of the pathogen in
the control plates and T was rddigowth of the pathogen in the media amended
with chemical compound. The mean mycelial growth reduction and the standard
deviation were calculated. Three Petri dishes were used for each treatment

concentration and experiments were conducted twice.
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Effect of chemicals on spore germination & digitatum in vitro

The effects of different concentrations of ASM, chitosan and BAB&R on
digitatumconidia germination were tested according’tratet al (2003. Spores
of P. digitatumwere suspended inopato dextrose broth (PDB, Difco) at final
concentrations of 2x£Gpores mi'. Aliquots (450 pl) of spore suspensions were
transferred to eppendorf tubes and aliquots of the different stock solutions were
added to obtain:

a) ASM final concentrations of D, 0.2, 0.5, 1, 2, 5 mg/ml;

b) Chitosan final concentration of 0.1, 0.2, 0.5, 1, 2, and 5 mg/ml (wt/vol);

c) BABA final concentration of 0.1, 1, 10, 100 and 1000 mM.

Conidial suspensions dP. digitatumin sterile distilled water were used as
control.

Aliquots (30 pl) of the ASM/chitosan/BABA solutions were placed on
ethanolwashed microscope slides (three drops per slide), kept in Petri dishes
padded with moistened filter paper and incubated at@5for 24 hours in
darkness.

The number of germinating conidia was counted in three microscope
fields, each contained 4D spores of the pathogen.

Three replicates per each treatment were used. The mean percent

germination and the standard deviation were calculated.
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3.1.2Direct antifungal activity of ASM, chitosan and BABA on citrus fruit

Effects of ASM , chitosan and BABA on direct control Bf digitatum in vivo

Oranges, yellow lemons and grapefruits were wounded with a sterile
needle to make four-&im deep and -Bnm wide wounds on their peel at the
equatorial region (four wound for each fruit).

Thirty microliters of ASM solutions (concentrations of 0.2, 0.5215
mg/ml), chitosan solutions (concentrations of 0.2, 0.5, 1, 2 and 5 mg/ml ), and
BABA solutions (concentrations of 1, 10, 100, 1000 mM) were injected into each
wound site. Wounds treated with the same amount of distilled sterilized water
served as aantrol.

After 24 h incubation at 20 °C under humid conditions, the same wounds
were inoculated with 20 pl of spersuspension (80 spores/ml) ofP.
digitatum

Fruit were placed in plastic cavity packaging trays under humid conditions
and incubated a20 °C. Twelve fruits were used for each treatment (total of 48
wounds per treatment) and each experiment was repeated three times The number
of wounds showing symptoms of infection was counted and incidence of disease
was determined-3-5 days after the oculation. Disease severity was evaluated
with an empiric scale (1 = no visible symptoms; 2 = initial soft rot; 3 = presence
of mycelium; 4 = sporulation). In all experiments, disease severity data were
converted to percentage midpoint valu€sifipbell andMadden, 199)) where 1
= 0%, 2 = 35%, 3 = 65% and 4 = 90%.

Effect of BABA on the induction of resistance . digitatum

For the evaluation of the protection conferred by the treatment with BABA
(induction of resistance mediated by the compound), ppbtbescribed by Porat
et al (2003) with minor changes was used. The fruit were wounded with a sterile
needle as previously described (four wounds for each fruit). Thirty microliters of
BABA at concentrations of 1, 10, 100, 1000 nvire pipetted into each wound

site.
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After 24 h incubation at 20C under humid conditions, fresh wounds
were made at 1cm from the original BABfeated wounds, and the fresh wounds
were inoculated with 20 pl of. digitatum (5 x 1 spores nil"). Theeffects of
BABA compounds mediated by induction of resistance were evaluated on oranges
cv. Tarocco, lemon and grapefruits.

In a second set of trials, oranges cvs. Tarocco, Valencia and Washington
navel were treated with 10 mM of BABA, aradter 24 h inabation at 20°C
under humid conditionmoculated withP. digitatuminto fresh wounds made at 1
cm from the original treated sitén all trials, control fruits were treated with
sterile distilled water and pathogen suspension.

Fruit were placed inplastic cavity packaging trays under humid
conditions and incubated at 2€. Twelve fruits were used for each treatment
(total of 48 wounds per treatment) and each experiment was repeated at least three
times with similar results. The number of woundsveing symptoms of infection
was counted and incidence of disease was determined 3, 4, and 5 days after the
inoculation. Disease severity was evaluated 3, 4, and 5 days after the inoculation
with an empiric scale (1 = no visible symptoms; 2 = initial sdft 3o= presence
of mycelium; 4 = sporulation). In all experiments, disease severity data were
converted to percentage midpoint values (Campbell and Madden, 1990), where 1
= 0%, 2 = 35%, 3 = 65% and 4 = 90%.

Statistical analysis

The percentages of decalydissues (incidence of disease) and disease
severity ratings were subjected to an arcsine square root transformation before
running the ANOVA. Subsequently, omeay ANOVA was performed. The mean
values were separated using the Studeetvmarn Keuls mean gearation test, at
PO 0.05.
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3.1.3.Direct antifungal activity of yeastsin vitro

Biocontrol agens

Yeasts isolated from naturally fermented olives, belonging to DISPA
collection and identified asSaccharomyces cerevisiaB$46, S. cerevisiae
BCA61, Wickerhamomyces anomalB€U24, W. anomalud3S91, W. anomalus
BS92 andW. anomalusBCA15, wereselected on the basis of the high Kkiller
capacity against sensitive strain 8hccharomyces cerevisjaand thetoxic
principle was identified and characterizasl ab-glucanasé€Mucilli et al, 2010).
Yeass culture was maintained in 15% v/v glyceroli&0°C and subcultured on
YPDA (g/l distilled water: yeast extract 10, peptone 10, dextrose 20, agar 20;
Oxoid, Basingstoke, UK). Yeast suspensions were prepared from cells grown on
YPDA for 2448 h at 27°C. Yeast culturesere suspended in SDW and the
concentrations were photometilly adjusted with sterile water to a celénsity

corresponding ati2x10° colony-forming units per milliliter (CFU/m).

In vitro assay 1

Yests and fungi to be tested were grown, respectively, on YPDA {4824
h at 27°C and on PDA for-¥4 days at 25 until sporulation.
Yeasts suspensions (20pl) obted from cultures on YPDA (10° CFU/ml) were
spotted on YPDA pH 7 on plates (two spots per plate). Plates were incubated for
three days at 27°C; then, plates were sprayed with a suspension ogntadd’
conidia/ml (an absorbance of 0.1 at 420 nm determined with a spectrophotometer)
of P. digitatum P. expansunP. italicumandGeotrichum candidum
Non inoculated plates were used as control and were sprayed with conidia
suspension. The plates wereubated at 27°G@or 3-5 days.The presence and size
of a clear zone around yeast colonies, indicating the inhibitory effect, was noted

and measud. All test was repeated twice

In vitro assay 2

Yeasts and mold strains to be tested were grown, respectorelyPDA
for 4872 h at 25 °C and on PDA forI4 days at 25 °C until sporulation. To
evaluate mold growth biocontrol by the yeast isolates, an assay in which both
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fungi were grown side by side was done. Petri dishes with YPDA, at pH 7 and pH
4.5, bufferel with citratephosphate, were inoculated with arn square plug of

an actively growing fungal mycelium near the dish edge. A loop of the yeast cells
was inoculated at the opposite edge. A control dish was prepared with only
inoculation of the mold. The xperiment was performed with 3 replicates,
incubating the dishes at 25 °Rycelial growth was measured after 2, 4, 7 and 14
days and expressed as the distance (cm) from the plug to the edge side of the
actively growing mould. The fungal mycelium was mgxopically observed after

4 days to assess the possible hyphal damage caused by the killer toxin. Mycelium
disks (5 mm in diameter), from the dish in which the yeast had inhibited the mold
growth, were removed from the part located nearer to the yeast Te#l excess

of culture medium was longitudinally cut to obtain thin mycelia layers which were
studied by an upright optical microscope (Olympus, Hamburg, Germany). The
hyphae were photographed and compared with the morphology of the control
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3.1.4. Drect antifungal activity of yeasts @ oranges fruit

Effects ofyeastson direct control ofP. digitatum in vivo

Oranges cv. Tarocco were wounded with a sterile needle to make-four 2
mm deep and -5nm wide wounds on their peel at the equatoregion (four
wound for each fruit). Twenty mioliters of yeast suspension (X CFU/ml),
prepared from cells grown on YPDA for 24 h at 25%&re injected into each
wound site. Wounds treated with the same amount of distilled sterilized water
served as a control. After 72 h incubation at 20 °C under humid conditions, the
wounds were inoculated Wwit20 pl of spore suspensionx(B spores/ml)of P.
digitatum
Fruit were placed in plastic cavity packaging trays under humid conditions and
incubated at 20°C. Four fruit were used for each treatment (total of 16 wounds per
treatment) and each experiment was repeated three times.
The number of waods showing symptoms of infection was counted and
incidence of disease was determine8-B0 days after the inoculation. Disease
severity was evaluated with an empiric scale (1 = no visible symptoms; 2 = initial
soft rot; 3 = presence of mycelium; 4 = ggation). In all experiments, disease
severity data were converted to percentage midpoint values (Campbell and
Madden, 1990), where 1 = 0%, 2 = 35%, 3 = 65% and 4 = 90%.

Statistical analysis

The percentages of decayed tissues (incidence of disease) and disease
severity ratings were subjected to an arcsine square root transformation before
running the ANOVA. Subsequently, omeay ANOVA was performed. The mean
values were separated using thedsni Newmarn Keuls mean separation test, at
PO 0.05.
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3.2

3.2.1

3.2.2

323

MATERIALS AND METHODS

Objective 2. Curative and preventive activity ofbiological
control agents andelicitors in different combined treatments
on orangesfruit.

Combined treatment of Pseudomonas syringaepv.

syringaestrains (48SR2, 40SR4, 46P), hot water, sodiul
carbonate, ASM, chitosan.

Reagents

Fruit

Fungal cultures

Biocontrol agents

Curative activity of combined treatments with s. pv.

syringae48SR2 hot water, and sodium carbonate
Protective activity of combined treatments wkh s. pv.
syringaestrains, acibenzolaG-methyl, and chitosan.
Statistical analysis

Combined treatment of Pseudomonasyringae pv. syringae
48SR2, Trichoderma atroviride P1 and chitosan
Reagents

Fruit

Fungal cultures

Biocontrol agents

Curative and preventive activity of combined applicatior
Ps. pv. syringae48SR2T. atroviride P1 and chitosan 0.t
mg/ml on the control d?. digitatumon cv. Tarocco stored ¢
different temperatures after treatment.

Statistical analysis

Combined treatment of Pseudomonas syringae pv.

syringae 48SR2, Wickerhamomyces anomalu8S91, hot

water, sodium bicarbonate

Fruit

Fungal cultures

Biocontrol agents

Curative and preventive activity of combined treatment:
hot water, sodium bicarbonatdds. pv. syringae 48SRand
Wickerhamomyces anomalu8S91 to control postharves
greenmold of oranges cv. Tarocco.
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3.2.1 Combined treatment of Pseudomonas syringa@v. syringae strains
(48SR2, 40SR4, 46P), hot water, sodium carbonate, ASM, chitosan

Reagents
Sodium carbonate (N@O; 99.5%, Sigm&Aldrich, Germany) was

dissolved at 3% in hot water (4&); acibenzolatiS-methyl (ASM) (Bion WG 50;
Novartis Ltd., Basel, Switzerland) was dissolved in distilled sterilized water to
obtain final concentrations of 0.5 and0l1mg/ml; chitosan oligosaccharide
(Chitosan, molecular weight: 100,6300,000; Acros Orgams; New Jersey,
USA) was prepared at 0.5 mg/ml by dissolving, under continuous stirring, the
chitosan in 0.5% (v/v) acetic acfBu et al, 1997; Romanazat al, 2003. When
dissolved, the pH of the chitosan solution was adjusted to 5.6 by using 1N NaOH.

Fruit
Oranges C. sinensigL) Osbeck) cv. Tarocco were obtained from local

mar kets and used i mmediately or held
use. Beforeeach experiment, fruit showing no visible wound were carefully hand
selected and were washed with tap water, swséadized by dipping for 2 min

in 2% of sodium hypochlorite, rinsed with stesdistilled water (SDW) and then

air-dried at the room teperature.

Fungal cultures

Penicillium digitatumwasisolated from infected fruit in our mycological
laboratory, stored on potato dextrose agar (PDA) slants°@t, 4and grown on
PDA plates for 1 week at 2%. Spore suspensions were prepared by flooding 7
day-old sporulating cultures of pathogens with SDW. Conidia were rubbed from
the agar surface with a sterile glass rod. Conidia were counted with a
haemocytometer and then were adjusted with SDW to ohte@issorbance of 0.1
at 420 nm determined with a spectrophotometer. This density is approximately
equivalent to1x10° spore/ml, and this inoculum density is recommended for
evaluation of postharvest treatments to control citrus green niakieKt and
Brown, 1986).
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Biocontrol agents
The antagonisti®. syringaepv. syringae40SR4, 48SR2 and 46P strain

were originally isolated from the surface of orange fruit and had earlier been
screened for their antagonistic properti€g\illeri et al, 2005. Bacterialculture

was maintained in 15% v/v glyceroli®# 0 AC and subcultured on
(KB) as neededKing et al. 1954). Bacterial suspensions were prepared from cells

grown on NA for 4 days at 27°C. The bacterial cultures were suspended in SDW

and the cocentrations were photometrically adjusted with sterile waterdella

density corresponding at 18° colony-forming units per milliliter (CFU/m). The

choice of this concentration was based on preliminary investigations (Ciretlleri

al., 2005)

Curative activity of combined treatments with. s. pv. syringae4d8SR2 hot
water, and sodium carbonate.
The efficacy of combined treatments with hot water, sodium carbonate and

P. syringaestrains on oranges cv. Tarocco was evaluated. Orangestaiitized
as described above, were inoculated vidthdigitatumby immersing a stainless
steel rod with a probe tip 1 mm wide and 2 mm in tknoto the spore
suspension (1+0° conidia/ml) and wounding each fruit four times.

After 3h, fruits were immeesl in a water bath containing tap water at
45°C or in 3% SC at 45°C for 2 min. After @rying, antagonisti®®. syringae
strain48SR2(1x10° CFU/ml) was spraynoculated on fruitsOrangesnoculated
with P. digitatumandimmersed in sterile distilled weat were used as a conltro

Fruits were then incubated at 20°C in plastic trays under humid conditions.
There were three replicates of 4 oranges per replicate and the experiment was
conducted twic&he number of wounds showing symptoms of infection was
counted and incidence of disease was calculated 5 days after the treatments.
Disease severity was instead evaluated with an empiric scale (1 = no visible
symptoms; 2 = initial soft rot; 3 = presence of mycelium; 4 = sporulation). For
each experiment, diseaseverity data were converted to percentage midpoint
values (CampbelindMadden, 1990), where 1 = 0%, 2 = 35%, 3 = 65% and 4 =
90%.
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Protective activity of combined treatments witR. s. pv. syringaestrains,
acibenzolarS-methyl, and chitosan

The protective activity of combined treatments with ASM &dsyringae
strains on oranges cWarocco was evaluated. The following treatments were
applied: A) nontwounded fruit were soaked in ASM solutions at concentrations
of 0.5 mg/ml and ©® mg/ml fa 5 minutes, incubated at 2@ under humid
conditions, and inoculated 72 h later WiRhdigitatum;(B) fruit were wounded,
soaked in ASM solutions abncentrations of 0.5 mg/ml andO1lmg/ml for 5
minutes, incubated at 2IC under humid conditions, and inoculated 72 h later
with P. digitatum;(C) fruit were wounded, treated 2 h later in same wounds with
3 different antagonistic bacteriR.6.pv. syringaestrain 40SR4, 48SR26P) (20
ul, 1x10° CFU/ml), incubated at 20°Cnder humid conditions, and inoculated 72
h later withP. digitatum (D) fruit were wounded, soaked in ASM solution 0.5
mg/ml and 10 mg/ml, treated 2 h later with 3 different antagonistic backesa (
pv. syringae strain 40SR4, 48SR2, 46P), incubated 2&°C under humid
conditions, and inoculated 72 h later wkh digitatum (E) fruit were wound
inoculated withP. digitatum (1x10° spore/ml) and untreated (control treatment).

The protective activity of combined applications of chitosanRunslyringae
48SR2 was evaluated. Oranges cv. Tarocco were wounded and dipped for 10 min
in the following solutions: 1) chitosan at concentration of 0.5 mg/ml; 2) cell
suspensions dP. syringaestrain48SR2 (x10° CFU/mlI); 3) cell suspensions of
P. syringaestrain 48SR2 (1x10° CFU/mlI) plus chitosan (0.5 mg/ml). After 3
days, fruits were wounihoculated withP. digitatum (1x10° conidia/ml) and
incubated for 5 days at 20°C.

In both trials, there were three replicates of 4 oranges per replicate and the
experiment was calucted twice. In all experiments, number of wounds showing
symptoms of infection was counted and incidence of disease was determined 3, 4,
5 days after the inoculatiolisease severity was evaluated 3, 4, 5 days after the
inoculation, with an empiric sa@l(1 = no visible symptoms; 2 = initial soft rot; 3
= presence of mycelium; 4 = sporulation). In all experiments, disease severity data
were converted to percentage midpoint values (Campbell and Madden, 1990),
where 1 = 0%, 2 = 35%, 3 = 65% and 4 = 90%.
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Statistical analysis

The percentages of decayed tissues (incidence of disease) and disease
severity ratings were subjected to an arcsine square root transformation before
running the ANOVA. Subsequently, oimeay ANOVA was performed. The mean

values vere €parated using the StudeéwewmanKeuldmean separation test, at
PO 0.05.
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3.2.2. Combined treatmentof Pseudomonassyringae pv. syringae 48SR2
Trichodermaatroviride P1 and chitosan

Reagents

Chitosan oligosaccharide (Acro®rganics, New Jersey, USA) was
dissolved, under continuous stirring, in 0.5% (v/v) acetic acid plus 0.1% Tween
80 Du et al, 1997; Romanazat al, 2003 to obtain a concentration of 10 mg/ml
(stock solution); when dissolved, the pH of the chitosan isolwas adjusted to
5.6 by using 1N NaOH, and lower concentration of 0.5 mg/ml was obtained by
dilution with sterile distilled watelRomanazzet al., 2007.

Thiabendazole (2-thiazolylbenzimidazole, Tecto 20S (20% p.a.),
Sygenta Crop Protectionyvas dissolved in sterile distilled water (SDW) and

used at final concentration of 0.1%.

Fruit

Oranges C. sinensigL) Osbeck) cv. Tarocco were obtained from local
mar kets and used i mmediately or held
use. Before each experiment, fruit showing no visible wound were carefully hand
selected and were washed with tap water, swséadized by dipping for 2 min
in 2% of sodium hypochlorite, rinsed with stesdistilled water (SDW) and then

air-dried at the room temperature.

Fungal cultures

Penicillium digitatumwasisolated from infected fruit in our mycological
laboratory, stogd on potato dextrose agar (PDA) slaats#C, and grown on
PDA plates for 1 week at 25° C. Spore suspensions were prepared by flooding 7
day-old sporulating cultures of pathogens with SDW. Conidia were rubbed from
the agar surface with a sterile glassd.r Conidia were counted with a
haemocytometer and then were adjusted with SDW to obtain an assorbance of 0.1
at 420 nm determined with a spectrophotometer. This density is approximately
equivalent to %10° spoe/ml, and this inoculum densitg recommended for
evaluation of postharvest treatments to control citrus green niakieKt and
Brown, 1986.
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Biocontrol agents

The antagonistid®. syringaepv. syringae48SR2(Pss48SR2ptrain was
originally isolated from the surface of orange fruit dradl earlier been screened
for its antagonistic propertieCitvilleri et al, 2005. Bacterial culture was
maintained in 15% v/v glycerol @8 0 AC and subcultured on
(KB) as neededKing et al. 1954). Bacterial suspensions were prepared from cells
grown on NA for 4 days at 27°C. The bacterial cultures were suspended in SDW
and the concentrations were photometrically adjusted with sterile water to a cell
density corresponding a&10® colony-forming units per milliliter (CFU/m). The
choice of this concentration was based on preliminary investigations (Ciretlleri
al., 2005)

The antagonisticTrichoderma atrovirideP1 strain was obtained from the
collection of Department of Arboricoltura, Botanica e Patologia Vegetale,
University of Napoli. Fungal colture was grown on PDA plates for 1 week at
25°C before use. A spore suspension was obtained by floodimgeRold
cultures with sterile distilled water containing 0.1% (v/v) Tween 80. Spores were
counted with a haemocytometer and spore concentration was adjusted with sterile
distilled water to obtainx10° spores per ml.

Curative and preventiveactivity of combined pplication of Pseudomonas
syringae pv. syringae 48SRZT. atroviride P1 and chitosan 0.5 mg/ml on the
control of P. digitatum on cv. Tarocco stored at different temperaturater
treatment.

Orange, wounded with a sterile needle to make femn2deep and-fnm
wide wounds on their peel at the equatorial region (four wound for each fruit).
Fruit were dipped in a solutions containing: bacterial suspensiédts48SR2
(1x10° CFU/m); conidial sispension ofT. atroviride P1 (x10° spore/ml);
chitosan at concentration of 0.5 mg/ml; thiabendazole at concentration of 0.1%;
mixture of bacterial and conidial suspension 1:1 ratio, mixture of chitosan, 48SR2
and P1 in 1:1:1 ratio. Oranges dipped in itlest sterilized water served as a

control.
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Fruits were then placed in plastic cavity packaging trays under humid
conditions and incubated at 20° and 6°vo temperatures of storage were
chosen for the test: room temperature (20 °C) normally favourgrtiveh of the
pathogens padaroet al, 2009, whereas 6 °C is one of the temperature of
commercial fruit.After 2, 24 and 72 hours wousithace at the beginning were
inoculatedwith 20 pl of spore suspension (& spores/ml) ofP. digitatum
Fruits werethen replaced in packaging trays and incubated at@@nd 6°C
for respectively 5 and 22 days. Four fruits were used for each treatment (total of
16 wounds per treatment) and each experiment was repeated three times.

The number of wounds showingmsgtoms of infection was periodically
recorded during the incubation time at 2D and 6°C, and incidence of disease
was determined. Disease severity was evaluated with an empiric scale (1 = no
visible symptoms; 2 = initial soft rot; 3 = presence of myomali4 = sporulation).

In all experiments, disease severity data were converted to percentage midpoint
values (Campbell and Madden, 1990), where 1 = 0%, 2 = 35%, 3 = 65% and 4 =
90%.

Statistical analysis

The percentages of decayed tissues (incidencdissfase) and disease
severity ratings were subjected to an arcsine square root transformation before
running the ANOVA. Subsequently, omeay ANOVA was performed. The mean
values were separated using the Studeeivman Keuls mean separation test, at
PO 0.0
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3.2.3. Combined treatment ofPseudomonassyringae pv. syringae48SR2,
Wickerhamomyces anomalu8S91, hot water, sodium bicarbonate

Fruit
Oranges C. sinensigL) Osbeck) cv. Tarocco were obtained from local

mar kets and used i mmediately or held at
use. Before each experiment, fruit showing no visible wound were carefully hand
selected and were washed with tap water, swséadized by dipping for 2 min

in 2% of sodium hypochlorite, rinsed with stetilestilled water (SDW) and then

air-dried at the room temperature.

Fungal cultures
Penicillium digitatumwasisolated from infected fruit in our mycological

laboratory, stazd on potato dextrose agar (PDA) slants &C4 and grown on

PDA plates for 1 week at 2%. Spore suspensions were prepared by flooding 7
day-old sporulating cultures of pathogens with SDW. Conidia were rubbed from
the agar surface with a sterile glassd. Conidia were counted with a
haemocytometer and then were adjusted with SDW to obtain an assorbance of 0.1
at 420 nm determined with a spectrophotometer. This density is approximately
equivalent to £10° spore/ml, and this inoculum density is recommezhdor
evaluation of postharvest treatments to control citrus green niakiet and
Brown, 1986.

Biocontrol agents
The antagonistid®. syringaepv. syringae 48SR2 strain was originally

isolated from the surface of orange fruit and had earlier been screened for its
antagonistic propertieC{rvilleri et al, 2005. Bacterial culture was maintained

in 15% v/v glycerolai8 0 AC and subcul t urk8)as eededmedi um
(King et al 1954). Bacterial suspensions were prepared from cells grown on NA

for 4 days at 27°C. The bacterial cultures were suspended in SDW and the
concentrations were photometrically adjusted with sterile water to a cell density

corresponding at310° colony-forming units per milliliter (CFU/m). The choice
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of this concentration was based on preliminary investigations (Cirvélesl,

2005)

Yeast Wickerhamomyces anomalldS91, isolated from naturally fermented
olives, was selected on the basis of the high killer capacity against sensitive strain
of Saccharomyces cerevisja@and the toxic principle was identified and
characterized as #&-glucanase (Mucilliet al, 2010). Yeast culture was
maintained in 15% v/v glyceralt 1 80°C and subcultured o¥iPDA (g/I distilled
water: yeast extract 10, peptone 10, dextrose 20, agar 20; Oxoid, Basingstoke,
UK). Yeast suspensions were prepared from cells grown on YPDA 48 2vat

27°C. Yeast culturesvere suspended in SDW and tlkencentrations were
photometrically adjusted with sterile water to a cell density correspondin@at 1

10° colony-forming units per milliliter (CFU/m.

Curative and peventiveactivity of combined treatments of hot watespdium
bicarbonates,Pseudomonasyringae 48SR2 andwickerhamomyces anomalus
BS91to control postharvest green mold of oranges cv. Tarocco

Before each treatment Tarocco oranges were wounded with a sterile needle

to make four 2nm deep and-fnm wide wounds on their peel at the equatorial
region.
At different inoculation time, 20 pl of. digitatumat 1x10° conidia/ml, 20 pl of
antagonisticP.s. pv. syringaePVCT48SR2 cells #10° CFU/mI) and 20 pl of
antagonisticWickerhamomyces anomal@&S 91 (1x10° CFU/ml), prepared as
described above, were applied to each wound on fruit and allowed to dry at room
temperature.
The sodium bicarbonateSBC) treatments godium bicarbonatdlaHCQ; 99.5%,
pH 8, SigmaAldrich, Germany, dissolved at 3% in hot water at 458¢€j)e done
by placing fruit into plastic baskets and immersing them for 5 min in 3% (w/v)
SBC solution at 45°C.

The following 12 treatments were applied on Tarocco oranges: (1) fruit
were wound inoculated witR. digitatum and untreated (control treatment); (2)
fruit were wound inoculated witlP. digitatumthen treated 2 h later in same
wounds with the strairPss 48SR2; (3) fruit were wound inoculated witP.

digitatum and treated 24 h later with sodium bicarbonate (SBC); (4) fruit were
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wound inoculated witlP. digitatum treated 24 h later with SBC, and treated 2 h
later in same wound witPss (5) fruit were woundd, treated 24 h later with
SBC, and inoculated 2 h later in same wound Withdigitatum (6) fruit were
wounded, treated 24 h later with SBC, inoculated 2 h later in same wounB.with
digitatum and treated 2 h later in same wound WR$s48SR2; (7) fuit were
treated with SBC, wounded and inoculated 2 h later Ritlligitatum (8) fruit

were treated with SBC, wounded and inoculated 2 h later Rvittigitatum,and

then treated 2 h later in same wound W$s48SR2; (9) fruit were treated with
SBC, wounded and treated 2 h later wRiss48SR2, and inoculated 24 h later
with P. digitatum (10) fruit were treated with SBC, wounded and treated 2 h later
with Wa. BS91, and inoculated 24 hours later withd; (11) fruit were treated

with SBC, wounded ahtreated 2 h later witRss48SR2, and inoculated 48 hours
later with P.d; (12) fruit were treated with SBC, wounded and treated 2 h later
with W.a.BS91, and inoculated 48 hours later withl.

Treated fruit were allowed to ailry at room temperature and then placed on
plastic packaging trays. The cavity trays isolate each fruit and prevent contact
infections of adjacent fruits. To provide ample humidity for disease development,
a wet paper toel was placed on empty cavity trays and the entire box was placed
in a plastic bag. The bags were sealed and the fruits were incubated at 20°C for 6
8 days. Each treatment was applied to 2 replicates of four fruit each. Each
treatment was repeated 3 times.

During incubation, the fruits were observed repeatedly and the number of wounds
showing symptoms of infection was counted and incidence of disease was
determined 1, 2, 3, 4, 6, 7 and 8 days after the inoculation. Disease severity was
evaluated 4 days aftehe inoculation with an empiric scale (1 = no visible
symptoms; 2 = initial soft rot; 3 = presence of mycelium; 4 = sporulation). In all
experiments, disease severity data were converted to percentage midpoint values
(Campbell and Madden, 199@vhere 1= 0%, 2 = 35%, 3 = 65% and 4 = 90%.
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Statistical analysis

The percentages of decayed tissues (incidence of disease) and disease
severity ratings were subjected to an arcsine square root transformation before
running the ANOVA. Subsequently, omeay ANOVA was performed. The mean

values were separated using the Studeetvmarn Keuls mean separation test, at
PO 0.05.
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3.3

3.3.1

3.3.2

3.3.3

3.3.4

MATERIALS AND METHODS

Objective 3. Gene expression of defeneeelated genes and
lipodepsipeptides synthetas@enes in orange fruit in response
to antagonist/elicitorg pathogen interaction using quantitative
RT-PCR technique

RNA citrus tissues and bacterial extraction from inoculated
fruit.

Selection of amplification primers.
Onestep quantitative RPCR gene expressi@analysis(qQRT-
PCR) of chitinase b-1,3-glucanase, phenylalanine amman

lyase and glutathione peroxidesyringomycin (syB) and
syringopeptin(sypA).

Relative quantificatiomf defencerelated genes and ofr81
andsypA genes.
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3.3.1. RNA citrus tissues and bacterial extraction from inoculated fruit
Citrus peel RNAs werextractedand RFPCR analysis carried out from
citrus tissues treated according to treatments 1, 4, 6, 11, Xampled 2h, 24h
and 48h afteP. digitatuminoculation. As mechanical injury can also induce
resistance responses, the analysis was also performed on citrus peel from
untreated and nemoculated fruit and from citrus peel collected from intact fruit
(nonwounded and noemoculated) (control). Péd¢issue samples (obtained using
a sterile scalpel, 10 mm in diameter around the inoculation site; 100 mg) were
taken for analysis andhmediately utilized ostored at80°C until requiredPeel
tissue samplewere macerated for 1 h in 500 @f RNA protect Bacteria Reagent
(Qiagen) for RNA stabilization and protectidditrus peel RNAs were extracted
using the RNeasy® Mini Kit for plant tiss®iagen, MD, USA)in accordance
with the manuf adgpended 6s i nstructions (
P. syringae 48SR2 RNA was eracted from citrus tissues treated
according to the treatment 11, at 2h, 24h and 48h after SBC+Pss treatment and 2h,
24h, and 48h aftd?. digitatuminoculation. Peel tissue samples (obtained using a
sterile scalpel, 10 mnm diameter around the inoculation site; 100 mg) were taken
for analysis andmmediately utilized ostored at80°C until requiredPeel tissue
sampleswere macerated for 1 h in 500 pf RNA protect Bacteria Reagent
(Qiagen) for RNA stabilization and gection. Bacterial RNAs from tissue
samples were extractesingRNeasy® Mini Kit (Quiagen, Valencia, CA, USA)
i n accordance with AppemdixfJactureds instruci
Concentrations oftissue and bacterial RNAsvere determined by
measuring the absabce at 260 nm in a spectrophotometer (BioPhotometer,
Eppendorf, UK).
RNA sampleswere treated with Turbo DNageee kit (Ambion, Austin,
TX, USA) (Appendix 3, adjusted to 5 ng/ ul, and aliquots of 5 pl of each sample
were used for qR°PCR.
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PRIMER SEQUENCE AMPLICON  REFERENCE
EF 1 R Distef |
_ Forward 5 &GTCAGACTCGTGAGCATGEG3 6 4 istefanoet al
E'O”?at:og factor peverses €ATCGTACCTAGCCTTTGAGTACTTGS 6 (2008)
-alpha
CHI 1 Forward 5 ®ATGTTGCTAGCATTGTGACTCG3 6 1 Scuderiet al
Chitinase  Reverse5 &CAGCATTCAGAAACGCATCT-3 8 (2011)
GNSL Forward 5 GTCCGACGGATCGTTAAGTTACG3 6 s Distefanoet al
b-1,3Glucanase Reverse5 &LCACCCACTCTCTGATATCACG3 6 (2008)
PAL 1_ Forward 5 GSTTGCATGAGATTGATCCTCTGGS 6 143 Distefanoet al
Phenyladnine — poerses FGTCATTCACCGAGTTGATCTCGS 6 (2008)
AmmoniaLyase
GPX1
Phospholipid  ¢4yard 5 GAATGTTGTTGAGCGTTATGCGS 6 - Distefanoet al
hydroperoxide - poyerses AGCTGATCATGCAAGTTGTAGCAS 6 (2008)
gluthatione
peroxidase
16S rRNA  Foward 5 BCACCGCCCGTCACACCAS 6 125 Kang and Gross
Reverse5 &TTCCCCTACGGCTACCTT3 6 (2005)
SyB1 Forward 5 ®ATGTTGCTAGCATTGTGACTCG3 6 116 Scuderiet al
Syringomycin  Reverse5 GSCTCAACGTCCGGGCTGCATCGCTCAG (¢ (2011)
SyA Forward 5 FGCGGGTCGAGGCGTTTTTG 6 ous Scuderiet al
Syringopeptin Reverse5 ATCGCCGCGCCCTTGTCTGAS 06 (2011)

Table 2 Sense and antisense primeatsgted in quantitative RPCR.

3.3.2. Selection of amplification primers

Primer pairs listed in Tabl2were derived from literature according to the
sequences deposited in GeneBaglongation factor “alpha (EF1),chitinase
(CHI1), glucanase (GN391phenylalanine ammonigase (PAL1), gluthatione
peroxidase (GPX1) fromCitrus sinensis published genome,and 16S
housekeeping gene, syringomycin synthetase geweBl1), syringopeptin
synthetase genesypA) from published genome sequencesPo$. pv. syringae
B728a strai{Refseq: NC_007005).
These oligos were synthesized by Invitroggfe Technologies, Paisy, UK.
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3.3.30ne step quantitative RT-PCR gene expressioanalysis(qRT-PCR) of
chitinase, b-1,3-glucanase, phenylalanine ammonidyase glutathione

peroxides,syringomycin (syrB) and syringopeptin (sypA).

QRT-PCR onestep was performed on the iCycler Thermal Cycler using
IQ SYBRGreen supermix PCR Reagents (Biad Laboratories, Hercules, CA)
according to the manufacturer's instructions.

RNA samples were added in triplicate to an iCycler iQnw@ll PCR plate (Bie

Rad) and the gRPCR was performed frormwo separate samples per treatment

A total of six data were obtained for each treatment and the mean of these values
was used for furtheanalyses.

To each well the following components were added to a total volume of 25
pl: 5 U MultiScribeRT enzyme (Applied Biosystem, Courtaboeuf, France), 15 U
RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen), 1x SyberGreen
Master Mix (BioRad), 02 uM of each forward and reverse primer and 5 pl of
template (RNA 5 ng/ul). A negative control devoid of template (water sample)
and one RT negative control (lacking of MultiScriR& enzyme) were included
for each primer pair analysis to determine gemoountamination and to verify
effectiveness of reverse transcriptase, too.

Realtime results were analyzed using iCycler iQ Optical System software,
version 3.0a (BieRad). The amplification profile for all primers consisted of an
initial reverse transqption step of 30 min at 48°C, an activation step of 10 min at
95°C followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Specificity of
the reaction was checked by analysis of the melting curve of the final amplified

product.
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3.3.4. Relativequantification of defencerelated genes and o$yrB1 and sypA
genes.
The transcript levels were calculated by relative quantification of citrus

target genes (CHI1, GNSPAL1, GPX1) normalized against citrus elongation
factor Talpha (EF1) Distefanoet al 2008, and by relative quantification &f.s.

pv. syringae target geness{B1, sypA) normalized against 16S rRNA gene
(Scuderiet al,, 201).

The relative quantification of target genes was performed by compagn{C;
target gené C; reference gene). ThgeC; value of the control sample was used as
the calibrator and fol@ctivation was calculated by the expressioff®, where

o d3y) = gqiC; sample- qiC; control. The levels of the transcripts were expressed as

relative units.
Statistical analysis

The paired Bonferroni comparison test was used for the statistical analysis

of data Gheskin2004). A value of P < 0.05 was considered as significant
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Appendix 1
Extraction protocol from orange tissue

Before to start, determine the amount of plant material, do not use more
than 100 mg. Grind thoroughly with a pestle the tissue, add 450 pl Buffer RLT
and vortex vigorously. Transfer the lysate to a QIAshredder spin column (liliac)
placed in a 2 ml collemn tube, and centrifuge for 2 minutes at full speed.
Carefully transfer the supernatant of the fldtwough to a new microcentrifuge
tube. Add 0.5 volume of ethanol @®0%) to the cleared lysate, and mix
immediately by pipetting. Transfer the sampleu@lly 650 pl), including any
precipitate that may have formed, to an RNeasy spin column (pink) placed in a 2
ml collection tube. Centrifuge for 15 seconds at 13,000g. Discard the flow
through. Add 700 pl Buffer RW1 to the RNeasy spin column. Centrifug&3or
seconds at 13,000 g to wash the spin column membrane. Discard the flow
through. Add 500 pl Buffer RPE to the RNeasy spin column. Centrifuge for 15
seconds at 13,000 g. Discard the fldtwough. Add 500 ul Buffer RPE to the
RNeasy spin column. Centrifagfor 2 minutes at 13,000 g to wash the spin
column membrane. Place the RNeasy spin column in a new 2 ml collection tube
and discard the old collection tube with the fldwough, centrifuge at full speed
for 1 minute. Place the RNeasy spin column in a hiéwml collection tube. Add
50 ul of RNaséree water directly to the spin column membrane. Centrifuge for 1
minute at 13,000 g to elute the RNA. Repeat the last step using the eluate from the
last step and centrifuge for 1 minute at 13,000 g. Discarghe column and
immediately transfer the 1,5 ml collection tube (containing the RNAJGAC.

Appendix 2
Extraction protocol from bacteria

Add 1 volume of bacterial culture to the tube. Mix immediately by
vortexing for 5 seconds. Incubate for 5 minué¢goom temperature (1Z6°C).
Centrifuge for 10 minutes at 5000g (12.000 rpm), (From RNeasy Mini Protocol
for isolation of Total RNA from Bacteria).
Decant supernatant, and carefully remove all the supernataisusgended the

bacteria in 100 pl of lysoymecontaining TE buffer (TE buffer exist ready to use
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than add lysozyme: for Grambacteria 400 pg/ml; for Gram+ bacteria 3 mg/ml.)
Vortexing. Incubate at room temperature feb &inutes (Granbacteria) or 5.0
minutes (Gram+bacteria). Add 350 ul buffeL. T (before the use you have to add
bomercaptoetiManplerlad @Il Buffer RLT; it ods
horougly by vortexing vigorously. If insoluble material is visible centrifuge for 2
minutes at maximum speed and use only the supernAh250 pl ethanol (96
100%) to the lysate. Mix by pipetting. Apply the sample (usually 700 pl)
including any precipitate that may have formed to an RNeasy mini column placed
in a 2 ml collection tube. Centrifuge at 10.000 rpm for 15 seconds. Discard the
flow-through. Add 700 pl buffer RW1 to the RNeasy column. Centrifuge at
10.000 rpm for 15 seconds to wash the column. Discard thetflmmgh and the
collection tube. Transfer the RNeasy spin column in a new 2 ml collection tube.
Pipet 500 pl buffer RPE tthe column. Centrifuge at 10.000 rpm for 15 seconds.
Discard the flowmthrough. Add another 500 pl of buffer RPE to the column.
Centrifuge for 2 minutes at 10.000 rpm to dry the RNeasy silica membrane gel.
Discard the flowthrough and the collection tub&ransfer the RNeasy column to

a new 1,5 ml collection tube. Pipet 50 ul RNase free water directly onto the
RNeasy silicegel membrane. Centrifuge for 1 minute at 10.000 rpm. Using the
eluate for another eluition, pipet 50 ul of the first eluate directtp time RNeasy

silica-gel membrane. Discard the column and store the RNS8GPC.

Appendix 3
RNA purification treatment by TURBO DNase

2U of Turbo DNase and 0.1 volume of 10X Turbo DNase buffer were
added to the RNAs in a 50 pl reaction volume. Tubes containing samples were
incubated at 37°C for 30 min and treated with 0.1 volume of DNase inactivation
reagent by flicking for 2 min. Tubesere centrifuged at 10.000 x g for 2 min and
the supernatants (containing RNA) were carefully transferred into fresh tubes.
RNA samples concentration was determined by spectrophotometer and adjusted

to 5''ng el
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Results

4.1.1. DOrect antifungal activity of ASM, chitosan and BABA in vitro

a) ASM in vitro assays

As shown in Table 1, ASM significantly reduced the growth raté® .of
digitatumin both amended media at thencentrations of 1, 2, 5, and fQy/ml,
whereas all the concentrations tested had very little or no effdetitedicumand
G. candidunmycelialgrowth (Tab.3). For all three pathogens, the highest growth
reduction was observed at the highest concentrations (5 and 10 mg/ml). However,
the rate of reduction was low also in presence of these concentrations, except for

P. digitatum (47-56% on PDA an®8% onorange peel extract agar).

Table 3. Effect of different ASM concentrations on the mycelial growth ofP.

digitatum, P. italicumand G. candidumin vitro

Reduction of mycelial growth (%) SD?

P. digitatum P. italicum G. candidum
ASM (mg/ml) PDA ORANGE PDA ORANGE PDA ORANGE
0 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a
0.1 0.7+3.5a 2.3+2.1a 0.0a 1.7+£3.5a 0.0a 0.0a
0.2 2.7+15a 12.3+2.3b 2.0+0.0a 1.6+2.8a 2.8+0.0a 0.0a
0.5 13.0+0.00 11.5+3.5b 0.0a 8.0+0.0b 0.0a 2.0+0.0a
1.0 27.5+0.5c 13.8+1.4b 6.9+2.1b  9.8+0.0b 2.8+0.0a 0.0a
2.0 38.4+3.5d 15.4+0.0b 8.0+0.0b  12.3+2.1b 0.7+0.7a 0.0a
5.0 47.1+2.1e 38.5+0.0c 10.0+0.0c  18.0+0.0c 14.3+0.0b 22.0+0.0b
10.0 56.5+0.0f  38.5+0.0c 10.0+0.0c  24.0+0.0d 14.3+0.0b  22.0+0.0b

#The values were expressed as mean + standard devidtiothas within acolumn followed by
the same letteare not significantly differenticcordingto the StudentNewman K e urhean
separation test, at¢0.05.
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b) Chitosanin vitro assays

Chitosan always had strength to inhibit the pathogen gromthitro,
which was in a concentratiadependent manner: the higher the concentration
used, the more inhibition emerg€hble4).

At concentrations of 0.1, 0.2 and 0.5 mg/ml, chitosan weekly reduced
colony diameter of all the pathogens with a different effectiveness depending on
the substrate or the target fungus used. The growth reducti®ndigitatumand
G. candidumwas more evident on orange peel extract agar mediur@4% and
11-12%, respectively) than on PDA medium {22% and %%, respectively); on
the contrary,P. italicumwas suppressed stronger on amended PDA plates (22
33%) than on orange peel extract agadmm (1528%). G.candidumwas the
less sensitive to fungicidal effects of chitoganitro assays.

At concentrations of .0, 2.0, 5.0, and 100 mg/ml, a complete inhibition
of P. digitatum P. expansunandG. candidungrowth was observed on amended

PDA and orange peel extract agar.
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Table 4. Effect of different chitosan concentrations on the mycelial growth of
P. digitatum, P. italicum and G. candidumin vitro

Reduction of mycelial growth (%) SD*

P. digitatum P. italicum G. candidum
Chitosan
PDA ORANGE PDA ORANGE PDA ORANGE
(mg/ml)
0 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a

0.1 10.4+0.5b 17.3z1.1b 22.6x1.2b 15.5%1.3b 3.7+0.4b  12.4+1.0b

0.2 14.740.9c  19.7+1.9b 33.5+2.0c  14.9+0.5b 3.2+1.0b 11.5+1.4b

0.5 22.6x1.6d 24.7+0.4c 33.0£5.0c  28.2+0.0c 5.3+0.8c  11.5+0.0b

1.0 100e 100d 100d 100d 100d 100c
2.0 100e 100d 100d 100d 100d 100c
5.0 100e 100d 100d 100d 100d 100c
10.0 100e 100d 100d 100d 100d 100c

4The values were expressed as mean + standard devistiotherswithin a column followed by
the sane letterare rot significantly different according téhe StuderiNewmanKeulsimean
separation test, at¢0.05.
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c) BABA in vitro assays

As shown in Tablé, BABA had no or low significant effect on reduction
of mycelial growth of the pathogens when tested at concentration of 0.1, 1 mM
and 10 mMwhereas it significantly reduced the mycelial groveh100 mM,
both onPDA andorange peel extract agar.

The efficiency of the treatment was also dependent of the fungal pathogen:
treatment with BABA at 100 mM induced a 78% inhibitionPofdigitatum 46%
inhibition of P. italicumand 21% inhibition of5. candidum

G. candidun was less sensitive to BABA in both culture media tedtatwith

some differences at 100 mM.

Treatment with BABA at 100 mM induced 21.8% inhibition G
candidumon PDA, whereas the growth reduction was of only 1.2% on orange
peel extract medium. Thefficiency of the treatment was also dependent of the
fungal pathogen: treatment with BABA at 100 mM induced a 78% inhibiti¢h of
digitatum 46% inhibition ofP. italicumand 21% inhibition of5. candidum

Table 5. Effect of different concentrations of BABA on the mycelial growth
of P. digitatum, P. italicumand G. candidumin vitro.

Reduction of mycelial growth (%) SD*

P. digitatum P. italicum G. candidum
?QE/S‘ PDA ORANGE PDA ORANGE PDA ORANGE
0 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a
0.1 0.0a 1.5+2.1a 21.9+2.1b  5.0+0.0a 0.0a 0.0a
1 3.1+1.4a 7.4+3.5a 28.9+1.4b 12.1+2.1a 8.0£0.0b 0.0a
10 23.8+1.4b  38.5+4.9b 40.5+1.4c 46.4+3.5b 15.0+0.0c 1.2+1.4a
100 78.5+2.1c  70.3+7.1c 46.3t1.4c 46.0+0.0b 21.8+0.7d 1.2+1.4a

2The values were expressed as mean * standard deviation. Nuvitharscolumn followed by the same
letter are ot significantly different according tihe StudentNewmanKeulsimean separation test aCB.05
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Effect of chemicals on spore germination oP. digitatumin vitro
a) ASM
Spore germination oP. digitatumwas not affected by ASM (Tabl@).
Examination under a light microscope showed no significant differences in the
number of germinating conidia between the control and the fungal suspensions
treated with ASMAs showed figure 1.

Table 6. Effect of different concentrations of ASM on spore germination ofP.
digitatum in vitro.

Spore germination (%) + SD
ASM (mg/ml) 2x10° spore miI*

0 100b
0.1 98.8+2.6 b
0.2 99.3£1.7b
0.5 99.4+0.7 b
1.0 99.7+0.7 b
2.0 95.3+2.6 a
5.0 94.8+1.1a

2 Spores ofPenicillium digitatum (2x1¢ spore nilY) were grown in Potato Dextrose Broth
containing differentconcentrations of ASM. After 24 h, the spore germination percentage were
measured in three lighmicroscope fields, each containing-80 spores. Data are mean values of
three replication per experiment. Each experiment was repeated twice. The valuezpressed

as mean + standard deviation. Columns marked with different letters are significantly different at P
O 0 acéoaling to a StudemMewmanK e u | swayoANOVA test
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b) Chitosan
As shown in Table7, chitosan was found to be able to totally bihithe

germination ofP. digitatum spore at all the tested concetibas (0% spore

germination). As showed figure 1.

Table 7. Effects of different chitosan concentrations ofP. digitatumspore
germination in vitro

Spore germination (%)+STC

Chitosan(mg/ml) 2x10° spores mift

0 100b

0.1 1.1+x1.4 a

0.2 1.0x1.4 a

0.5 0.0a

1.0 0.0a

2.0 0.0a

5.0 0.0a

2 Spores ofPenicillium digitatum (2x1¢ spore nilY) were grown in Potato Dextrose Broth
containing different concentrations dfitosan After 24 h, the spore germination percentage were
measured in three ligimicroscope fields, each containing-80 spores. Data are mean values of
three replication per experiment. Each experiment was repeated twice. The values were expressed
as mean = stalard deviation. Columns marked with different letters are significantly different at P

O 0 acéoaling to a StudemMewmanK e u | swayoANOVA test
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c) BABA

To examine the effects of BABA dA. digitatumspore germinatiom vitro,
fungal spores wre incubated in PDB containing different concentrations of
BABA. The result§Tab.8) show that at increasing concentrations of BABA from
0.1 to 1000 mMa clear reduction in percentage of germination was observed. No
evident reduction of spore germination was detected at concentration of 0.1 and 1
mM. BABA at concentrations of 10 and 100 mM significantly reduced the
number of germinating conidia (67.9%8md 28.7%, respectively). Finally, at a
concentration of 1000 mM there was a complete inhibitioR.ddigitatumspore
germination(Fig. 1) No differences were observed when differBntdigitatum

concentrations2x10* and 23.0° spores ') were used.

Table 8 Effects of different BABA concentrations onP. digitatumspore
germination in vitro

Spore germination (%)+SD
BABA (mM) 2x10*spores mi  2x10° spores nift

0 95,3+5,3d 100d
0.1 95,3+5,9d 100d

1 95,7x7,8d 100d

10 67,9+7,5c 61,6+£10,9 c
100 28,7+6,3 b 28,2+6,3 b
1000 0,0a 0,0a

2 Spores oPenicilliumdigitatum (2x10%; 2x10 spore nil') were grown in Potato Dextrose Broth
containing different concentrations BABA. After 24 h, the spore germination percentage were
measured in three ligimicroscope fields, each containing-80 spores. Data are mean values of
three replication per experiment. Each experiment was repeated twice. The values were expressed
as mean + standard deviation. Columns marked with differaetdedre significantly different at P

O 0 acéoling to a StudeiMewmanK e u | sWayoANOVA test
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Spore germination

P. digitatum ASM 5.0mg/ml

BABA 1000 mM CHITOSAN 5.0 mg/ml

Figure 1.P. digitatumspore germinatiom vitro. Fungal spores were incubated in PDB at final
concentration of 2xf0after 24 h andthe spore germination percentage were measured in three
light-microscope fields, each containing-B80 sporesconfining different concentrations.
digitatum conidia wee used al control (in the topilighest concentrations of ASM (5.0 mg/ml)
BABA (1000 mM) and chitosan (5.0 mg/mijere showed.
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4.1.2. DOrect antifungal activity of ASM, chitosan and BABA in citrus fruit

a) Effects of ASM on direct control ofP. digitatumin vivo

Early symptoms of green mold rot were characterized by veataked
lesions and initial soft rot after 1 to 2 days of incubation. After 2 to 3 days, on the
surface of the maceration zone originating from the point of inoculation, white
mycelia development and disease progressed in 3 to 4 days, followed the
appearane of green spores (sporulation).

Three days poshoculation withP.digitatum,ASM did not reduced the
development of green mold in oranges cv. Tarocco and lemon cv. Femminello
(100% disease incidence). Orange cvs. Valencia and Washington navel treated
with ASM concentration of 0.2 up to 2 mg/ml showed a disease incidence of 60
70% as compared with the control {800%) after 3 days of incubation (Fig).

ASM reduced disease incidence on grapefruit at concentration from 0.2 to 5
mg/ml after 3 days of indation (disease incidence of-20%, respectivelyjFig.
4).

Application of ASM did not reduce the development of green mold in any
treated fruit 5 days afteP. digitatum inoculation; thus, both incidence and
severity of disease in ASi#teated oranges(cv. Tarocco, Valencia and
Washington Navel), lemons and grapefruits were similar to those observed in the
untreated controlHig. 2-3-4-5). Statistical analysis of data showed a low but
significant decrease in disease severity only on grapefruits tregtedASM at
concentrations of 2 and 5 mg/ml (56%, respectively) as compared with the
control (70%).
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Effects of ASMPon ddigrimcattinwnmnt r ol
di sease i ncidence
Orangecv. Tarocco
3 days 4 days 5 days
5 100 = 100 100
s 80 80 80
5 oa 60 6
L 4 40
E 20 20 20
A 0 0 0
02 05 10 20 50 Pd 02 05 10 20 50 Pd 02 05 10 20 50 Pd
ASM concentration (mg/ml) ASM concentration (mg/ml) ASM concentration (mg/ml)
Orangecv. Valencia
3 days 4 days 5 days
~ 100 100 100
&
80 80 50
g 60 60 60
ER ] ) 4
£ 20 20 20
S 0 0
02 05 10 20 50 Pd 02 05 10 20 50 Pd 02 05 10 20 50 Pd
ASM concentration (mg/ml) ASM concentration (mg/ml) ASM concentration (mg/ml)
Orangecv. WashingtorNavel
3 days 4 days 5 days
$ 100 100 100
3 80 80 %0
£
g 60 60 60
R 4 4
i bl 20
T 0 0
02 05 10 20 50 Pd 02 05 10 20 50 Pd 02 05 10 20 50 Pd
ASM concentration (mg/ml) ASM concentration (mg/ml) ASM concentration (mg/tml)

Figure 2. Disease incidence (percentage of infeatledunds) on cvs. ATaroccoo,
iWashington Navel o oranges artificially inocul at
(0,2; 0,5; 1,0; 2,0; 50 mg/ml) and after 24h inoculated with Penicillium digitatum
(P.d.)1Gspore/ml. Disease incidea was evaluated after5 days of incubation at 20°C. Data

are the mean of 48 wounds per treatment. Columns without letters are not significantly different
according to the StudeitewmanK e ul s one way ANOVA test at P 00. (
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Effects of ASMPon ddigrimcattinwnmnt r ol
di sease severlty
Orangecv. Tarocco
3 days 4 days 5 days
100 100 100 |
£ w0 % 8
ERC 60 60
i@ T 40 40
0 0 0
02 05 10 20 50 Pd 02 05 10 20 50 Pd 02 05 10 20 50 Pd
ASM concentration (mg'ml) ASM concentration (mg/ml) ASM concentration (mg/ml}
Orangecv. Valencia
3 days 4 days 5 days
5, 100 100 100
80 80 80
60 60 60
. . ];_EI;_EI;_IE .
a
0 0 0
02 0,5 10 2,0 50 Pd 0,2 0,5 10 2,0 50 Pd. 0,2 0,5 1.0 20 50 Pd.
ASM concentration (mg/mi) ASM concentration (mg/ml) ASM concentration (mg/ml)
Orangecv. WashingtorNavel
3 days 4 days 5 days
100 100 100
£ w0 80 80
e 60 60
E 40 40
8 2 :.:.:i:.:i:t 20 20
0 0 0
02 05 10 20 50 Pd 02 05 10 20 50 Pd 02 05 10 20 50 Pd
ASM concentration (mg/ml) ASM concentration (mg/ml) ASM concentration (mg/ml)
Figure 3. Di sease severity on c¢cvs.fATaroccoo, ival en

artificially inoculated with 30 pl of different concentrations of ASM (0,2; 0,5; 1,0; 2,0; 5,0 mg/ml)
and after 24h inoculated witRenicillium digitatum (P.d.)18spore/ml. Disase severity was

evaluated after-3-5 days of incubation at 20°C. Data are the mean of 48 wounds per treatment.

Columns without letters are not significantly different according to the StidksmtmanK e u | s &

one way ANOVA test at was ev@lOated Bith anDempire ale (1@ ver ity
visible symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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W

Effects of ASMPon ddigrimcattinwnmnt r ol
di sease incidence
Lemon cv. Femminello
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Figure4 Di sease incidence (percentage of infected
iMar sh Seedlessd grapefruit treated with 30 Ol

2,0; 5,0 mg/ml) and after 24h inoculated wienicillium digitatum(P.d)10°spore/ml. Disease
incidence was evaluated afted®d days of incubation at 20°C. Data are the mean of 48 wounds
per treatment. Columns without letters are not significantly different according to the Student

NewmanKe ul s 6

one

way ANOVA

test at

P 00.0
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Results

Effects of ASMPon ddigrimcattinwnmnt r ol
di sease severity

Lemon cv. Femminello

3 days 4 days
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Figure5 Di sease severity on cv. AFemmi nell od | emon

with 30 pl of different concentrations of ASM (0,2; 0,5; 1,0; 2,0; 5,0 mg/ml) and after 24h
inoculated withPenicillium digitatum(P.d.)1Gspore/ml. Disease severiyas evaluated after-&

5 days of incubation at 20°C. Data are the mean of 48 wounds per treatment. Columns with the
same letters (or without letters) are not significantly different according to the Studemtan

Keul sé6 one way ANO Vease sevesity was evallRtedOmdth ah Bmpiridscale
(1=no visible symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were
converted percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).

84



Results

b) Effects of chitosan on direct control ofP. digitatum in vivo
Chitosan significantly reduced green mold incidence and severity on

oranges cv. Valencia and on grapefruit cv. Marsh Seedeless when applied at 0.2
0.5 mg/ml (incidence and severityl€%), and on orange cv. Washington Navel
and on lemon cv. Femminello when applied at 6.5 mg/ml (green mold
incidence of 15% and green mold severity of 10%) compared with the control
inoculated withP. digitatumonly (Fig. 6-8).

On the contrary, disse incidence and disease severity were not
significantly different among the various concentrations when chitosan was
applied on orange cv. Tarocféig. 6-7).

The results shown that the percentage of infected wounds, as well as disease
severity, were sigificantly reduced on orange cv. Washington Navel on lemon
and on grapefruifFig. 7-9).
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Effects of chitoB.andiognintdavtruenot c o
di sease incidence

Orangecv. Tarocco
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Figure 6 Di sease incidence (percentage of infected

AWashington Navel o oranges artificially inocul at
chitosan (0,2; 0,5; 1,0; 2,0; 5,0 mg/ml) and after 24h inoculated Réhicilium digitatum

(P.d.)1Gspore/ml. Disease incidence was evaluated af#f3lays of incubation at 20°C. Data

are the mean of 48 wounds per treatment. Columns with the same letters are not significantly

different according to the StudeNewmanK e ul s 6wan ANOVA test at P 0O0.05
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Ef fect s

of chit oB.andiognintdavtruenet C O I
di sease severity
Orangecv. Tarocco
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B
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Figure 7. Di sease severity on c¢cvs.fATaroccoo, ival en

artificially inoculated with 30 pl of different concentrations of chitosan (0,2; 0,5; 1,0; 2,0; 5,0

mg/ml) and after 24h inoculated wiPenicillium digitatum(P.d.)1Gspore/ml.Disease severity

was evaluated after-&5 days of incubation at 20°C. Data are the mean of 48 wounds per

treatment. Columns the same letters (or without letters) are not significantly different according to

the StudenNewmanKe ul s® one wayP AMO.VOA5 .t eBits eaastse severity
with an empiric scale (1=no visible symptoms; 2=initial soft rot; 3=presence of mycelium;
4=sporulation) data were converted percentage midpoint values where 1=0%; 2=35%; 3=65%;

4=90%).
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Effects of chitoB.andiognintdavtruenot c o
di sease incidence

Lemon cv. Femminello
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Figure8. Di sease incidence (percentage of infected w

iMar sh Seedlessodo grapefruit artificially inocul
chitosan (0,2; 0,5; 1,0; 2,0; 5,0) and after 24h inoculated A#nicilium digitatum

(P.d.)1Gspore/ml. Disease incidence was evaluated af#f3lays of incubation at 20°C. Data

are the mean of 48 wounds per treatment. Columns with the same letters (or without letters) are

not significantly different according to the Stod®&lewmanKe ul s 6 one way ANOVA t e
00. 05.
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Effects of <chit oB.andiognintdavtrueno t
di sease severity
Lemon cv. Femminello
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Figure 9. Di sease severity on fAFemminell oo |

inoculated with 30 pul of different concentrations of chitosan (0,2; 0,5; 1,0; 2,0; 5,0) and after 24h

inoculated withPenicillium digitatum(P.d.)1Gspore/ml. Disease sefity was evaluated after®

5 days of incubation at 20°C. Data are the mean of 48 wounds per treatment. Columns with the

same letters (or without letters) are not significantly different according to the Stueeman

Keul s6 one

way

A §.isdase tseverity was tevalBateddwiith & empiric scale
(1=no visible symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were

converted percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Results

c) Effects of BABA on direct control and on the induction of resistance t®.
digitatum in vivo

The effect of BABA treatments on decay of orange was influenced by
concentration and cultivars testé€lg. 10). At the end of the storage period, the
greatest reduction of green mold incidence and severity occurred on oranges cv.
Tarocco and Valencia when this compound was applied at 10, 100 and 1000 mM.
At these concentrations BABA totally inhibited or severadguced the disease
incidence on oranges cv. Tarocco (0%, 20% and 8% , respectively) and disease
severity( O 1 arfb)strongly reduced green mold on oranges cv. Valencia
(disease incidence of 10, 22 ar2il%, respectivelyd i sease severity
BABA at 1 mM weakly reduced the percentage of infected wounds both in cv.
Tarocco (60%) and in cv. Valencia (56%). All BABA concentrations tested were
totally ineffective on oranges cWashington Navelexcept when it was applied
at the concentration of 1000 mM(Q% of infected wounds; severity of 209)g.

10-11).

On lemon fruit BABA weakly reduced incidence and severity of disease,
and the concentrations of 10, 100 and 1000 mM were more effective (disease
incidence of 45, 50 and 60%, respectively) than 1 mM.

On the opposite, on grapefruit all treatments at concentration of 1, 10, 100,
and 1000 mM significantly reduced disease incidence3(®@) andseverity (4.5
- 14%) compared with the control (80% of infected wounds, 58% of severity)
(Fig. 12-13).
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Results

Effects of BABAPonddgrneatiwoontr o
di sease incidence
Orangecv. Tarocco
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BABA (1; 10; 100; 1000 mM) and after 24h inoculated wiBPenicillium digitatum
(P.d.)18spore/ml. Disease incidence was evaluated af#63Jays of incubation at 20°C. Data
are the mean of 48 wounds per treatment. Columns with the same letters (or without letters) are

not significantly different according to the StudétdwmanKed s 6 one way ANOVA t

es
00.05.
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Effects of BABAPonddgrneatiwoontr o
di sease severity

Orangecv. Tarocco
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Figure 1. Di sease severity on cvs.fATaroccoo, AVal en

artificially inoculated with 30 pl of different concentrations of BABA (1; 10; 100; 1000 mM) and

after 24h inoculated witRenicillium digitatum(P.d.)16spore/ml. Disease sevgrwas evaluated

after 34-5 days of incubation at 20°C. Data are the mean of 48 wounds per treatment. Columns

with the same letters are not significantly different according to the StdiemtnanK e ul s & one
way ANOVA test at P Oévalated withan serepais seale{lenowisitilet y wa s
symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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o

Effects of BABAPonddgragavtoumontr o
di sease incidence

Lemoncv. Femminello
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Figurel2 . Disease incidence (percentage of infected
iMar sh Seedlessod grapefruit treated with 30 Ol

1000 mM) and after 24h inoculated witRenicillium digitatum (P.d.)16spae/ml. Disease
incidence was evaluated afted®d days of incubation at 20°C. Data are the mean of 48 wounds
per treatment. Columns with the same letters (or without letters) are not significantly different
according to the StudeftewmanK e ul s & dNO&/ Awaye sA at P 0O0.05.
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Effects of BABAPonddgrneatiwoontr o
di sease severity

Lemoncv. Femminello
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Figure 13. Di sease severity on <cv. AFemmi nell od | emo

treated with 30 pl of different concentrations of BABA (1; 10; 100; 1000 mM) and after 24h
inoculated withPenicillium digitatum(P.d.)1Gspore/ml. Disease severity wasaluated after-a-

5 days of incubation at 20°C. Data are the mean of 48 wounds per treatment. Columns with the
same letters (or without letters) are not significantly different according to the Studemtan

Keul sé6 one way ANOVA sewrytwasaevalufed @ith.af émpiricBdalse e a s e
(1=no visible symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were
converted percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Results

To determine the effects of BABA on theduction of citrus fruit
resistace to P. digitatum specific wounds were pretreated with different
concentrations of BABA (10, 100 and 1000 mM) and after 24 h fresh wounds
were made at 1 cm from the BABA treated sites and inoculated with the pathogen.
The resultqFig. 14-15) show that the percentage of infected wounds, as well as
disease severity, were significantly reduced by different BABA concentrations on
oranges, lemons and on grapefruits.

The largest reduction occurred when BABA was ajptia oange cv. Tarocco at
1000mM (disease incidence d0%), on lemons at 10 mM (disease incidence of
46.9%) and on grapefruits at 10 mM (disease incidence of 15.6%).

To determine the effects of BABA on the induction of citrus fruit
resistance toP. digitatum on oranges cvs. Tarocco, Washington Navel and
Valencig specific wounds were pretreated with BABA 10 mM and after 24 h
fresh wounds were made at 1 cm from the BABA treated sites and inoculated with
the pathogen.

The results(Fig. 16:17) show tha the percentage of infected wounds were
significantly reduced only on orange cv. Valencia (disease incidence of 50%),
whereas 10mM was totally ineffective on orange dashington Navel and

Tarocco
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Results

Effect of BABA on i mdwectiinean defncree
Orangecv. Tarocco
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Figure 14 Effects of the distance from the BABtfeated wound sites on orange cv. Tarocco,

lemon cv. Femminello and grapefruit cv. Marsh Seedless resistance to P. digitatum. Fruit were

wounded and treated with 30 ¢l o BABA (16;r100] e

1000 mM) and after 24 h were wounded again at different distances 1 cm from the original BABA

application site, and inoculated wigtenicillium digitatum(P.d.)16spore/ml. Decay was evaluated
after 34-5 days of incubation at 20 °C. The webare averages dfreereplicationsand four

water

fruits perreplication. Data are the mean of 48 wounds per treatment. Columns with the same

letters (or without letters) are not significantly different according to the StidBmmanK e u |l s 6
one way ANOVAt est at P OO0. 05.
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Ef fect of

Orangecv. Tarocco
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Figure 15. Effects of the distance from the BAB#eated wound sites on orange cv. Tarocco,
lemon cv. Femminello and grapefruit cv. Marsh Seedless resistance to P. digitatum. Fruit were

wounded and treated

wi t h

30

e |

o BAB#4 (16;r100] e

water

1000 mM) and after 24 h were wounded again at different distances 1 cm from the original BABA
application site, and inoculated witenicillium digitatum(P.d.)1Gspore/ml. Decay was evaluated
after 34-5 days of incubation at 20 °C. Thaluesare averages dfreereplicationsand four

fruits perreplication. Data are the mean of 48 wounds per treatment. Columns with the same

letters (or without letters) are not significantly different according to the StidmmmanK e ul s &
sease

one way ANWA t est at P

00. 05.

Di

severity

wa s

visible symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Effect ofnBABAiIion of resistance:
Orangecv. Tarocco
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Figure 16. Effects of the distance from the BAB®eated wound sites on orange cvs. Tarocco,
Valencia and Washington navel resistance to P. digitatum. Fruit were wounded and treated with 30
el of s toe difieferg concentrations of BABA (10 mM) and after 24 h were wounded
again at different distances 1 cm from the original BABA application site, and inoculated with
Penicillium digitatum(P.d.)16spore/ml. Decay was evaluated afte4-3 days of incubatin at 20

°C. The valuesire averages dfireereplicationsand four fruits pereplication. Data are the mean

of 48 wounds per treatment. Columns without letters are not significantly different according to
the StudenNewmanK e ul s 6 one wapP ONOUABA.test at
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I ndauev eroint o f

Effect of BABA on
Orangecv. Tarocco
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Figure 17. Effects of the distance from the BABteated wound sites on orange cvs. Tarocco,

Valencia and Washington navel resistance to P. digitatum. Fruit were wounded and treated with 30
el of sterile water or differ entd4haoeremwoenledr at i
again at different distances 1 cm from the original BABA application site, and inoculated with
Penicillium digitatum(P.d.)18spore/ml. Decay was evaluated afte4-3 days of incubation at 20

°C. The valuesire averagesf threereplicationsand four fruits pereplication. Data are the mean

of 48 wounds per treatment. Columns with the same letters (or without letters) are not significantly
different according to the StudeNewmanKe ul sé one way ANOVslaset est
severity was evaluated with an empiric scale (1=no visible symptoms; 2=initial soft rot;
3=presence of mycelium; 4=sporulation) data were converted percentage midpoint values where
1=0%; 2=35%; 3=65%; 4=90%).
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Results

4.1.3 Testing direct antifungal activity of Wickerhamomyces anomaluand
Saccharomyces cerevisiagrains in vitro
In vitro assayl

No reduction in the mycelial growth was observ@&tlie presence of the
yeasts before the inoculation of the
effect on the mycelial growthn vitro. All the yeasts tested showed no effect in
reducing the diameter of the myceliumpfdigitatum P. expansuiP. italicum,
G. candidunboth on PDA and on YPDA at 7 pH.

In vitro assay2

Thein vitro antifungal activity ofW. anomalusand S. cerevisiagable to
produce Killer toxins, wasletermined againg®. digitatum one of the major
postharvest pathogen of citrfrsits, at two different pH values. As expected, no
fungal growth inhibition was evidence at neutral pH. At pH 4.5, significant fungal
growth inhibition, with a clear inhition halo, was observed only fow.
anomalusisolates Fig. 19). The mycelial growt in the Petri dishes was
significantly reduced, although different effects were observed amongsstrain
(Fig. 18). Slight reduction ofP. digitatum growth were observed also f&.
cerevisiaeBS46 and BCAG61 isolates but, in this case, pathogen grew in the
proximity of the yeast streaks without overgrowing the yeast biomass with
complete colonization of the plate (data not shown).
Thus, n vitro fungal growth inhibition by W. anomaluswas analyzed
microscopically. Growth of th®. digitatumtested strain wasompared with the
pathogen growth control. Hyphal deformities were observed when mycelial
samples were removed from the parts of the PDA medium located closer to the
inhibition halo, appearing wilted, folded, coiled and with granulation along the
hyphae Fig. 2(), when compared witkhin, elongated, well extended mycelial
growth in the control Kig. 2Q@). Moreover, microscopical analysis at 100x
magnification evidenced collapsing of hyphae with loss of intracellular content
(Fig. 20b).
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Figure 18. Mycelial growth (cm) of the mold growing in YPDA medium with the yeast strains

compared with the control. Vertical bars represent the standard deviation of the mean of three
replications for each strain.

Figure 19. In vitro antagonism by theWickerhamomycesanomalus isolates against the
phytopathogenic moldPenicillium digitatum (A) Petri dish wih YPD medium inculated with
BCU24, BS91, BS2 and BCAS5; B) Petri dish with medium inoculated solely with theutdb
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Figure 20. Hyphal morphology seen under optical microscogy.Semple taken from YPD
medium inoculated with the yeasts at 40b} $¢ample taken from YPD medium inoculated with
the yeasts at 100xg)(sample taken from YPD medium inoculated solely withmold at 40x.
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4.1.4. Testing direct antifungal activity of Wickerhamomyces anomaluand
Saccharomyces cerevisiagrains on oranges fruit

After 3 days incubation, the straiBS91, BS92 and BCEb belonging
to W. anomaluspecies completelinhibited the growth oP. digitatum(0% of
disease incidence)Fig. 21A) compared with the control (100% of disease
incidence). Similarly, the incidence of disease on oranges inoculated with strain
BCU24 was significantly lower (13% infected wounds) thia@ control (100%)

(P <0.05), whereas strains BCA61 and BS46 reduced disease incidence to a lesser
extent (50%).

After 5 days of incubatiolWW. anomalu8CU24 andS. cerevisiadCA61
and BS46 strains were totally ineffective (100% disease incidence).

On the oppositeWW. anomalu8S91, BS92 significantly and strongly
inhibited P. digitatumgrowth up to the 0day (disease incidence of 13 and 17
%, respectively), whereaBCA15 reduced the incidence of disease to a less, even
if significantly, extent (70% compared to the control (100%).

BS91, BS92 and BCALS5 strains belongingiWo anomalusignificantly
reduced disease severitifid. 21B), compared with the control (90% disease
severity). In particular, BS91 and BS92 strains showed disease severityanidl %
4%, respectively up to 10 days, while BCA15 reduced the severity of disease to a
lesser extent (44%). On the opposite, BCU24 and BCA61 weakly reduced disease
seerity (64% and 70%, respectively) after 5 days, while after 10 days were totally
ineffective(100% disease severity) and sporulation occurred on infected wounds.
S. cerevisiaBS46 weakly reduced the severity of diseasely at the first stage
of incubation (3 days) (disease severity of 18%), whereas failed to reduce the
severity of diseasersie the & day of incubation and sporulation was observed on

infected wound.
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Fig 21. Disease incidenc@\) and severity(B) on oranges cv. Tarocco, treated with yeasts W.

anomalus BCA15, S. cerevisiae BCA61, W. anomalus BCU24, S. cerevisiae BS46, W. anomalus

BS91, W. anomalus BS92 (109 CFU/ml) and 3 days later inoculated with P. digitatum
(106spore/ml). Means * standard dewias are shown. Bars with the same letter within each
monitoring time (after 3, 5, 10 days) are not S
StudentiNewmanK e u | 6-way ANOWA test. Disease severity was evaluated with an empiric

scale (1=no visild symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data

were converted percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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4.2

4.2.1

4.2.2

4.2.3

RESULTS

Curative and preventive activity ofbiological control agents
and elicitors in different combined treatments on @anges
fruit.

Combined treatment of Pseudomonas syringaepv.

syringaestrains (48SR2, 40SR4, 46P), hot water, sodiul

carbonate, ASM, chitosan.

a) Curative activity of combined treatments wkh s. pv.
syringae4d8SR2 hot water, and sodium carbonate.

b) Protective activity of combined treatments withs. pv.
syringaestrains, acibenzolaG&-methyl, and chitosan.

Combined treatment of Pseudomonasyringae pv. syringae
48SR2, Trichoderma atroviride P1 and chitosan
Curative and preventive activity of combined applicat
of Ps. pv.syringae48SR2T. atrovirideP1and chitosan
0.5 mg/ml on the control d?. digitatumon cv. Taroccac
stored at different temperatures after treatment.

Combined treatment of Pseudomonas syringae pv.
syringae 48SR2, Wickerhamomyces anomalu8S91, hot
water, sodium bicarbonate
Curative and preventive activity of combined treatme
of hot water, sodium bicarbonateB,s. pv. syringae
48SR2andWickerhamomyces anomal&Ss91 to control
postharvest greemold of oranges cv. Tarocco.
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4.2.1. Combined treatment oPseudomonas syringgav. syringae strains
(48SR2, 40SR4, 46P), hot water, sodium carbonate, ASM, chitosan

a) Curative activity ofcombined treatments with P. syringae 48SR2, hot water,
and sodium carbonate
Fruit treatments withP. syringaepv. syringaePVCT48SR2 or hot water

weakly reduced incidence and severity of decayd@% of infected wounds; 60
66.5% of severity) on fruit inoculated witR. digitatum3 h before treatments
(Fig. 22A-B), indicating lack of curative activity of spragoculated biocotrol
agent and hot water treatments.

On the contrary, 3% SC treatment provided good control of the pathogen
(37% of infected wounds; 24.8% of severity), thus suggesting a curative activity
of sodium carbonate.

The curative activity was enhanced by bioizol agent following hot
water and sodium carbonate treatments. As shovigure 22 (A-B), P. syringae
PVCT48SR2 strain significantly improved the control of green mold when
applied in combination with hot water treatments, and incidence and severity of
disease (18.7 and 12.6%, respectively) were significantly lower than after
treatments alone. Incidencedaseverity of disease were also consistently reduced
whenP. syringaePVCT48SR2 strain was combined with 3% SC and the level of
control (20% of infected wounds; 12% of severity) was superi®. teyringae
applied alon€Fig. 22A-B).
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Cur atcitvieviaay of combined tr
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Figure 22 Incidence (A) and severity (B) of green mold on cv. Tarocco oranges 5 days after P.

digitatum inoculation followed (3 h) by different treatments: antagonistic P. syringae PVCT48SR2
sprayinoculation; immersion in hot water (45°C); immersion in 3% SC @balone or in
combination with P. syringae PVCT48SR2. Columns with the same letter are not significantly
different using the Studeewmari Keuls mean separation test at P [10.05
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Protective activity of combined treaents with P. syringae strainsand
acibenzolarS-methyl (ASM) and chitosan

The protective treatments with ASM were totally ineffective when applied
on nonwounded oranges (100% disease inciden&). (23A-25A-27A). The
ASM dip-treatments, whemapplied on wounded oranges, weakly reduced green
mold decay at the two tested concentrations88% of disease incideneder 5
days of incubatiop indicating in anycase a modest protective eff€Eig.23B-
25B-27B).

The protective activity was notablen wounded oranges treated with
biocontrol bacteria and, 3 days later, inoculated with the pathogen. Treatment with
Pss40SR4 Pss48SR2, aRdgl6P reduced green mold incidence from 100%
among the inoculated and untreated control fruit to 16, 18, and 3%pectevely
(Fig. 23CG25CG270), 5 days afteP. digitatum inoculation.

A significant improving of green mold control was obtained when ASM
treatments were followed byP. syringae PVCT40SR4 or PVCT48SR2
inoculation (Fig. 23D-25D). After these treatmentscidence and severity of
green mold were completely reduced (0% disease incidence and severity) also 5
days after inoculation and the efficacy did not appear to increase by raising the
concentration of ASM from 0.5 to.d mg/ml (Fig. 23D-24D-25D-26D). On the
contrary, ASMdid not improve the efficacy d?. syringaestrain PVCT46Rand
decay incidence and severity were significantly similar (using ASM 0.5 mg/ml) or
higher (using ASM 1 mg/ml) to that observed followiRg syringaetreatment
alone(Fig. 27C,DB28C,D)
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Protective activity of combined
P. sy408B4estrain in ciomtviovd:i ng

di sease incidence
Non-wounded Wounded
3 days 3 days

Disease incidence(%a)
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60 60 b b
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0 : © 0 . .
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Figure 23. Di sease incidence on -wouadadgaedssoaked in ASMI ar occ 00
solutions (0,5 and 1,0 mg/ml); (B) wounded and soaked in ASM solutions (0,5 and 1,0 mg/ml);

(C) wounded and treated wifh syringaepv. syringaePVCT40SR4 18ufc/ml (Pss40SR4); (D)

wounded, soaked in ASM solutions (0,5 and 1,0 mg/ml) and treatedPwityringaepv. syringae

PVCT40SR4 (40SR4+0,5; 40SR4+1,0) wounded and inoculatedPwitligitatum(P.d.). After

72h all treatments were inoculated with P. @igim (16spore/ml). Disease incidence was

evaluated after -&-5 days of incubation at 20°C. Columns without letters within different

combined treatments are not significantly different according to the SthgsvihanK e ul s & one

way ANOVA test at P 0O0.05.
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Protective activity of combined
P. sy408B4estrain in ciomtviovd:i ng
di sease severity

Non-wounded Wounded
3 days 3 days
100 100
= 80 A) 80 B) C) D)
% 60 60
s b b b
Z a0 &
0,5 1,0 0.5 10 Pss405R4  40SR4+05 40SR4+10 Pd.

ASM frati /ml]
concentration (mg/zl) ASM concentration (mg/ml) and Pss 40SR4 strain
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ASM i /ml,
Comcsratio (eefal) ASM concentration (mg/ml) and Pss40SR4 strain
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100 o b
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Ashiconceodiit; (gl ASM concentration (mg/ml) and Pss 40SR4 strain

Figure 24. Di sease severity on ewounded ang soaked in ABMar occ 00 :
solutions (0,5 and 1,0 mg/ml); (b) wounded and soaked in ASM solutions (0,5 and 1,0 mg/ml); (c)
wounded and treated witR. syringaepv. syringae PVCT40SR4 18fc/ml (Pss40SR4) (d)

wounded, soaked in ASM solutions (0,5 and 1,0 mg/ml) and treatedPwityringaepv. syringae

PVCT40SR4 (40SR4+0,5; 40SR4+1,0) wounded and inoculatedPwitligitatum(P.d.). After

72h all treatments were inoculated wih digitatum (10°spore/nt). Disease severity evaluated

after 34-5 days of incubation at 20°C. Columns without letters within different combined
treatments are not significantly different according to the StebdemtmanKe ul sdéone way
ANOVA test at P OO0 . 0 Saluate® ith ea smpiricsseale él=riotvigiblewas ev
symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Protective activity of combined
P. inyg4a8&Rstrain in contirmlvyiiwnwag: gr e
di sease incidence
Non-wounded Wounded
Sdays 3days
G
100 c c 100
A w B) Q) D)
s “ b 2
é 40 40
| - .
0.5 ) Lo 05 1.0 Pss48SR2  48SR2+05 48SR2+10 Pd.
AR slion. (maind) ASM concentration (mg/ml) and Pss488R2 strain
4 days 4 days
c
100 G c 100
g 20 80 b
fe @
% - . E.
g 2 20
= o 0 w2 a
0.5 ) 1,0 05 10 Pss485R2  48SR2+05  48SR2+10 Pd.
ASNEEonceitation (mE/D ASM concentration (mg/ml) and Pss48SR2 strain
5 days 5 days
c
100 C C 100 b
= 80 b
= 80
£ 6 60
% 20 10
f 20 20 a
0,5 ) Lo 0,5 1,0 Pss48SR2  48SR2+0,5  48SR2+10 Pd.
Gl s ASM concentration (mg/ml) and Pss48SR2 strain

Figure 25. Di sease incidence on -wourgledgedssoaked in ASMI ar oc c 0 0O
solutions (0,5 and 1,0 mg/ml); (b) wounded and soaked in ASM solutions (0,5 and 1,0 mg/ml); (c)

wounded and treated witR. syringaepv. syringae PVCT48SR2 18fc/ml (Pss48SR2 (d)

wounded, soaked in ASM solutions (0,5 and 1,0 mg/ml) and treatedPwityringaepv. syringae

PVCT48SR2 (48SR2+0,5; 48SR2+1,0) wounded and inoculatedPwitligitatum(P.d.). After

72h all treatments were inoculated with digitatum (10°sporeml). Disease incidence was

evaluated after -&-5 days of incubation at 20°C. Columns without letters within different

combined treatments are not significantly different according to the StN#swinanK e ul s 6

€ one
way ANOVA test at P OO0.05.
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Pr ot eaccttiivvei ty of combined treat me
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Figure 26 Di sease severity on ewounted ansl soaked in ASMar oc c 0 0 :
solutions (0,5 and 1,0 mg/ml); (2) wounded and soaked in ASM solutions (0,5 and 1,0 mg/ml); (3)
wounded and treated witR. syringaepv. syringae PVCT48SR2 18fc/ml (Pss48SR2) (4)

wounded, soaked in ASM solutions (0,5 and 1,0 mg/ml) and treatedPwityringaepv. syringae

PVCT48SR2 (48SR2+0,5; 48SR2+1,0) wounded and inoculatedPwitligitatum(P.d.). After

72h all treatments were inoculated wih digitatum (10°spore/nt). Disease severity evaluated

after 34-5 days of incubation at 20°C. Columns without letters within different combined
treatments are not significantly different according to the StuNemtmanKe ul séone way
ANOVA test at P OO0 . 0 Saluate® with e smpiricsseale ¢1=riotvigiblewa s e v
symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Protective activity of combined
Psyridq@dter ain in contirmlVviwng: gr ece
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Figure 27 Di sease incidence on -wouraedgedssoaked in ASMI ar oc c 0 0
solutions (0,5 and 1,0 mg/ml); (2) wounded and soaked in ASM solutions (0,5 and 1,0 mg/ml); (3)

wounded and treated wifh. syringaepv. syringaePVCT46P 18ufc/ml (Pss46P);(4) wounded,

soaked in ASM solutions (0,5 and 1,0 mg/ml) and treated Rvibyringaepv. syringaePVCT46P

(46P+0,5; 46P+1,0) wounded and inoculated vAthdigitatum(P.d.). After 72h all treatments

were inoculated with P. digitatum (spore/ml). Diseasincidence was evaluated afted-3 days

of incubation at 20°C. Columns without letters within different combined treatments are not
significantly different according to the Studd¢wmanKe ul s®é one way ANOVA test
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Figure 28. Di sease severity on oewounted ansl soaked in ASMar oc c 0 0 :
solutions (0,5 and 1,0 mg/ml); (2) wounded and soaked in ASM solutions (0,5 and 1,0 mg/ml); (3)
wounded and treated wifh. syringaepv. syringaePVCT46P 18ufc/ml (Pss46P); 4) wounded,

soaked in ASM solutions (0,5 and 1,0 mg/ml) and treated Rviyringaepv. syringaePVCT46P

(46P+0,5; 46P+1,0) wounded and inoculated vthdigitatum(P.d.). After 72h all treatments

were inoculated wittP. digitatum(10°spore/ml). Diseas severity evaluated after435 days of

incubation at 20°C. Columns without letters within different combined treatments are not
significantly different according to the Studéé¢wmanK e ul sdone way ANOVA test
Disease severity was evaluatedhnvan empiric scale (1=no visible symptoms; 2=initial soft rot;
3=presence of mycelium; 4=sporulation) data were converted percentage midpoint values where
1=0%; 2=35%; 3=65%; 4=90%).
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Chitosan treatment at 0.5 mg/ml provided very low protection against
infections in wounds made and inoculated with the pathogen 3 days after chitosan
treatment(Fig. 29), whereastreatments withP. syringaestrain PVCT48SR2
significantly reduced disease incidence and seveltig protective treatments of
combined applications of chitosan aml syringae 48SR2 showed a high
antifungal activity (18.821.9% disease incidence; 13.4.4% disease severity) 5
days afterP. digitatuminoculation (Fig. 29AB). The addiction of bioconbl
agent to chitosatreated fruit significantly improved green mold control and
compensated for the modest protective activity of chitosan treatment, whereas
there were no synergistic results from the combination comparedPwstiringae
application abne.
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Figure B. Protective activity oP. syringaepv. syringaestrain PVCT48SR2 and chitosan, alone

or in combination, on decay P tHigitaium®r digtatumd or ange
inoculation was performed 72h after treatmem&ease incidence (A) and severity (B) were

evaluated after 5 days of incubatiat 20°C. Columns with the same letters within different

combined treatments are not significantly different according to the SthidsvhanK e ul s done

way ANOVA test at P 00.05. Di sease severity was
symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted

percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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4.2.2. Combined treatment ofPseudomonas syringa@v. syringae 48SR2,
Trichoderma atroviride P1 and chitosan

Curative and preventive activity of combined application & syringae

PVCT48SR2T. atroviride P1 and chitosan 0.5 mg/ml on the control oP.

digitatum on cv. Tarocco stored at different temperaturafer treatment
Treatment ofP. digitatuminoculated oranges cv. Tarocco wRhsyringae

48SR2,T. atroviride P1, and chitosan 0.5 mg/m¢duced green mold incidence
from 100% among the inoculated and untreated fruit to 80% (Pss and chitosan
treatments) and 60% (P1 treatment) after 4 days obatmn at 20 °C (Fig30).

The curative effect of both antagonists was not enhanced by P1 application in
mixture with Pss, whereas the addition of chitosan significantly enhanced the
effect of both antagonists in rture (green mold incidence of @j. After 5 days

of incubationthe treatment witlthe mixtureof microorganismandchitosan still
reduced severity of diseasgréen moldseverity of 386) whereas all the other
treatments were ineffectivéFig.30) Only the fungicide totally inhibited the
development of the disease. On the whole, all treatments tested provided poor
curative activity against infections in wounds made and inoculated with the

fungus before treatments.
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20AC Curative activity

Wounded, treated and 2 hlater inoculated with P. digitatum

Curative activity of citrus fruit treated witll) Thiabendazole (TBZ) and aft@rhous inoculated
with Penicillium digitatum(P.d.), 2) Pseudomonas syringgw. syringaePVCT48SR2 (Pss) and
after 2 hours inoculated witl. digitatum 3)Tricoderma atroviride (P1) and after 2 hours
inoculated withP. digitatum 4) Chitosan (Chi) and after 2 hours inoculated vidthdigitatum 5)
Pseudomonas syringgev. syringae PVCT48SR2 aftetreated withTricoderma atrovirideand
after 2 hours inoculated witR. dgitatum 6) Pseudomonas syringgev. syringaePVCT48SR2
after treatedwith Tricoderma atrovirideafter treatedwith chitosan and after 2 hours inoculated
with P. digitatum 7) Penicillium digitatunmused as control.
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Figure 30. Disease incidence and severity on oranges cv. Tarocco inoculate®.wdthitatum
(P.d.) and with P.syringaepv. syringae48SR2 (Pss)T. atroviride P1 (P1) and chitosan (chi)

alone or in sequence to control green mold. Wounded fruit were immersed for 10 minutes in

different solutions: Thiabendazole (TBZ) 0,1®.,spv.syringae48SR2 (Pss) fOCFU/mI, T.
atroviride P1 (P1) 1Econidia/ml, chitosan (chi5 mg/ml, combined application of Pss+P1 and
Pss+P1+chitosan. Control included fruit inoculated withdigitatum 10°spore/ml. Fruit were
inoculated withP. digitatum2 h after treatments. Disease incidence and severity were evaluated
after 34-5 days ofincubation at 20C. Values are the mean of 48 wounds per treatment. Columns

with the same letters are not significantly different according to the StddsminanK e ul s 6

way

ANOVA test at

P 0O0.05.

Di

Ssease

sne visile i t y

symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Results

The protective effect of treatments were notable on wounded and treated
oranges that weri@oculated 24 and 72 hours later with the pathogen. While green
mold incidence was 20 and 80% respectively in Pss and P1 treatments made 24 h
before P. digitatum inoculation (Fig. 31) it was 0 and 20 % in the same
treatments made 72h before pathogetulation(Fig. 32) The protective effect
was not enhanced by P1 and chitosan application in mixture with Pss (green mold
incidence of 5 and 20% respectively in Pss+P1 and Pss+P1+chitosan) (treatments
made 72h before pathogen inoculatigR)g. 32) The protective effect of the
treatment with the mixture of antagonists and chitosan significantly compensate
for the lack of protective activity of chitosan (green mold incidence of 40 and
90% respectively when applied 24 and 72 h beRardigitatuminoculation) (Fig.

31-32).
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Results

Protective activity

Wounded, treated and 24 h later inoculated witHP. digitatum

Protective activity of citrus fruit treated with:1) Thiabendazole (TBZ) and afte24 hous
inoculated withPenicillium digitatum(P.d.),2) Pseudomonas syringg. syringaePVCT48SR2
(Pss) and afterfhours inoculated withP. digitatum 3) Tricoderma atroviridg(P1) and after 2
hours inoculated withP. digitatum 4) Chitosan (Chi) and after42hours inoculated witHP.
digitatum 5) Pseudomonas syringaav. syringae PVCT48SR2 afteitreated withTricoderma
atroviride and after 2 hours inoculated wit. digitatum 6) Pseudomonas syringg®. syringae
PVCT48SR2after treated withTricoderma atrovirideafter treatedwith chitosan and after 24
hours inoculated witP. digitatum 7) Penicillium digittumused as control.
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Protective activity

Wounded, treated and 24 hlater inoculated with P. digitatum
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Figure 31. Disease incidence and severity on oranges cv. Tarocco inoculate®.vdtbitatum
(P.d.) and with P.syringaepv. syringae48SR2 (Pss)T. atroviride P1 (P1) and chitosan (chi)

alone or in sequence to control green mold. Wounded fruit were immersed for 10 minutes in

different solutions: Thiabendazole (TBZ) 0,1%.spv.syringae48SR2 (Pss) 109 CFU/mI.T.
atroviride P1 (P1) 1Econidia/ml, chitosan (chi5 mg/ml, combined application of Pss+P1 and
Pss+P1+chitosan. Control included fruit inoculated wthdigitatum 10Pspore/ml. Fruit were
inoculated withP. digitatum24 h after treatments. Disease incidence and severity were evaluated
after 34-5 days ofincubation at 20°C. Values are the mean of 48 wounds per treatment. Columns

with the same letters are not significantly different according to the StddsminanK e ul s 6

way

ANOVA

test

at

P 0O0.05.

Di sease

one

sneviskblei ty was

symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Results

Protective activity

Wounded, treated and 72 h later inoculated wittP. digitatum

Protective activity of citrus fruit treated with:1) Thiabendazole (TBZ) and aftéf2 hous
inoculated withPenicillium digitatum(P.d.),2) Pseudomonas syringg. syringaePVCT48SR2
(Pss) and after2 hours inoculated witP. digitatum 3) Tricoderma atroviridg(P1) and aftei72
hours inoculated withP. digitatum 4) Chitosan (Chi) and feer 72 hours inoculated witHP.
digitatum 5) Pseudomonas syringaav. syringae PVCT48SR2 afteitreated withTricoderma
atroviride and after72 hours inoculated witP. digitatum 6) Pseudomonas syringg®. syringae
PVCT48SR2after treated withTricoderma atrovirideafter treatedwith chitosan and after 72
hours inoculated witP. digitatum 7) Penicillium digitatumused as control.
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20AC

Protective activity

Wounded, treated and 72 h later inoculatedvith P. digitatum

Figure 32. Disease incidence and severity on oranges cv. Tarocco inoculate® .wdipitatum
(P.d.) andwith P.syringaepv. syringae48SR2 (Pss)T. atroviride P1 (P1) and chitosan (chi)

Incidence Severity
3 days 3 days
) 100 -
£ c
5 5 0
2 260
= a2 a a a a a
0 e L TR ol s e T o o
8l s » S ‘,\,\—c\“ o ol ps n nt ?554«? ?\»c‘(\‘ sid \“ﬁl\‘
? Qs ?A\% P
Treatments Treatments.
4 dﬁyﬁ 4 days
100 T
E3
g a0 £ 80
g g
é 60 Z 60
g g
g 40 5 40
2 )
, L2 a "
Bl g o\\ m\ (,\»(‘X\‘ \mm“ L s fa an ?;R \,,amé g\w““
Treatments Treatments ?
5 days
b b
)
2
o a
, 2 3 1Y
Wk ops o ;v e g o™ RCUREE - I A e e
Treatments 9; ?A% Treatments ¥ ?$-‘*? ?A"

alone or in sequence to control green mold. Wounded fruit were immersed for 10 minutes in

different solutions: Thiabendazole (TBZ) 0,1®.spv.syringae 48SR2 (Pss) fOCFU/mI,
atroviride P1 (P1) 1€conidia/ml, chitosan (chi) 5 mg/ml, combined application of Pss+P1 and
Pss+P1+chitosan. Control included fruit inoculated wthdigitatum 10°spore/ml. Fruit were
inoculated withP. digitatum72 h after treatments. Dissaincidence and severity were evaluated

T.

after 34-5 days of incubation at 20°C. Values are the mean of 48 wounds per treatment. Columns

with the same letters are not significantly different according to the StiddeminanK e ul s 6
ANOVA

way

one

t.@5 sDiiseasetsev@ity @k evaluated with an empiric scale (1=no visible

symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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Results

The efficacy of the treatments was evaluated after incubation at 6X0-fict
18 and 22 daydn fruit treated with Pss, P1, chitosan and with their mixt@rlas
before the inoculation with the pathoggmeen mold incidence was significantly
reduced (50% of disease incidence) after 10 days of incubation at 6°C,
indicating a good curative activity long lasting at low temperat(Fes 33) The
protective effect of the treatments was notable on wounded oranges that were
inoculated 24 h later with the atgen: since decay incidence was3B% in
fruit treated with Pss, P1, chitosan and their mixtfeég. 34) When oranges
were inoculated with the pathogen 72 h after treatments, green mold incidence
was 2545% with Pss, P1 and chitosan applied alone, B8@4% with the
mixtures(Fig. 35)
When the incubation time at 6°C was increased from 10 to 22 days, green mold
incidence increased fromZ0% to 4570% in fruit inoculated withP. digitatum
immediately after treatments (curative activi(fhig. 33) from 1035 % to 30
80% in fruit inoculated withP. digitatum 24 h after treatments (protective
activity) (Fig. 34) and from 2845% to 5085% in fruit inoculated withP.
digitatum72 h after treatments (protective activiif)g. 35)
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Results

Figure 33. Disease incidence and severity on oranges cv. Tarocco inoculate®.wdtgitatum
(P.d.) and with P.syringaepv. syringae48SR2 (Pss)T. atroviride P1 (P1) and chitosan (chi)
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Treatments

alone or in sequence to control green mold. Wounded fruit were immersed for 10 minutes in
different solutions: Thiabendazole (TBZ) 0,1®.s.pv.syringae48SR2 (Pss) fOCFU/mI, T.

atroviride P1 (P1) 1&onidia/ml, chitosan (chi) 5 mg/ml, combined application of Pss+P1 and
Pss+P1+chitosan. Control included fruit inoculated withdigitatum 10°spore/ml. Fruit were
inoculated withP. digitatum2 h after treatments. Disease incidence and severity wereatalu

after 34-5 days of incubation at 6°C. Values are the mean of 48 wounds per treatment. Columns

with the same letters are not significantly different according to the StdtemhanK e ul s 6
P OO0. 05 . ithBn esnpirc scale (§=aw \asible t y

way

ANOVA

test at

one
wa s

symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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6 iC Protective activity

Wounded, treated and 24 hlater inoculated with P. digitatum
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Figure 34. Disease incidence and severity on oranges cv. Taroocolated withP. digitatum

(P.d.) and with P.syringaepv. syringae48SR2 (Pss)T. atroviride P1 (P1) and chitosan (chi)

alone or in sequence to control green mold. Wounded fruit were immersed for 10 minutes in
different solutions: Thiabendazole (TBZ) @] P.s.pv.syringae48SR2 (Pss) TOCFU/mI, T.

atroviride P1 (P1) 1&onidia/ml, chitosan (chi) 5 mg/ml, combined application of Pss+P1 and
Pss+P1+chitosan. Control included fruit inoculated withdigitatum 10°spore/ml. Fruit were
inoculated withP. digitatum?24 h after treatments. Disease incidence and severity were evaluated
after 34-5 days of incubation at 6°C. Values are the mean of 48 wounds per treatment. Columns
with the same letters are not significantly different according to the StblemtnanK e ul s & one
way ANOVA test at P 00.05. Di sease severity was
symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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6 /C Protective activity

Wounded, treated and 72 h later inoculatedvith P. digitatum
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Figure 35. Disease incidence and severity on oranges cv. Tarocco inoculate@.wdtbitatum

(P.d.) and with P.syringaepv. syringae48SR2 (Pss)T. atroviride P1 (P1) and chitosan (chi)

alone or in sequence to control green mold. Wounded fruit were immersed for 10 minutes in
different solutions: Thiabendazole (TBZ) 0,1®,spv.syringae48SR2 (Pss) fOCFU/mI, T.

atroviride P1 (P1) 1Econidia/ml, chitosan (chi5 mg/ml, combined application of Pss+P1 and
Pss+P1+chitosan. Control included fruit inoculated wthdigitatum 10Pspore/ml. Fruit were
inoculated withP. digitatum72 h after treatments. Disease incidence and severity were evaluated
after 34-5 days ofincubation at 6°C. Values are the mean of 48 wounds per treatment. Columns
with the same letters are not significantly different according to the StdtemtnanK e ul s & one
way ANOVA test at P 0O0.05. Di sease snevisblei ty was
symptoms; 2=initial soft rot; 3=presence of mycelium; 4=sporulation) data were converted
percentage midpoint values where 1=0%; 2=35%; 3=65%; 4=90%).
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