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ABSTRACT

Blue mold Penicillium expansum), grey mold Botrytis cinerea) and mucor rot
(Mucor piriformis) are important post-harvest diseases of pomeifrititish Columbia
and throughout the world causing annual losses-026%. ldentification and
quantification using novel DNA macroarray technglogay assist in the development of
prediction models and disease forecasting. Pastbipathogens were monitored and
quantified throughout the growing season in foyl@prchards in the Okanagan Valley,
BC in 2007 and 2008. Their detection was varialie to field and year differences.
The average percent detectiorPoexpansum (27.4%) andM. piriformis (19.2%) was
higher than that dB. cinerea (6.2%). There was a positive correlation betwiedal
post-harvest pathogen detection in aerial sampktgyior to harvest and after harvest in
naturally infected fruitr(= 0.74;p = 0.09). Pseudomonas fluorescens (isolates 1-112, 2-
28, 4-6) anderratia plymuthica (isolate 6-25), isolated from the rhizosphereegiumes,
were investigated for their biological control chpiéies in semi-commercial storage
conditions at 1°C in air and commercial storaged@itons in controlled atmosphere and
with 1-methylcyclopropene (1-MCP) application. @alk isolate 6-25 provided control
in the greatest number of treatments (51.7%) whdkate 1-112 provided the greatest
level of control (75.8%) in treatments where sigiht control was exhibited. Isolate 4-
6 was tagged with green fluorescent protein to gaight into bacterial antagonist
population and survival dynamics. Alone, its p@tan increased 10 fold after 30 d in
storage at 1°C and then decreased to concentraiimilar to those at inoculation. In the
presence of the pathogen, 4f@-increased then decreased after 30 d in storagail

undetectable amounts. These data provide gresight into the prediction, control and



population dynamics of pathogens and biologicatmbagents as a means of preventing

and controlling post-harvest storage diseases nmegiouit.
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CHAPTER 1: INTRODUCTION

According to the Food and Agriculture Organizatafrthe United Nations, the
world apple production in 2008 was greater tham@ilon tonnes (FAOSTAT 2009).
Apples Malus domestica) are ranked fourth (by volume) in the world’s puction of
fruit crops (BCMAFF 2004). In 2002, the British ldmbia apple industry produced
136 000 tonnes or approximately 299 846 000 Ikapples. Apples are produced in
significantly higher volumes than any other tragtfcrop in BC (BCMAFF 2004). One
major challenge to apple production is damage necliby post-harvest diseases; annual
losses can vary from 5 — 20% and up to 50% in dgwed) countries (Janisiewicz and
Korsten 2002). A variety of fungal pathogens spansible for post-harvest disease; in
BC, three such pathogens inclugicillium expansum (blue mold),Botrytis cinerea
(grey mold) anaMucor piriformis (mucor rot) (Sholberg and Haag 1996).

A common method of disease prevention is throughute of fungicides. In
Canada, two synthetic controls are registered dst-parvest use, Mertéct
(thiabendazole) and Schdtaifludioxonil) (PMRA 2007). However, due to growgin
health issues, the development of pathogen resistamd the demand for
environmentally friendly sustainable practices tipetes are now a major cause for
concern (Errampalli et al. 2006; Michaildes andt&o©990; Sholberg and Haag 1996).

To reduce post-harvest rot, improved methods ftrqeggen identification prior to
harvest and alternate technologies to chemicalacbarte required to assist in disease
prediction and control. Preliminary work has résdlin two novel approaches that
address these demands: 1) a rapid DNA-based meayaarstem that determines the

presence of fungal pathogens responsible for parstelst rot (Sholberg et al. 2005a) and



2) the identification of soil bacteria that can tohfungal post-harvest pests (Hirkala et
al. 2007; Hynes et al. 2008). This study will asse project’s long term goal to
develop Canadian-based technologies that detextigbiand mitigate post-harvest
disease in pome fruit and that are consistent mwtdgrated pest management and

sustainable production practices.

1.1 Post-harvest pathogens

Fruit infections can occur throughout the growiegson, at harvest, during
storage, transit and at the retail level (JonesAdddinckle 1990). Although global
economic losses can be attributed to growing sedis@ases, post-harvest pathogens,
despite modern storage facilities, can cause $gmif annual losses (Janisiewicz and
Korsten 2002).

Post-harvest diseases, or latent infections, ama@®matic throughout the
growing season and disease is manifested only@dtévds of storage. As a result, these
pathogens are often difficult to treat and prevdPst-harvest fungal pathogens can be
categorized in many ways, one of which describegp#thogenic point of entry. Rot
characterization can include lenticel infectiongrgs that exist on the surface of the
apple that facilitate gas exchange), core and egeand wound pathogens (Jijakli and
Lepoivre 2004). Common lenticel infections includier and bull’s eye rot and are
commonly caused b@olletotrichum gleosporioides andCryptosporiopsis curvispora,
respectively (Jijakli and Lepoivre 2004). Coresrdevelop when an open sinus stems
from the calyx end of the apple into the core (Btill959), which provides a point of
entry for an invading pathogerlternaria spp. are the most commonly isolated fungi

from core rots, but other fungal species suc@ladosporium, Botrytis, Candida and



Fusarium have also been identified (Ellis and Barrat 1983)y eye rots, characterized
by a shallow, hard rot with a red border are preidamtly caused bfotrytis cinerea.
Opportunistic wound pathogens invade apples asut ref fruit injury incurred
by mishandling or harsh weather conditions. Thgges of infections are responsible
for significant storage losses. Three importangal pathogens that cause worldwide
decay includdenicillium expansum (blue mold),Botrytis cinerea (grey mold) and to
lesser extentylucor piriformis (mucor rot) (Michailides and Spotts 1990; Sandeiaad

Spotts 1995; Rosenberger 1990).

1.1.1 Penicillium expansum

Penicillium expansum Link, or apple blue mold, is a filamentous Ascomtgcthat
causes one of the most important North American-pas/est storage diseases of pome
fruit. Before the introduction of controlled atnpbeere (CA) storage and fungicides, it
accounted for 90% of post-harvest apple diseaseseffberger 1990)P. expansum
produces the mycotoxin, patulin, which has beemdon apple product derivatives such
as apple juice, ciders, puree, vinegar, baby foatvehole apples (Abramson et al. 2009;
Doores 1983; Piemontese et al. 2005; Watanabe landzs 2005). Its detection and
control is, therefore, of utmost importance forddeealth and safety.

Although an opportunistic wound pathog@ngexpansum infection can originate
from stem-end invasions, core rots and throughdelst Infected fruit are characterized
by light to dark brown, fleshy, circular lesionstisurround wounds. Older lesions may
produce a bluish spore mad3. expansum can also form a dense powdery mass at the
centre of the lesion (Rosenberger 1990) @amilbe characterized by an earthy, musty

odour commonly used as a diagnostic tool (Vikrarale2004).



Soores ofP. expansum are ubiquitous and can cause infection within ardh and
packinghouses. This fungus can survive in orgdelris on the orchard floor and within
soil. Conidia also exist in the air and on appidaces (Lennox et al. 2003). Within
packinghouses, spores have been isolated fromdugiegdrench solutions, flume water,
dump-tank water, air and storage room walls (Shgllaed Stokes 2006). Conidia can
survive from season to season on contaminated foicisng boxes and storage walls
(Rosenberger 1990).

Sanitation, harvesting pre-senescent fruit and lrandhethods are the best
strategy for minimizing disease incidence. Thistoal can also be facilitated by
fungicides applied as pre-harvest sprays or pastesadips (Eckert and Ogawa 1988).
For example, pyrimethanil was used as a pre-hafuegicide and applied twenty days
prior to apple harvest. After apples were stomgdsix months, post-harvest blue mold
was significantly reduced when compared to applaswere not treated with fungicides
(Sholberg et al. 2005b). Mert&cwith an active ingredient of thiabendazole (TBE),
an example of a post-harvest fungicide applicatibivas once highly effective;
however, prolonged exposure to such agents has [EBZ-resistant fungal strains

(Sholberg and Haag 1996) that render chemical olenitneffective.

1.1.2 Botrytiscinerea

Botrytis cinerea Pers.:Fr is an Ascomycete and, IResxpansum, is an important
post-harvest pathogen of pome fruit causing minbthroughout the growing season and
significant rot within packinghouses. It is theshonportant post-harvest pathogen of
pears and is second to blue mold in importanc@pbea (Rosenberger 1990. cinerea

infection may originate from wounds, stem punctucgghe stem or calyx portion of the
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fruit. Upon infectionB. cinerea inflicts a light to dark brown, spongy decayed area
around the damaged portion of the fruit. Undehtgmidity, fluffy white to grey
mycelium and spore masses may appear on the deasgeed The optimal growth
temperatures for this pathogen range from 20°Qt&owever, conidia are capable of
growth at as low as -2°C (Coley-Smith et al. 1980).

B. cinerea spores are ubiquitous, colonizing available orgamatter within
orchards. Throughout the growing season, thisdarmgn cause dry eye rdd. cinerea
also can be carried into packinghouses via conta@ghstorage bins. Once inside,
conidia are predominantly spread by air currents\aater splash. This pathogen is also
known as a nest or cluster rot as secondary imfecian occur through fruit to fruit
contact; fungi on infected fruit can colonize hbkgltruit and spread disease

(Rosenberger 1990).

1.1.3 Mucor piriformis

Mucor piriformis belongs to the phylum Zygomycota and, until regentias
thought to be of minor importance as a post-harpatitogen. Howevel. piriformisis
capable of causing major decay problems in frushsas strawberries, pome and stone
fruit. M. piriformisis typically saprotrophic in orchard soil and infetruit through the
stem or calyx end and puncture wounds (Michailmles Spotts 1990). Upon infection,
the area surrounding the lesion becomes soft, wdight brown and easily separable
from the fruit tissue. Often, grey mycelium withrll sporangia appears upon the
decayed area. Mucor rot has a distinct sweet smilla clear, sticky exudate. This
fungus sporulates from -1 to 24°C, with optimalwtio at 21°C. Fungicides that are

currently registered to control other post-hargesne fruit pathogens are ineffective
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againstM. piriformis and other Zygomycetes (Michailides and Spotts 1980though
Scholaf™, with active ingredient fludioxonil, has been simtw be effective again.
piriformis (P. Sholberg, personal communication), sanitati@thods are often the most

effective method for preventing infection (Michdiis and Spotts 1990).

1.2 Post-harvest factors that influence post-harvégathology

Because of the ubiquitous nature of fungal spahest presence throughout the
apple growing season can influence post-harvebofmagy. P. expansum, B. cinerea and
M. piriformis can colonize organic matter on the orchard floa aithin soil (Lennox et
al. 2003; Michailides and Spotts 199®. expansum andB. cinerea conidia can
additionally exist in the air and on fruit surfageennox et al. 2003). Low precipitation,
physiological crop condition and the use of prevbat fungicides will have a reducing
effect on decay levels after harvest (Sholberg@oway 2004; Sholberg et al. 2003;
Sholberg et al. 2005b).

However, post-harvest factors can also influenseatie incidence. Within
packinghouses, spores can survive in fungicideafrsolutions, flume water, dump-tank
water and in the air and on walls of storage rofiresnox et al. 2003; Sholberg and
Stokes 2006). Therefore, sanitation affects des@asumulation. The post-harvest
system offers a unique, closed or semi-closed enment where manipulating
temperature and atmosphere within the storage arairthe use of chemical senescence
inhibitors like 1-methylcyclopropene (1-MCP) ar¢enf easier to manage in comparison

to pre-harvest factors that can contribute to disea



1.2.1 Temperature

The first experimental cold storage facility in #h Columbia was built in
Summerland in 1929 (AAFC 2002). Optimal refrigemattemperatures range from
-0.5°C for Braeburn apples in South Africa to aghhas 5°C for Belle de Boskoop apples
grown in the Netherlands (Kupferman 2003). Lowersdperatures slow the rate of
apple respiration, thus retarding ripening (AAFM2D Temperature management is
also critical to post-harvest disease control. thasvest fruit pathogens grow optimally
between 20 to 25°C. Some fungi have minimum graemhperatures as low as -2°C and
cannot be completely controlled without freezing ttuit. Their growth at these
temperatures, however, is significantly reducedcWwiheads to a reduction in post-harvest

decay levels (Sholberg and Conway 2004).

1.2.2 Controlled atmosphere

“Normal air” refers to atmospheres that consist®f 79% N, 20 — 21% Q, ~
0.03% CQ and trace amounts of other gases. Controlledsgheye (CA) refers to
atmospheres that differ from “normal air” and angler strict control (Yahia 2009).
Here, optimal temperatures persist while oxygenaartdon dioxide concentrations are
decreased and increased, respectively (Moralds22@/). The concept of CA relies on
the fact that harvested fruits use oxygen and medarbon dioxide. If the amount of
oxygen is limited, fruits will not ripen or will pen slowly (Yahia 2009). Apples are
often stored under CA as this environment has bBhewn to be effective in delaying the
onset of storage diseases (Smock 1979). Comrh@&aiatorage can range from 1% —
3% O, and 0.4% — 4.5% CQKupferman 2003). Additional studies revealed #s=

high as 13% C@prevented close to 100% spore germinatioR.@xpansum after



twenty days (Cossentine et al. 2004). However; [@@els this high are not
commercially acceptable as it may lead to fruitiigjresulting in a decrease in fruit

quality.

1.2.3 1-Methylcyclopropene

1-Methylcyclopropene (1-MCP) is a synthetic cyclgpene that blocks ethylene
receptors and prevents apple ripening (BlankernahgoDole 2003). It has the ability to
maintain post-harvest fruit and vegetable qualitgt &s use provides insight into the role
of ethylene in fruit senescence (Watkins 2006 )eRing physiology and quality of
apples in response to 1-MCP application has bdensively studied (Watkins 2006).
Less studied, are the effects of 1-MCP on diseasgdence. It is thought that by
preventing the ethylene-associated ripening proeggses will be better able to resist
pathogens (Watkins 2006). However, preventioneat in 1-MCP-treated apples has
been inconsistent. For example, Golden Delicigppes treated with 1-MCP arid
expansum showed decreased disease incidence (Saftner28iCd). Alternatively,
disease severity increased in Golden Deliciousespiploculated withP. expansum or
Colletotrichum acutatum and treated with 1-MCP (Janisiewicz et al. 2008ydrentz et
al. 2003). Although initially successful, thereghg potential of certain decay problems

associated with 1-MCP use (P. Sholberg, persomahumication).

1.3 Methods of detection and identification

Traditional methods for fungal identification wgyemarily based on morphology
or phylogenetic characteristics. However, suchriepes have limitations as

morphological characterizations rely on fungi toidmated or cultured, resulting in an
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underestimation of the microbial community of i®r (Bridge and Spooner 2001;
Mazzola 2004). The advancement of molecular bipluas led to more specific and
sensitive fungal DNA-based detection methods thglaiced assumptions made in
previous studies. For example, Cruickshank and F387) used enzyme gel
electrophoresis, or a zymogram, to differentiateveenPenicillium species. This study
hypothesized that like species will display likevmygrams. Results mostly confirmed
taxonomy based on morphology; however, taxononiferginces were perceived.

Detection technigues based on morphology or elpbtiesis are time
consuming. A rapid method of detection is theref@quired. Greater specificity,
sensitivity and speed can be attributed to the mckment of the polymerase chain
reaction (PCR), a rapid and sensitive primer-medianzymatic amplification of target
DNA sequences (Saiki et al. 1985). Common PCRéamkntification methods include
denaturing gradient gel electrophoresis (DGGE) pemature gradient gel electrophoresis
(TGGE) or terminal restriction length polymorphis(sRFLP) (Mazzola 2004).
Although PCR-based identification methods provideae accurate picture of a
microbial community, these methods are often lichitg gel resolution or, more
importantly, the inability to detect a large numbédifferent pathogens simultaneously
(Sholberg et al 2005a).

The advent of DNA macroarray technology circumvehits problem. This
system utilizes labelled PCR products hybridized ttylon membrane that contains an
assortment of anchored oligonucleotides or proliase to a chemiluminescent reaction,
pathogen DNA, for example, is captured on X-rapfdnd is represented as a pattern of

pre-determined dots. The presence of a signatanels the presence of a pathogen that



can be identified and quantified. Levesque et1&98) were among the first to utilize
macroarray technology for plant pathogen identifcca This method was further
developed for detection of economically importarg-parvest (Sholberg et al. 2005a)
and post-harvest diseases of pome fruit (Hirkakl 8007). These technologies have
great potential as they can be used as a highghpi detection and diagnostic
technique that can identify numerous microorganiaomess disciplines and

environments.

1.4 Methods of control

1.4.1 Chemical control

Fungicides are used to prevent post-harvest deca@anada, two synthetic post-
harvest controls are currently registered, Meftectd Scholdt with active ingredients
thiabendazole (TBZ) and fludioxonil, respectiveBMRA 2007). Although initially
effective, fungicides are now a major cause forceon. Pathogens have developed
resistance to chemical controls (Errampalli eR@D6; Sholberg et al. 2005c¢) which
negates their effectiveness. There are also gphéalth concerns that surround
pesticide use (Hancock et al. 2008) and a demarehfaronmentally friendly
sustainable post-harvest practices. An alternagitieerefore of high priority. One

possibility is the implementation of biological dools.

1.4.2 Biological control
Biological control can be defined as “the reductiddnhe amount of inoculum or
disease-producing activity of a pathogen accometidhy or through one or more

organisms other than man” (Cook and Baker 1983) cifed in Cook and Baker (1983),
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biological control dates back to the early 1920wImich Hartley (1921) attempted to
control damping off in pine seedlings with fungatagonists. In 1927, Millard and
Taylor tried to control common potato scab by tHdition of Streptomyces praecox and
grass clippings to autoclaved potted soil. Botldigs noted that competition for
nutrients may be a putative mechanism of actiorokGmnd Baker 1983).

Sixty years later, the first commercial bacterialdgical control agent (BCA),
Agrobacterium radiobacter strain K84, was registered with the United States
Environmental Protection Agency in 1979. It coti&éd crown gall caused by
Agrobacterium radiobacter pv. tumifaciens. Strain K84 lacked the tumor-inducing (Ti)
plasmid present within the pathogenic strain amdipced a bacteriocin, which inhibits
the growth of certain tumorigenic-strains, and taal K84 was insensitive (Cook and
Baker 1983).

Although the beginnings of biological control obpt pathogens date back to the
early 1920s, practicing biological control withirpast-harvest setting has been much less
common. Currently, there are three BCAs registered for {masvest use (Droby et al.
2009). The first and second, developed by JET é&r8olutions (Longwood, FL), are
Bio-Save 10LP and 11LP (Longwood, FL) with actimgredients oPseudomonas
syringae strain ESC-10 and ESC-11, respectively. Bio-S&leP targets post-harvest
blue and grey mold and mucor rot in pome fruit wiBio-Save 11LP targets Rhizopus
soft rot on sweet potatoes. The third, Shervtgchnikowia fructicola) is
commercially used in Israel for prevention of sweeatiato and carrot storage decay. Two
yeast-based products, Aspifeand YieldPlus, are no longer available (Droby 2009

Biological control of post-harvest pathogens ofngofruit using bacterial and
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yeast antagonists has been studied by numerowwecbsgroups (Calvo et al. 2007;
Etebarian et al. 2005; Janisiewicz 1988; Mikarale2008; Morales et al. 2008; Nunes et
al. 2002; Zhou et al. 2001). For exam@andida sake strain CPA-1 significantly
decreasef. expansum lesion size by :80% and reduced disease incidence by 50%
(Teixidd et al. 1999) Cryptococcus laurentii andMetschnikowia pulcherrima also
provided control again®. expansum (Conway et al. 2007). The epiphytic bacterium,
Rahnella aquatilis, significantly inhibitedP. expansum andB. cinerea on apples at 15°C
and 4°C, respectively (Calvo et al. 2007). A sapxdic strain ofPantoea agglomerans
also reducedp. expansum rot on Golden Delicious apples 1°C in air and at 1°C in a
low oxygen atmosphere by 81% and 100%, respect{idipes et al. 2002). A study
conducted by Etebarian et al. (2005) showedRatdomonas fluorescens isolate 1100-
6 significantly reduced the incidence ®fexpansum andP. solitiumon apples after 11
days at 20°C and 25 days at 5°C. In Canada, #reran increasing number of
registrations and products under evaluation trabased upon microbially-active
substances (Bailey et al. 2010). However, thezenane registered for post-harvest use
(Droby et al. 2009).

A demand therefore exists for the production androercialization of a BCA for
post-harvest use on pome fruit. A collection otolbacteria, isolated from the roots of
legumes grown in Saskatchewan soils, were compihedinitially characterized for plant
growth promoting traits such as the productionidémophores, ACC deaminase, root
elongation and the suppression of legume fung&lgggins (Hynes et al. 2008). Fifteen
of these isolates were further testeditro for suppression dP. expansum, B. cinerea

andM. piriformis (Stokes et al. 2006). Nine isolates provided &iregntrol and were
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then testedn situ. Four isolates provided consistent control ahi#f°C and 1°C;
isolates 1-112, 2-28, 4-6 and 6-25 (Hirkala, unhigld data) in combination with

1100-6 were selected for further study.

1.5 Mechanisms of action

The interaction between host, antagonist and path@aga complex, ecological
relationship with high variability depending on thgstem of focus. The ability of an
antagonist to suppress a pathogen may be due ttimeom one mechanism of action
(MOA). A sound mechanistic understanding is esakfur formulation development
and biocontrol registration (Spadaro and Gullin080 Possible mechanisms include
antibiosis (Janisiewicz et al. 1991; Kamesnky eP@03; Meziane et al. 2006),
competition for nutrients (Elad 1996), parasitigimapikowski et al. 2001; Watanabe et
al. 2007) and induction of pathogen resistanceost tissue (Benhamou et al. 2000;

Spadaro and Guillino 2004; Terry and Joyce 2004).

1.5.1 Antibiosis

One method of antagonistic action may be througlptioduction of antibiotics.
For example, pyrrolnitrin produced by strainsSefratia plymuthica, was associated with
fungal suppression (Kamesnky et al. 2003; Mezidraé. 006). To determine whether
or not pyrrolnitrin assisted in antifungal activitdeziane et al. (2006) created@n
plymuthica mutant that lacked the gene responsible for pyitradrproduction. The
pyrrolnitrin-deficient mutant, IC1270-P1, lost @stifungal activity when tested against
pathogen#$enicillium digitatum andPenicilliumitalicum. In addition, purified

pyrrolnitrin was effective in suppressing diseagagtoms ofP. digitatum andP.
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italicum. Janisiewicz et al. (1991) also isolated pyrroimifrom Pseudomonas cepacia

for control ofB. cinerea andP. expansum on apples and pears. Pyrrolnitrin was found to
provide control; however, the level of control wtidue to wound type (cut, nail, bruise),
pyrrolnitrin concentration and storage temperaf@f€ and 24°C). A post-harvest dip
solution of pyrrolnitrin may therefore be an effeetsolution against post-harvest
pathogens. It should also be noted that the parstelst fungicide, Schol8f, has an

active ingredient of fludioxonil which belongs teetchemical class of phenylpyrroles.
Phenylpyrroles are derived from pyrrolnitrin ané aonsidered a reduced-risk chemical

control agent (Errampalli 2004).

1.5.2 Competition for nutrients

Competition for nutrients has been widely studieé to nutritional demands of
both antagonists and pathoges.cinerea, as with most necrotrophs, requires nutrients
for germination and the initiation of the pathogeprocess. In the absence of nutrients,
B. cinerea becomes highly susceptible to degradation anda@lofiilad 1996; Janisiewicz
et al. 2000). It is postulated that microorganis@gable of efficiently utilizing nutrients
will make successful biological control agents (E1£96). Janisiewicz et al. (2000)
proposed a simple way to study competition forieats that uses a 24-well tissue
culture plate with cylindrical insets with 0.451 membranes attached to the bottom.
Individual cylinders are placed in each of the 2dlisvthereby permitting media nutrient
and metabolite interchange while preventing pathaged antagonist contact due to
physical separation. In this system, competitmmiutrients can be studied
independently from competition for space. Bencbenqret al. (2007) used this method

to determinein vitro, that the biocontrol antagoni#ireobasidium pullulans, was
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competing for nutrients, especially the amino agigsine, glutamic acid and serine,

with the pathogerRenicillium expansum.

1.5.3 Parasitism

Antagonists can directly parasitize pathogens st-parvest apples. One such
method is through the production of lytic or cellikdegrading enzymes such as
chitinase an@-1,3-glucanase. Bacterial strains that produde grnzymes will most
likely have antifungal properties via cell wall hgtl/sis. For examples. plymuthica
strain HRO-C48 was isolated from the rhizosphereilstEed rape and shown to have
antifungal properties associated with chitinasapation. Frankowski et al. (2001)
isolated and characterized two chitinolytic enzynoee endochitinase (E.C. 3.2.1.14),
CHIT60, and on&-acetyl$-1,4-D-hexosaminidase (E.C. 3.2.1.52), CHIT100vitro,
CHIT60 and CHIT100 showed direct inhibitory activgn spore germination and germ
tube growth oB. cinerea. Alternate parasitic activity may involve direttachment of

antagonist to pathogenic fungal hyphae (Chan aad Z005; Watanabe et al. 2007).

1.5.4 Induced systemic resistance

Induced systemic resistance (ISR) is an observedghenon in which
microorganisms activate host plant mechanismsethiagdnce their defensive capacity
against potential pathogenic invasions. Proteatamoccur both locally and on areas of
the plant that did not come into contact with indganicroorganisms (van Loon 2007).
For example, Benhamou et al. (2000) determinedShalymuthica strain R1G64
mediated induced systemic resistance in cucumbeaotect against infection caused by
Pythium ultimum. Upon pre-treatment witB plymuthica, P. ultimum disease incidence
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was reduced; cucumber root cells were structueadty biochemically modified with the
formation of phenolic-enriched occluded depositiand structural barriers. These
structural barriers were hypothesized to prevetitqgeen movement towards the vascular
stele. In ISR experiments, it is important to st separate inducing microorganisms
and challenging pathogens (ie. root and leaf) Busnthat protection is plant- not

microorganism-mediated (van Loon 2007).

1.6 Green fluorescent protein

Green fluorescent protein (GFP) is made up of 28B@ acids and exhibits
green fluorescence at a peak emission of 509 nabbgrbing blue light maximally at
395 nm and minimally at 470 nm (Morin and Hastia§31). In its native form, GFP
was first discovered during the purification of thieluminescent protein, aequorin,
isolated from jellyfish Aequorea victoria) (Shimomura et al. 1962). W victoria, green
fluorescence occurs by an intermolecular energystea between aequorin and GFP;
Cc&* and aequorin interact and emit blue light, sometiith is absorbed by GFP
causing a color shift towards green (Morise el@¥4). However, it wasn’t until 1992
that the influence of GFP was realized. Prashal.€1992) paved the way for future
GFP application by cloning and sequencing both cCAd4 genomic clones from
Aequoreavictoria. In 1994, Chalfie et al. first expressed GFP imitnliving organism,
highlighting sensory neurons in nematodes. Thasénhark studies influenced modern
science as purified GFP has become one of theimpsttant reporter genes in biology
(Bloemberg 2007).

GFP is comprised of an eleven-stranfidzhrrel with a coaxial helix running

through the centre. The chromophore is formed fileenspontaneous cyclization of the
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central helix consisting of the tripeptide, Ser@y6b-Gly67 (Ormo et al. 1996).
Introducing random amino acid substitutions inte tlventy amino acids that flank the
chromophore has led to altered forms of GFP sonwéhafh exhibit greater fluorescence.
The first GFP modification was derived from a pamitation that altered Serine 65 to
Threonine (S65T) (Heim et al.1995). This altenathifted the excitation and emission
maxima to 490 and 510 nm, respectively. AlteraiohGFP not only affected intensity,
but also increased color variety that is within lhee, cyan and yellow regions of the
electromagnetic spectrum (Shaner et al. 2007).

Green fluorescent protein can be used as a rertag to mark whole cells,
study protein localization and monitor gene intéoars and interactions between
microorganisms. Its incorporation is hon-invasiveloes not require an additional
substrate for bioluminescence, nor does visuatinatecessitate fixation or staining
protocols (Bloemberg 2007). The gene produdfpican be expressed in both
prokaryotes and eukaryotes (Chalfie et al. 1994) wo background gene expression
(Tombolini et al. 1997). Itis highly stable inetpresence of denaturants and proteases
and persists at high temperatures (65°C) and a saiaige of pH values (6-12)
(Bloemberg 2007; Chalfie et al. 1994; Ward et 88Q).

Applications of GFP in biological control experimemran help elucidate
mechanisms of action (MOA). Watanabe et al. (2@faf)sformed two fungal species
with gfp, Trichoderma asperellum SKT-1, the antagonist, ar@ibberella fujikuroi N-68,

a pathogenic root fungus responsible for Bakanseade of rice seedlings. The
fluorescent protein was imaged by confocal scantasgr microscopy (CSLM) and

mycoparasitism was suggested as the putative M&zanning electron microscopy
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(SEM) and CSLM showed a disappearance of GRP. fjikuroi upon contact witi'.
asperellum suggesting cell wall degradation.

In another example, Bolwerk et al. (2003) transfedmed fluorescent protein
(RFP) into two putative BCA$seudomonas fluorescens WCS365 andPseudomonas
chlororaphis PCL1391, that have been shown to confadarium oxysporum . sp.
radicis-lycopersici, a causal agent of tomato foot and root rot (TERB)th
Pseudomonas spp. contained RFP, wherdassarium oxysporum f. sp.radicis-
lycopersici harboured GFP. CSLM revealed that both antagoon@bnized the tomato
root more quickly than the fungal pathogen and tihatbacterial presence hindered root
infection. A proposed MOA was that the presenciiogi initiated bacterial

colonization of hyphae and subsequent productidnrgfal secondary metabolites.

1.7 Objectives

This thesis will build upon preliminary researctdauddress the following three
objectives: 1) validate the use of DNA macroarnader field conditions; 2) assess
bacterial antagonist performance under semi-comalemcd commercial conditions and
3) determine how long and in what capacity a setbantagonist will colonize the fruit
surface. | hypothesize that:

1) Macroarray technology will accurately identify agdantify post-harvest
apple pathogens throughout the growing seasonteigh&ithogen prevalence
will correlate with disease incidence post-harvest.

2) One or more of the bacterial antagonists will pdevsignificant pathogen

control in semi-commercial and commercial storageditions.
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3) The use of green fluorescent protein will faciktaisualization of bacterial

colonization and survival on apple surfaces.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Antagonists

Four bacterial antagonists were obtained from DNé&lson and were identified
by 16S rRNA sequence and fatty acid methyl estalyars asPseudomonas fluorescens
(isolates 1-112, 2-28, 4-6) aldrratia plymuthica (isolate 6-25) (Hynes et al. 2008).
Isolate 1100-6Pseudomonas fluorescens (Etebarian et al. 2005), wasovided by Dr.
Peter Sholberg of the Pacific Agri-Food Researcht@g PARC) in Summerland, BC.
The bacteria were grown in half-strength tryptig booth (2 TSB) (Becton, Dickinson
and Company, Sparks, MD) at 28°C with shaking & in. The final culture was
centrifuged for 20 min at 3800 g and held at 20€G2ll pellets were resuspended in
sterile phosphate buffered saline solution (PBS) ¢IL NaHPO,, 0.18 g/L NaHPO,,

8.5 g/L NaCl). The optical density (@8 was determined and the bacterial cells were

diluted to 18 CFU/mI according to a standard curve relatingsgB CFU/m.

2.2 Pathogens

Penicillium expansum Link strain 1790 Botrytis cinerea Pers.:Fr strain B27 and
Mucor piriformis Fischer strain 536 were provided by Dr. Peter Sdrgiland grown on
half-strength potato dextrose agar (¥2 PDA) (HiMddihoratories PVT. Ltd., India) for
7 days at 22°C. A spore suspension was creatad g&rile water and Tween 20 (MP

Biomedicals, LLC, Solon, OH) and then enumeratedgua Petroff-Hauser counter.

20



2.3 Orchard field sites

This study incorporated four conventional (nonamig) orchard field
sites from which data were collected over two yediwo research orchards were located
at PARC in Summerland, BC. Field 3 (49° 33’ 58.48"119° 38’ 41.93” W) contained
166 Jonagold apple trees planted at high denbiigid 12 (49° 33’ 54.81" N; 119° 38’
56.73” W) contained 120 Gala apple trees plantdugdt density. The two commercial
orchards were located in Kelowna, BC. The Kiracthard (49° 50’ 41.45” N; 119° 24’
54.24” W) grew Gala apples planted at high densitge Reekie orchard (49° 50’ 58.78”
N; 119° 23’ 32.79” W) grew Red Delicious applesmé at medium density.

I-rods were used in this study to collect aeria@rspsamples. I-rods are clear
polystyrene rods that rest within a sampling hefaal rotating spore trap. When the
motor spins, centrifugal force causes the I-rodggexbin silicone grease to extend
downwards at a 90° angle and collect airborne gest{Aerobiology Research
Laboratories, Nepean, ON). In the 2007 and 2008y seasons, Fields 3 and 12
contained one I-rod station per field. The Kiraohard contained one I-rod station in
both 2007 and 2008 and the Reekie orchard contaned-rod station in 2008 only.
Average daily temperatures (°C) and total dailycgniéation (mm) from Environment
Canada (2008) were plotted and used to comparepattiogen DNA detected
throughout the apple growing seasons (Figure wLipgkide spray records for Fields 3
and 12 were provided. On May 15, 2007, the funigicNova (myclobutanil) was
applied to Field 12. On September 15, 2008, thgiftide Funginex (triforine) was

applied to Field 3.
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growing seasons of 2007 (A) and 2008 (B) and in ®enand, BC during the growing seasons of 2007a()) 2008 (D) as indicated

by Environment Canada (2008).
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2.4  pAG408

Thegfp-containing plasmid, pAG408 (Suarez et al. 19985 ywrovided by Dr.
Darren Korber, University of Saskatchewan, Saskat8ask. pAG408 was maintained
within the donor strairk. coli S-17X pir, on Luria Burtani (LB) agar (10 g/ L tryptong,
g/L yeast extract, 10 g/L NaCl) supplemented widhug/ml of kanamycin (kan) and 30
png/ml of gentamicin (gen).

To test for antibiotic efficacy, pAG408 B coli S-17A pir was streaked onto
three replicate plates each of LB agar, LB aga® +&§/ml kan, LB agar + 30 pg/ml gen
and LB agar + 50 pg/ml of kan and 30 pg/ml of ged grown at 28°C for 48 h.
Furthermore, pAG408 plasmid confirmation was vedfby extracting it fronk. coli S-
17\ pir using the Wizard ® Plus Minipreps DNA Purifiman System (Promega,
Madison, WI) as per manufacturer’s instructiong] digesting 1 pg of DNA with 1 U

Hindlll (Invitrogen, Carlsbad, CA) for 1 h at 37°C.

2.5  Construction of thegfp-transconjugant

Bacterial isolate 4-6 was transformed with pAG4@8hacterial conjugation.
Donor cells E. coli S-17A pir containing pAG408) and recipient cells (4-6rev grown
overnight at 28°C with shaking at 220 rpm. Ondiliie of each culture was
centrifuged at 10 000 x g for 20 min at 4°C. Thpeynatants were removed, the pellets
washed twice with PBS then resuspended in 50 RBS. Fifty microlitres each of the
donors and recipients were combined and vorteXde combined cultures were spotted
on 0.22 um sterile nylon membrane filters (WhatnMaidstone, England) placed on LB

agar plates supplemented with 50 pg/ml of kan &hdd@ml of gen. The plates were
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incubated for 24 h at 28°C to allow for bacteriahgigation. The bacterial mixtures
were then removed from the filters and plated afiwsu citrate agar plates (0.2 g/L
MgSQ,, 1.0 g/L NHH.PQy, 2.0 g/L sodium citrate, 5.0 g/L NaCl, 15 g/L agar
supplemented with 50 pug/ml of kan and 30 pg/mleaf gnd then incubated for 48 h at
28°C. The combination of sodium citrate growth medand antibiotics eliminate.
coli S-17) pir pAG408 cells and non-transformed bacteridls¢él. coli cannot use
citrate as a carbon source and the wild-type biodgontrol isolates cannot withstand
the antibiotics. For a negative control, non-tfarmaedPseudomonas fluorescensisolate
1-112,Serratia plymuthica isolate 6-25 ané. coli S-17A pir containing pAG408 were
spread on sodium citrate agar plates supplementad® pg/ml of kan and 30 pug/ml of
gen.

To confirm successful conjugatiob) putative transconjugants were selected at
random and their genomic DNA was extracted by bgiliOne colony was placed in 100
ul of sterile water and the supernatant was use¢kdea®BNA template for the PCR that
utilized gfp-specific primers. Three microlitres of DNA werged in the 25-ul reaction
containing 1x PCR Buffer (TetraLink InternationBlffalo, NY), 2.5 mM MgC}, 0.1
mM dNTP mix (Invitrogen, Carlsbad, CA) , 0.4 uMeHch forwarddfp F: 5'-
GAGTAAAGGAGAAGAACTTTTCA-3’) and reverse primergfp R: 5'-
TTATTTGTATAGTTCATCCATG-3') (Suarez et al. 1997) arddU of UltraTherm DNA
polymerase (TetraLink International, Buffalo, NYAmplification was performed on the
Techne TC-3000 thermocycler (Barloworld Scientifiondon, England) with the
following conditions: 96°C for 5 min followed by 3%cles of 95°C for 1 min, 54.8°C

for 1 min and 72°C for 1 min with a final extensicycle at 72°C for 7 min.
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2.6 Plasmid stability

Testing of the stability of exogenous DNA withincherial isolate 4-6 was
conducted according to Bloemberg et al. (1997) eixtteat tryptic soy medium and the
antibiotics, kanamycin and gentamicin, were usgdsed on replicated stability results
and the 2007 biocontrol experimental results, tloengsinggfp-tranconjgant biological
control strainP. fluorescens isolate 4-6, was selected as a suitable antagonist

bacterial survival and colonization studies.

2.7  P.fluorescens 4-6-gfp fitness analysis

Growth rates of 4-@fp and its wild-type counterpart (4-6 wild-type) were
compared. Three replicates each of giand 4-6 wild-type were grown in 10 ml of %2
TSB and incubated at 28°C with shaking at 220 rpn2# h. Cultures were spun for 20
min at 5000 x g and resuspended in 10 ml of phdsdiafered saline (PBS). Optical
density (ORgg) was determined and cultures were diluted andistalizved with PBS to
within 0.100 of each other. One hundred micraditoé standardized culture were added
to 10 ml of %2 TSB. OR)oreadings were recorded at 0, 2, 4, 6, 8, 10, iZ24m. The
three replicates were averaged and representetigalip (time vs ORgg). Growth rates
(1) were calculated with the formula p = (etl-logio No) X 2.303 / t-§) where N was a
final cell number, Nwas an initial cell number, t was the time at M &was the time at
No.

Carbon utilization profiles of 4-6-wild-type and64gfp were also compared by

determining carbon profiles using BioLog PhenotifieroArrays for Microbial Cells
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(Biolog, Inc., Hayward, CA) (microplate PM1 and PM#& per the manufacturer’s

instructions

2.8 Spore, apple tissue collection and fruit washgs

Apple leaves, blossoms and I-rods were collectentctard field sites throughout
the apple growing seasons (Table 1). In genemaipsing was conducted three times per
week at the beginning (early) and end (late) ofgtmving seasons in 2007 and 2008.
Throughout the mid-growing seasons, samples wekected approximately once per
week. At harvest, approximately 1250 apples wetlected at random from each of
Fields 3 and 12 and approximately 300 apples walteated at random from the Kiran

and Reekie orchards.

Fruit surface washings were conducted on 20 agael from Fields 3 and 12 in
2007 and 20 apples each from Fields 3, 12, thenkarad the Reekie orchards in 2008.
Twenty apples from each orchard were washed irDan@ibeaker containing 200 ml of
sterile distilled water and 200 ul of Tween 80.cl&uit was shaken for 5 min at 120
rpm and sonicated for 5 min (P. Sholberg, persoommunication). After all fruit were
washed, the solution was centrifuged at 13 400 d@min. The supernatant was
decanted and this process was repeated five tore$inal volume of 10 ml that was
centrifuged for 15 min at 7430 g. The supernataad decanted and the remaining cells
were transferred to a 2-ml tube and centrifugeda (16 100 g) for 1 min. The

supernatant was removed and 100 ul of water wetedafibr storage at -20°C.
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Table 1. Frequency of aerial and plant tissue samplind-felds 3, 12 and the Kiran and
Reekie orchards in the early, middle and late gngveieasons of 2007 and 2008.

Number of samples within
sampling period (n)

Field Sample type Early Mid Late Total

2007 Growing Season

Field 3 aerial 14 6 6 26
plant tissue 2 3 2 7
Field 12  aerial 16 6 5 27
plant tissue 2 3 2 7
Kiran aerial 9 7 6 22
plant tissue 4 7 5 16
Reekie aerial 0 0 0 0
plant tissue 6 8 4 18
2007 Total 53 40 30 123
2008 Growing Season
Field 3 aerial 18 11 3 32
plant tissue 4 0 2 6
Field 12  aerial 19 11 3 33
plant tissue 4 0 2 6
Kiran aerial 17 24 11 52
plant tissue 18 24 10 52
Reekie aerial 15 20 11 46
plant tissue 16 24 11 51
2008 Total 111 114 53 278

2.9  Validation and field testing of DNA macroarrays

2.9.1 DNA extraction
DNA was extracted from I-rods, plant tissue samples fruit washings using the
Power Soil DNA Isolation Kit (Mo Bio Laboratoriesic., Carlsbad, CA) according to

the manufacturer’s instructions. For DNA isolatitwo I-rods were used per aerial
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extraction and 0.25 g of plant tissue were usedidsue extractions. DNA was eluted in

100 pl of Buffer 5 and stored at -20°C until regdirffor further use.

2.9.2 PCR amplification

PCR amplification was used to amplify universalbnserved regions of the
fungal genome, ribosomal DNA interspacer regioB8N@ ITS) and the3-tubulin gene.
Approximately 10 — 20 ng of extracted DNA were use@5-ul reactions containing 1x
PCR Buffer (TetraLink International, Buffalo, NY2,5 mM MgC}, 0.1 mM digoxigenin
(Roche Diagnostics GmbH, Mannheim, Germany) (DI}& mix , 0.4 uM of each
forward and reverse primers and 1 U of UltraTherlADpolymerase (TetraLink
International, Buffalo, NY). Primers for rDNA wel€S1 (5'-
TCCGTAGGTGAACCTGCGG-3) and ITS4 (5-TCCTCCGCTTATRGATG-3)
(White et al. 1990) ang@-tubulin primers were Bt-LEV-Lol (Fwd 5'-
GTGAACTCCATCTCGTCCATA-3) and Bt-LEV-Up4 (5'-
CAAGATCCGTGAGGAGT-3’) (de Jong et al. 2001). Anfpiation was performed on
the Techne TC-3000 thermocycler (Barloworld ScientLondon, England) with the
following conditions: 96°C for 5 min followed by 3%cles of 95°C for 1 min, 55°C for
1 min and 72°C for 1 min with a final extension leyat 72°C for 7 min. DNA
concentrations were estimated on 1% agarose gelg as.ow Mass ladder (Invitrogen,
Gaithersburg, MD). A minimum of 75 ng and a maxmmaf 100 ng of PCR-amplified

DNA were required for hybridization to macroarrays.
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2.9.3 DNA macroarray construction

Twenty-eight oligonucleotide macroarray probeseagsigned by Dr. Danielle
Hirkala and constructed by Operon Technologies,tsliite, AL (Table 2). The 5’ end
of the probe contained an amino C6 linker usedttaxh the oligonucleotide onto the
Immunodyne ABC nylon membranes (PALL Europe Ltart®mouth, England). The
probes were resuspended in 0.5 M sodium bicarbdmdter (pH 8.0) and diluted to a
final concentration of 40 um. In combination witl®04% bromophenol blue, the
resuspended probes were arranged according tvi@ayst designed template (Figure
2). A 384-pin replicater (V&P Scientific, San D@®dCA) and pin guide (V&P
Scientific, San Diego, CA) were used to “stamp” pinebes onto the nylon membranes
(Figure 2). The membranes were blocked for a minmof 1 hour with hybridization

buffer (6x SSC, 0.1% sarcosine, 0.02% SDS) andKifrb siilk at 55°C.

2.9.4 Hybridization and chemiluminescent detection

To denature the DIG-labelled PCR products, 75 —ri@)6f DNA were combined
with 5 ml of hybridization buffer and placed in bog water for 10 min. Membranes
were added to the denatured probe solution forrogiet hybridization at 55°C.
Unbound probes were then washed from the membwitiepre-warmed 6x SSC
(0.18% NaCl, 0.088% sodium citrate) and 1% SDSi(sndalodecyl sulphate) for 2 x 40
min at 55°C. Hybridized membranes were pooledvaashed for 5 min in washing
buffer (0.1 M maleic acid, 0.15 M NaCl [pH 7.5]3@6 Tween 20) and bound with a
1:25 000 dilution of anti-Digoxigenin-AP (alkalirdnosphatase) Fab fragments (Roche

Diagnostics GmbH, Mannheim, Germany) combined wiishing buffer and 1% skim
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Table 2 DNA macroarray probe sequences.

Name Sequence 5'to 3 Description

rDNA-ITS
UN-H1-up [AMinoC6]JACCTACGGAAACCTTGTTACGA Universdb all fungi
Bot-all-H1b [AMINoCB]TTAGCTTGGTATTGAGTCTATGT Univeal to allBotrytis spp.
BC-H2d [AMinoC6]TATGCTCGCCAGAGAATACCAAA  Botrytiscinerea
BC-H3d [AMinoC6]GCTCGCCAGAGAATACCAAAAC Botrytis cinerea
BT-H1d [AMinoCB]TATGCTCGCCAGAGAAAACCAAA Botrytis tulipae
BT-H2d [AMiNoC6]CTCGCCAGAGAAAACCAAAACT Botrytis tulipae
PE-H2c [AminoC6]CCCGAACTCTGCCTGAAGATT Penicillium expansum
PE-H3u [AminoC6]CAGACGACAATCTTCAGGCA Penicillium expansum

Mpir-ITS-183H1
Mpir-ITS-414H1

UNbt-1

UNbt-2

UNbt-3
Pex-bt-84-H1-gag
Pex-bt-84-H1-gcg
Pex-bt-84-H1-gtg
Pcom-bt-1
Psol-bt-1
Psol-bt-2
Paur-bt-1
Paur-bt-2
Bcin-133-H3
Bstok-144-H4
Bot-95-H1-GAG
Bot-95-H1-GCG
MucorUN-bt-1
MucorUN-bt-2
MucorUN-bt-3

[AMINoC6]TGGTGTCCTTAAAAATTATTATTAT
[AminoC6]JAACACCCCACATCTTAAAAATC
B-tubulin
[AminoC6]CAAGAACATGATGGCTGCTTC
[AminoC6]CCAAGAACATGATGGCTGC
[AminoC6]TGTTCGACCCCAAGAACATG
[AminoC6]TCCGACGAGACTTTCTGTATC
[AminoC6]TCCGACGCGACTTTCTGTATC
[AminoC6]TCCGACGTGACTTTCTGTATC
[AminoC6]CCGTCAACATGGTCCCCTT
[AminoC6]TCCCTCGTTTGCACTTCTT
[AminoCB]CCTTTCCGTCCGTCCACCAGCT
[AminoC6]CACACCTCTGATATCTTGCTAGG
[AMiNoC6]CGATGGACAGTAAGTTCTAATGG
[AminoC6]TTACGATATTTGCATGAGAACCT
[AminoC6]GCATGAGAACCCTGAAGCTC
[AminoC6]JAACTCTGACGAGACCTTCTG
[AmMinoC6]JACTCTGACGCGACCTTCTG
[AminoC6JACATGGTTCCTTTCCCTCGT
[AminoC6]JAAGGCTTTCTTGCATTGGTA
[AMiNoC6]|GGTGCTGGTAACTCTTGGGC

Mucor piriformis
Mucor piriformis

Universal tall fungi
Universal to lalungi
Universal tdldungi
Penicillium expansum
Penicillium expansum TBZ sensitive
Penicillium expansum TBZ resistant
Penicillium commune
Penicillium solitum
Penicillium solitum
Penicillium aureum
Penicillium aurantigriseum
Botrytis cinerea
Botrytis mali
Botrytis cinerea TBZ sensitive
Botrytis cinerea TBZ resistant
Universep all Mucor spp.
Univers$ao all Mucor spp.
Univelda all Mucor spp.
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Post-Harvest Macrorray Template
rDNA-ITS B-tubulin

A B C D E F G H
1 Mpir-ITS- Pex-bt-84- Bcin-133- | MucorUN-

UN-H1-up BT-H1d 183H1 UNbt-1 Higag Psol-bt-1 3 bit
2 | Bot-all-H1- Mpir-ITS- Pex-bt-84- Bstok-144- | MucorUN-

b BT-H2d A14HL UNbt-2 Higcg Psol-bt-2 Ha bi.2
3 Pex-bt-84- Bot-95-H1- | MucorUN-

BC-H2d PE-H2c Higtg Paur-bt-1 020 bi3
4 | BcHad PE-H3u Pcom-bt-1 | Paur-bt-2 BOt':fg'Hl' -
B.

Post-Harvest Macrorray Template
rDNA-ITS B-tubulin

A B C D E F G H
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Figure 2. DNA macroarray pathogen template (A) and the spwading oligonucleotide
probe placements that are amine-linked to the nglembrane (B). Columns A—-C
detect rDNA ITS PCR products; columns D — H depetttbulin PCR products. Each
pathogen (A) corresponds with the dotted tempRjeaé it would appear on a developed
macroarray. Each probe is blotted twice for positenfirmation. Grey boxes indicate no
probe present.
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milk powder for 30 min. Membranes were washedfarl5 min then primed for 15 min
in buffer 3 (0.1 M Tris-HCI, 0.1 M NaCl [pH 9.5)]).

For chemiluminescent detection, membranes weréated for 5 min in buffer 3
plus 1:2000 dilution of chemiluminescent substr@®P-Star (Roche Diagnostics
GmbH, Mannheim, Germany). Alkaline phosphatasematically dephosphorylates
CDP-Star, creating dioxetane phenolate anion, whédomposes and emits light
maximally at 466 nm (Roche Diagnostics GmbH, Mammh&ermany).

Membranes were bound in plastic wrap and immediaebosed to x-ray film
(CL-X Posure™ Film, Thermo Scientific, Rockford, IL) for 2 h. fér fixing and
developing for 1 minute each (Kodak, Rochester, Mg hybridized DIG-amplified
PCR products were captured on x-ray film as a s@fieots with varying grey
intensities. The x-ray film was scanned and sasged Jpeg picture file using a BenQ
4300u scanner (Taipei, Taiwan) for computer analy3ine hybridized DNA was
guantified using ImageJ 1.30v software (Nationatitates of Health, Bethesda, MD).

Each hybridization signal was assigned a relatreggrale value that ranged from
0 (completely back) to 255 (completely white). %eale values were in the form of two
averaged measurements. The background was seltfaat each analyzed array using
the following formula:

Adjusted Greyscale Value= 127.5 x Original Greyscale Value
Average Background

The adjusted greyscale values were transformed\t& Ebncentrations when compared

to a standard curve produced from known DNA corre¢ions.
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2.10 Biological control of post-harvest fungal pdtogens

2.10.1 Inoculation of apples by drenching

Bacterial cultures were diluted in 5 L of wategteoncentration of FOCFU/m
and fungal cultures were diluted in 5 L of watectmcentrations of fGpores/ml foP.
expansum andB. cinerea and 18 spores/ml foM. piriformis. Inoculation concentrations
were previously determined by minimum infectiouseland minimum inhibitory
concentration experiments (D. Hirkala, personal mamication). Apples were surface
sterilised with 90% ethanol and wounded in trigicasing a 3-mm diameter nail
embedded in a cork. Wounded apples were placaglastic net bag and labelled by
tagging. Each bag was placed in a 5-L bacteuighansion for 1 min then subsequently
placed in a 5-L fungal suspension for 1 min. Relfgg inoculation, apples were air dried
on trays for 10 min then placed in mesh bags (Jeap bag) and in crates (~100 apples
/ crate) for commercial storage or in covered pasins each with three 0.2-um
membrane filters attached to the lid for semi-comuiaé storage until lesions formed. In
this study, commercial storage refers to contradiedosphere (CA) storage conditions in
a commercial packinghouse, whereas semi-commestoiege refers to storage in a

research facility at 1°C in air.

2.10.2 Natural disease incidence

Following apple harvest in 2007, natural diseaselance (NDI) was determined
by wounding 100 Jonagold apples from Field 3 arf@l G@la apples from Field 12. Fifty
of the 100 apples were fumigated with 1-Methylcpetgpene (1-MCP) and 50 were not
fumigated with 1-MCP. In 2008, NDI was determirmsdplacing 260 apples, each from

Fields 3 (Jonagold), 12, Kiran (Gala) and Reekied Relicious) into controlled
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atmosphere (CA) storage (1.5% &nhd 1.5% C@) (n = 100 per orchard) in Naramata,
BC or in air storage at 1°C (n = 40 per orchardyARC in Summerland, BC. Half of
the apples were wounded in triplicate and the ramgihalf were not wounded. 1-MCP
treatments were not used in 2008 harvest expergnddisease incidence (% apples
infected) and lesion diameters (mm) were measutedZand 6 months for the 2007
harvest, after 4.5 months of sealed CA storageafted 1, 2, 4 and 6 months at 1°C in air

storage for apples harvested in 2008.

2.10.3 Natural disease incidence with bacterial aatjonists

To measure bacterial antagonist efficacy againstrakdisease incidence for
harvest 2007, 120 Jonagold apples from Field 312@dGala apples from Field 12 were
wounded in triplicate and inoculated with one okfbacterial antagonists — isolates
1100-6, 1-112, 2-28, 4-6 or 6-25- and a non-indeal@ontrol (10 apples / antagonist).
Sixty of the 120 apples were fumigated with 1-MGCHé ¢he remaining 60 apples were
not fumigated. Following harvest in 2008, 240 agdrom each orchard, Field 3, 12,
Kiran and Reekie, were inoculated as in sectio.2.10ne hundred and twenty apples
from each orchard were stored in CA (60 wounded&ihdot wounded) and 120 apples
were stored at 1°C in air (60 wounded and 60 natnged). Disease incidence and
lesion diameters were measured after 3 month®rage for apples harvested in 2007.
For apples harvested in 2008, disease incidencéeaimh diameters were measured after
4.5 months of sealed CA storage and after 1, add6amonths at 1°C in air storage. The
efficacy of the biological control agents was conagato apples that had been wounded

and not inoculated with bacteria.
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2.10.4 Biological control of post-harvest pathogen

For apples harvested in 2007, disease inhibitiosyme@asured by inoculating 360
Jonagold apples from Field 3 and 360 Gala apptes ffield 12 with one of three fungal
pathogens P. expansum, B. cinerea or M. piriformis and one of five bacterial control
isolates, 1100-6, 1-112, 2-28, 4-6, 6-25 and ainonulated control. One hundred and
eighty of the 360 apples were fumigated with 1-M®®r apples harvested in 2008, 360
apples each from Fields 3 and 12 and the KiranReekie orchards were inoculated as
above. In 2008, 1-MCP was not used, but 180 agg@esrchard were wounded and 180
apples per orchard were non-wounded. From eaehtlsére were 10 apples / antagonist
+ 1 non-inoculated control / pathogen. Diseaselerce and lesion diameters were
measured after 3 months of storage for apples bdeén 2007 and after 1, 2, 4 and 6
months at 1°C in air storage for apples harvest&a0D8. Pathogens were not permitted

in commercial CA storage.

2.10.5 Bacterial survival on apple

Concentrations of 4-Gfp were monitored by two experimental techniques-
colony counts via dilution plating and direct sciagrusing the POLARstar Omega
microplate reader (BMG Labtech, Germany) as in &tiel et al. (2005). A standard
curve was developed that described the relations#tyween colony forming units
(CFU/mI) and relative fluorescent units (RFU) acqdiby direct scanning.

The bacterial inoculum was prepared in ¥2 TSB withug/ml of kan and 30
pag/ml of gen and grown at 28°C for 24 . expansum spores were harvested from 7-d-
old ¥2 PDA plates. Final inoculation concentratiéors4-6-gfp andP. expansum were

10° CFU/mI and 16spores/ml, respectively. Apples were prepared asction 2.9.1

35



and inoculated by pipette (30 ul) with the follogitreatments: 1) non-inoculated
control; 2) 4-6gfp alone; 3)P. expansum alone and; 4) 4-Gfp + P. expansum. Isolate 4-
6-gfp was quantified by aseptically removing an apple¢d mm in diameter x 5 mm
deep) from two of the three apple wounds. Botlesevere macerated with a sterile rod.
One core, to be used for dilution plating, was @thm 1.1 ml of PBS and plated on
Pseudomonas F agar (20 g/L peptone, 1.5 gHlRO,, 1.5 g/L anhydrous MgSQ10

g/L agar [pH 7.2]) supplemented with 50 pg/ml kad 80 pug/ml gen. The second core,
to be used in direct scanning, was placed in 30if RBS. Two hundred microlitres of
the tissue slurry were added to a well in a blagk®N96-well microplate (Thermo Fisher
Scientific, Rochester, NY). Fluorescent readingserobtained using a 405 nm
excitation filter and a 510 nm emission filter amdain of 1200. The relative fluorescent
units (RFU) of PBS and non-inoculated control warbtracted from the treatments to
correct for background and apple fluorescence e@sfely. Bacterial concentrations

were determined approximately every 10 days fata of 55 d.

2.11 Analysis

In all biocontrol experiments, disease was meashyatisease incidence (percent
apple infection) and disease severity (averagenediameter in mm). From these two
values, data were converted to infection sevel8y (Spotts et al. 1999):

Infection Severity (IS) = % Apple Infection * Average Lesion Diameter immm
100%

In order to correct for variance heterogeneityeation severity values were lpg

(n+0.5) transformed. Differences in means werdyaed by either a one-way or two-

36



way analysis of variance (ANOVA)-values less than 0.05 were considered statisticall
significant. If the 2-way ANOVA interaction termas significant, the main effects were
separated and a one-way ANOVA was used for subsequnalysis. Differences among
means were determined by the least significaneiiifice (LSD) test. The Pearson
Product Moment Correlation Coefficiem) (vas used to measure the linear association of
two independent variables. Statistical analysagwenducted using CoStat Statistics

Software (CoHort Software, Monterey, CA).
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CHAPTER 3: RESULTS

3.1  Validation and field testing of DNA macroarrays

3.1.1 Quantification of post-harvest pathogens

Macroarray construction for the identification afgp-harvest pathogens was
completed by Dr. Danielle Hirkala and was basedupe prototype proposed in
Sholberg et al. (2005a). The array displayed Bjggrificity, no cross-reactivity and
detected as little as 0.1 ng of pure culture ful@dA extracted fronP. expansum andB.
cinerea and up to 0.01 ng of pure cultureMf piriformis (Hirkala, unpublished).

For the purpose of this study, three macroarrapgsavere selected for pathogen
identification: PE-H3u foP. expansum detection, BC-H2d foB. cinerea detection and
Mpir-ITS-414H1 forM. piriformis detection. Each of the three selected probes is
comprised of sequences in the rDNA ITS region ariddated on the left hand side of
the macroarray template (Figure 2). These prolee gelected because of their overall
higher sensitivity compared to other probes. Teisision was based upon all 2007
greyscale values obtained from environmental fielth. Standard curves were
determined for each of the three probes (Figurdsadyd 5).

To test the quantitative properties of the amin&dd oligonucleotides, 0 — 100
ng of pure culture fungal DNA was hybridized to thacroarray. Each detector
oligonucleotide displayed varying levels of hybriglion signal intensity; however, a
linear relationship did exist between DNA concetidraand hybridization signal
strength. The linear range of the probe PE-H8r(€ -0.974; @) r = -0.962) was

between 0 and 3 ng (Figure 3), whereas the lireegge for the probe BC-H2d
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Figure 3. Quantitative assessmentRdnicillium expansum probe PE-H3u illustrating the
relationship between greyscale value and DNA comagan (ng). ¢) Represents
standard curve used for samples collected in 2087{.974); ®) Represents standard
curve used for samples collected in 2008 {0.962). Error bars represent standard error
of the mean.
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Figure 4. Quantitative assessmentRutrytis cinerea probe BC-H2d illustrating the
relationship between greyscale value and DNA comagan (ng). ¢) Represents
standard curve used for samples collected in 2087d.960); @) Represents standard
curve used for samples collected in 2008 {0.977). Error bars represent standard error
of the mean.
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Figure 5. Quantitative assessmentidticor piriformis probe Mpir-ITS-414H1
illustrating the relationship between greyscaleigadnd DNA concentration (ng¥.)(
Represents standard curve used for samples callec2007 (= -0.970); @) Represents
standard curve used for samples collected in 2088Q.990). Error bars represent
standard error of the mean.
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((#) r=-0.960; @) r =-0.977) was between 0 and 12 ng (Figure 4) aagtbbe Mpir-
ITS-414H1 (¢) r =-0.970; @) r = -0.990) was between 0 and 0.5 ng (Figure 5). v&bo
these ranges, the curves deviated from linearith@sligonucleotides reached their
saturation level. Throughout the duration of gtigdy, the intensity of the hybridization
signals decreased over time which led to the coastn of two separate quantification
curves for each of the three pathogens (FigurdsaBd 5).

The two standard curves createdPoexpansum DNA quantification (ng) were
constructed in August 2008)(and August 2009e() (Figure 3). Positive hybridization
signals that were present in samples assesse®8&v2€re quantified using the formula y
=-41.147x + 123.99%. Positive hybridization signals that were preésersamples
assessed in 2009 were quantified using the formelal6.67x + 134.54().

The two standard curves createdBocinerea DNA quantification (ng) were
constructed in August 2008)(and October 2009 (Figure 4). Positive hybridization
signals that were present in samples assesse®8&v2€re quantified using the formula y
=-8.1112x + 120.26#4). Positive hybridization signals that were preésersamples
assessed in 2009 were quantified using the formela8.5966x + 126.02e().

The two standard curves createdNbrpiriformis DNA quantification (ng) were
constructed in October 2008) (and August 2009() (Figure 5). Positive hybridization
signals that were present in samples assesse®@@&v@ére quantified using the formula y
=-181.28x + 116.61¢{. Positive hybridization signals that were preésersamples

assessed in 2009 were quantified using the formelal48.38x + 129.06s).
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3.1.2 Field application of macroarray technology

The DNA macroarray was used in two years of fratmhitoring studies to verify
airborne and plant tissue pathogen spore loadsuindrchards in the Okanagan Valley,
BC: Field 3 in Summerland, BC (Figure 6); FielditZSummerland, BC (Figure 7);
Kiran orchard in Kelowna, BC (Figure 8); Reekielmd in Kelowna, BC (Figure 9).

All three probes had positive hybridization signtidroughout the growing season
with high variability between years and sample $ypi Field 3 (Figure 6), all three
pathogensk. expansum (A. 2007, D. 2008)B. cinerea (B. 2007, E. 2008) and M
piriformis (C. 2007, F. 2008) were detected most frequenttii@nearly and late growing
seasons. In Field 12 (Figure P),expansum was detected at the beginning and middle of
the growing season in 2007 (A) and throughout tieeving season in 2008 (D).
Pathogen levels were much higher in 2008 (D) tha2007 (A). B. cinerea was detected
in the middle of the growing season in 2007 (B) #Hrelbeginning and the end of the
growing season in 2008 (BB. cinerea was not detected on plant tissue samples in either
2007 or 2008 (B, E)M. piriformis was detected at the beginning and middle of the
growing season in 2007 (C) and at the beginningth@end of the growing season in
2008 (F). In the Kiran orchard (Figure B),expansum (A. 2007, D. 2008)B. cinerea
(B. 2007, E. 2008) and Miriformis (C. 2007, F. 2008) were detected throughout the
growing season in both 2007 and 2008. DNA conedéotrs forP. expansum andB.
cinerea were higher in 2008 than in 2007. In the Reekahard (Figure 9)P. expansum
was detected in the middle of the growing seas@d(v (A) and throughout the
growing season in 2008 (DB. cinerea was not detected in 2007 (B) and was detected

throughout the growing season in 2008 (E). piriformis was detected in the middle of
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Figure 6. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue sampbissfied line) collected from Field 3
(Summerland, BC) in 2007 (A — C) and 2008 (D — §ing DNA macroarrays and
identified by post-harvest pathogen rDNA ITS macraya probes, PE-H3w), BC-H2d
(o) and Mpir-ITS-414H1 ).
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Figure 7. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue samptsshied line) collected from Field 12
(Summerland, BC) in 2007 (A — C) and 2008 (D — §ipng DNA macroarrays and
identified by post-harvest pathogen rDNA ITS maaragaprobes, PE-H3w]), BC-H2d
(e) and Mpir-ITS-414H1 %).
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Figure 8. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue samptissfied line) collected from the Kiran

orchard (Kelowna, BC) in 2007 (A — C) and 2008 (B)-using DNA macroarrays and
identified by post-harvest pathogen rDNA ITS maaraaprobes, PE-H3w]), BC-H2d

(e) and Mpir-ITS-414H1 %).
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Figure 9. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue sampbissfied line) collected from the Reekie
orchard (Kelowna, BC) in 2007 (A — C) and 2008 (B)-using DNA macroarrays and
identified by post-harvest pathogen rDNA ITS macraya probes, PE-H3w), BC-H2d
(o) and Mpir-ITS-414H1 ).
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the growing season in 2007 (C) and throughougtbeing season in 2008 (F). All
pathogen levels were higher in 2008 than in 2007.

Due to the observed variability, the data weraraged in an alternate way in
order to determine if there were common patterteéxen pathogens and fields (Table
3). To determine what time in the growing seasacheof the three main post-harvest
pathogens was primarily detected, the season watediinto three sections: 1) early (~1
— 50 days after blossom); 2) mid (~50 — 100 dayer &fiossom) and; 3) late (~100 —
150+ days after blossom) growing season (TableéAg&)ial and plant tissue samples were
analyzed separately and in combination by detengipercent pathogen detection
within either the early, mid or late growing season

According to the tabulated data in Table 3, in 280@ 2008P. expansum was
detected in each of the three growing season sdgrhandiffered by field and year.
From DNA isolated from aerial samples collecte@@®7, there was a significant effect
of growing season segment onPxexpansum detectedg = 0.06) (Appendix, Table Al);
the %P. expansum detected in the early season was significantlipdrighan that in the
late growing season (Table 3). There was no effegtowing season segment on*o
expansum detected in aerial samples in 2008 (Table 3; Adpemable A4). From DNA
isolated from plant tissue samples in 2007 therg measignificant effect of the growing
season segment on thePrsexpansum detected (Table 3; Appendix, Table A2), but in
2008, there was a significant effept£ 0.053) (Appendix, Table A5). The Po
expansum detected in the mid-growing season was signiflgangher than that in the

late-growing season (Table 3).
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In 2007, there was no effect of the growing seasgment on the B. cinerea
detected in DNA isolated from either aerial or plassue samples (Table 3; Appendix,
Tables Al and A2). In 2008, from DNA isolated frghant tissue samples, theBb
cinerea detected in the mid-growing season was signiflgamgher than that in the early
and late-growing seasons (Table 3; Appendix, TABle Overall,B. cinerea was
detected at much lower levels than eitReexpansum or M. piriformis.

M. piriformiswas detected in each of the three growing seaggmesgs but also
differed by field and year (Table 3). From DNAIleted from plant tissue samples in
2007, the %M. piriformis detected was significantly higher in the mid-gnogvseason
than that in the early or late-growing seasons I@8bAppendix, Table A2). From DNA
isolated from plant tissue samples in 2008, thigl 9piriformis detected was significantly
higher in the mid-growing season than that in #te-growing seasom €& 0.06) (Table;
Appendix, Table A5). In both 2007 and 2008, whenad and plant tissue DNA samples
were analyzed together, there was no effect of gn@weason segment (Table 3;
Appendix, Tables A3 and A6).

In 2007 and 2008 combined, the selected probestdéte. expansum (27.4 +
3.4%) andM. piriformis (19.2 + 1.4%) most frequently, followed Bycinerea (6.2 =
1.4%) (Table 3; Appendix, Table A7). In additiéh,expansum was detected at the
highest concentrations, followed Bycinerea and therM. piriformis. Of the samples
collected in 2007, the Kiran orchard had the higjpescent detection (81.6%) followed
by Field 12 (50%), the Reekie orchard (33.3%) aiettl)3 (30.3%). In 2008, the Reekie
orchard had the highest percent detection (80.4%ewed by Field 12 (71.8%), Kiran

(46.2%) and Field 3 (28.9%) (Table 3).
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Table 3. DNA macroarray detection (%) summary Rirexpansum, B. cinerea andM. piriformis from four apple orchards throughout the
2007 and 2008 growing seasons. Growing season iwided into 3 sampling periods: 1) early-growingsen (~ 1-50 days after blossom); 2)
mid-growing season (~ 50-100 days after blossord) @nlate-growing season (~ 100-150+ days aftesddim). Numbers in () indicate
standard error of the mean.

% pathogen detection within sampling period®

, .. , % detection
P. expansum B. cinerea M. piriformis per orchard

Field Sample type 1 2 3 1 2 3 1 2 3
2007 Growing Season
Field 3 aerial 28.6 0.0 0.0 7.1 0.0 0.0 7.1 0.0 16.7

plant tissue 0.0 0.0 100.0 0.0 0.0 0.0 0.0 33.3 0.0
Field ave 25.0° 0.0 25.0 6.3 0.0 0.0 6.3 11.1 12,5 30.3
Field 12  aerial 37.5 33.3 0.0 0.0 33.3 0.0 12.5 0.0 0.0

plant tissue 50.0 33.3 50.0 0.0 0.0 0.0 0.0 66.7 0.0
Field ave 38.9 333 14.3 0.0 22.2 0.0 111 22.2 0.0 50.0
Kiran aerial 66.7 0.0 16.7 11.1 14.3 0.0 66.7 28.6 50.0

plant tissue 50.0 57.1 0.0 0.0 0.0 20.0 0.0 42.9 20.0
Field ave 61.5 28.6 9.1 7.7 7.1 9.1 46.2 35.7 36.4 81.6
Reekie aerial ND ND ND ND ND ND ND ND ND

plant tissue 0.0 25.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0
Field ave 0.0 25.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0 33.3
Ave % detection per sampling 44.23" 11.1ab 5.6b 6.1a 15.9a 0.0a | 28.8a 9.5a 22.2a
period (irod)* (11.5) (11.1) (5.6) (3.3) (9.7) (0.0) | (19.0) (9.5) (14.7)
Ave % detection per 25.0a 28.9a 37.5a 0.0a 0.0a 5.0a 0.0b 48.2a 5.0b
sampling period (pt)* (14.4) (11.8) (23.9) (0.0) (0.0) (5.0) (0.0) (7.0) (5.0)
2007 ave % detection per 314a 21.7a 12.1a 3.5a 7.3a 23a| 15.9a 29.8a 12.2a
sampling period (irod + pt)° (12.9) (7.4) (5.2) (2.0) (5.2) (2.3) | (10.3) (8.4) (8.6)
2007 ave % detection 24.0a 4.2b 20.6ab
per pathogen' (5.6) (1.7) (13.8)
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% pathogen detection within sampling period

, .. , % detection
P. expansum B. cinerea M. piriformis per orchard

Field Sample type 1 2 3 1 2 3 1 2 3
2008 Growing Season
Field 3 aerial 0.0 18.2 333 0.0 9.1 66.7 27.8 0.0 0.0

plant tissue 0.0 ND 0.0 0.0 ND 0.0 0.0 ND 0.0
Field ave 0.0 18.2 20.0 0.0 9.1 40.0 22.7 0.0 0.0 28.9
Field 12 aerial 57.9 54.5 100.0 5.3 9.1 0.0 21.1 0.0 33.3

plant tissue 25.0 ND 0.0 0.0 ND 0.0 0.0 ND 0.0
Field ave 52.2 54.5 60.0 4.3 9.1 0.0 17.4 0.0 20.0 71.8
Kiran aerial 5.9 25.0 18.2 0.0 12.5 18.2 5.9 29.2 18.2

plant tissue 38.9 20.8 10.0 5.6 12.5 0.0 27.8 8.3 0.0
Field ave 22.9 22.9 14.3 2.9 12,5 9.5 17.1 18.8 9.5 46.2
Reekie aerial 733 45.0 9.1 40.0 5.0 9.1 40.0 30.0 9.1

plant tissue 50.0 37.5 9.1 6.3 8.3 0.0 37.5 37.5 0.0
Field ave 61.3 40.9 9.1 22.6 6.8 4.5 38.7 34.1 4.5 80.4
Ave % detection per 34.3a" 35.7a 40.2a| 11.3a 89a 23.5a| 23.7a 14.8a 15.2a
sampling period (irod)" (18.4) (8.5) (20.6) (9.6) (1.5) (14.9) (7.1) (8.5) (7.1)
Ave % detection per 28.5ab  29.2a 4.8b 3.0b 10.4a 0.0b | 16.3ab  22.2a 0.0b
sampling period (pt)° (10.8) (8.3) (2.8) (1.7) (2.1) (0.0) (9.6) (14.6) (0.0)
2008 ave % detection per 34.1a 34.1a 25.8a 7.4a 9.4a 13.5a| 24.0a 13.2a 8.5a
sampling period (irod + pt)° (14.0) (8.4) (11.6) (5.1) (1.2) (9.0) (5.1) (8.2) (4.3)
2008 ave % detection 30.8a 8.3b 17.8ab
per pathogen’ (10.2) (1.3) (3.8)
2007/08 ave % detection 27.4a 6.2b 19.2a
per pathogen® (3.4) (1.4) (1.4)




% pathogen detection: # of times a pathogen wastet within a select sampling perio@00%

#aa@mples taken within a select sampling period
Field averages were obtained by calculating theaaee% pathogen detection between both aerial lamd fissue samples
Ave % detection per sampling period (irod): iroderial sample; values were determined by takingtleeage of the % detection values
per sampling period per pathogen within each octivaaerial samples only
. Ave % detection per sampling period (pt): pt = pkissue sample; values were determined by takiagverage of the % detection
values per sampling period per pathogen within @achard in plant tissue samples only
. Ave % detection per sampling period: values weterd@ned by taking the average of the % detectaloes per sampling period per
pathogen within each orchard in aerial and plasue samples combined
Ave % detection per pathogen: values were detedrigaaking the average of the % pathogen detewtdures within all three sampling
periods within each orchard with aerial and pl&ssgue samples combined
2007/08 ave % detection per pathogen: values wetszrdined by taking the average of the values néthin Ave % detection per
pathogen in both 2007 and 2008
Means followed by different letters within a patkagand within a row are significantly differept< 0.06) according to the least
significant difference (LSD) test.
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Fruit washings conducted after harvest in 2007vgaothe presence 8 cinerea
in Jonagold apples grown in Field 3 and the presenP. expansum, B. cinera andM.
piriformisin Gala apples grown in Field 12. Fruit washingaducted after harvest in
2008 showed the presenceRofexpansum in Gala apples grown in the Kiran orchard

(Table 4).

Table 4. Detection ofP. expansum, B. cinerea andM. piriformis from fruit washings
collected from Jonagold apples from Field 3, Galples from Field 12 and the Kiran

orchard and Red Delicious apples from the Reeldkard in 2007 and 2008 using DNA
macroarrays.

DNA detected (ng/20 apples)

Field P. expansum B. cinerea M. piriformis
Harvest 2007

Field 3 ND 0.48 ND
Field 12 0.78 0.66 0.05
Harvest 2008

Field 3 ND ND ND
Field 12 ND ND ND
Kiran 1.41 ND ND
Reekie ND ND ND

a. ND = not detected

3.2 Natural disease incidence

3.2.1 Harvest 2007

The effect of incubation period (3 and 6 months) 4fMCP use (1-MCP+/-) on
infection severity (IS) was analyzed using a twor&OVA. The interaction terms for
apples from both Field 3 and 12 were not signifi¢g@ppendix, Tables A8 and A9). In
both Field 3 and 12, there was a greater IS ansimths than at three months in 1°C
storage. However, only in Field 3 was there aifigant effect of 1-MCP application; 1-

MCP reduced IS by 48.2% in comparison to the nanidated control (Tables 5 and 6).
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Table 5.Natural disease incidence indicated by infectiewesity’ in Jonagold apples
grown in Field 3 (harvest 2007), treated or ncatied with 1-MCP (1-MCP+/-) and
stored for 3 or 6 months at 1°C in air.

Field 3 Field 3
Incubation Period 3 months 6 months Overall Mean
1-MCP + 5.51 9.55 7.53%
1-MCP - 9.09 22.12 15.61 a
Overall Mean 7308 15.83 a

a. Infection severity (IS) = percent apple infectioaverage lesion diameter (mm)/100 (Spotts et389]).
b. Incubation period means with different lettems different at significance leves<0.05 according to
least significant difference (LSD) test.

c. 1-MCP means with different letters are differansignificance levelp <0.05 LSD test.

Table 6. Natural disease incidence indicated by infectiewesity’ in Gala apples grown
in Field 12 (harvest 2007), treated or not treatetd 1-MCP (1-MCP+/-) and stored for
3 or 6 months at 1°C in air

Field 12 Field 12

3 months 6 months Overall Mean
1-MCP + 7.64 30.28 18.95°a
1-MCP - 11.78 22.29 16.56 a
Overall Mean 9.90 1% 26.28 a

a. Infection severity (IS) = percent apple infeatioaverage lesion diameter (mm)/100 (Spotts €t389).
b. Incubation period means with different lettems different at significance leves<0.05 according to
least significant difference (LSD) test.

c. 1-MCP means with different letters are differanhsignificance levelp <0.05 LSD test.

3.2.2 Harvest 2008

The effects of incubation period (1, 2, 4 and éthe) on infection severity in
each of the four orchards were analyzed using ax@eANOVA. Results indicated
that in all fields, there was a significant increas IS from one to six months (Table 7;
Appendix, Table A10). A one-way ANOVA also revaalbat at two months incubation,

Jonagold apples grown in Field 3 had significagtigater infection severities than in all
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other orchards. At four and six months of incutratiJonagold apples grown in Field 3
and Gala apples grown in Field 12 had significagtlyater infection severities than in
the commercial orchard apples, Gala grown in tharkKorchard and Red Delicious
grown in the Reekie orchard (Appendix, Table A11).

Table 7. Natural disease incidence indicated by infecieverityin Jonagold apples

grown in Field 3, Gala apples grown in Field 12 #melKiran orchard and Red Delicious

apples grown in the Reekie orchard (harvest 2008)stored for 1, 2, 4 or 6 months at
1°Cin air.

Apple Field 3 Field 12 Kiran Reekie
Variety Jonagold Gala Gala Red Delicious
1 month 0.00 dA 0.00 dA 0.36 bA 0.00 cA
2 months 1.08 cA 0.54 cB 0.01 bB 0.00 cB
4 months 20.72 bA 19.95 bA 0.08 bB 2.28 bB
6 months 48.12 8A 46.58 aA 2.06 aB 10.88 aB

a. Infection severity (IS) = percent apple infeatioaverage lesion diameter (mm)/100 (Spotts €t399).
b. Incubation period means with different letteithim columns (lowercase) are different at sigrifice
levels atp <0.05 according to least significant difference ()$&xt.

c. Incubation period means with different letteithim rows (uppercase) are different at significatevels
atp <0.05 according to the LSD test.

In addition to storing apples at 1°C in air, frwiere also stored in controlled
atmosphere (CA) for 4.5 months. Jonagold applewgin Field 3 had the highest
infection severity with significantly greater disedevels compared to Gala apples grown
in Fields 12 and Kiran and Red Delicious applesvgron the Reekie orchard (Figure 10;
Appendix, Table A12). The high infection seveffitynd in Jonagold apples grown in

Field 3 appeared to be due primarilyrtoexpansum (based on phenotypic observation).

55



12 4

=
o o
1 1

Average Infection Severity (IS)
[e)]

2 .
b b b
O u
Field 3 Field 12 Kiran Reekie
Jonagold Gala Gala Red Delicious
Field

Figure 10. Natural disease incidence in Jonagold apples gmwseld 3, Gala apples
grown in Field 12 and the Kiran Orchard and Redddals apples grown in the Reekie
orchard and stored for 4.5 months in controlledcsphere (CA) in Naramata, BC. IS
means with different letters are different at diigance levelg <0.05according to LSD
test.
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3.3  Growing season detection and natural diseasecidence

In this study, there was no correlation betweerotdl pathogen detectioR.(
expansum, B. cinerea andM. piriformis) detected in the field throughout the entire
growing season in both 2007 and 2008 combined €T&pand NDI after storage= -
0.11;p = 0.8349). With respect to Fields 3 and 12 in7280d Fields 3 and 12 and the
Kiran and Reekie orchards in 2008, there was nelaiion between % pathogens
detected in the early-growing season and theilesponding NDIsr(= -0.29;p =
0.5811) and % pathogens detected in the mid-groséagon and their corresponding
NDIs (r =-0.28;p = 0.5865). However, there was a positive cotiaicbetween %
pathogens detected in the late-growing season &idrs 0.79;p = 0.0612).

When the aerial samples were analyzed separatetytiie plant tissue samples,
in the 2007 and 2008 data combined, there was melation between % pathogens
detected in the early € -0.57;p = 0.2234) and mid-growing seasons and their
corresponding NDIsr= -0.36;p = 0.4838). However, there was a positive con@hat
between % pathogens detected in late-growing seasdbiNDI ¢ = 0.74;p = 0.0903).
When the plant tissue samples were separated freradrial samples, in 2007 and 2008
combined, there was no correlation between % patidetected in either the mid=(-
0.22;p = 0.7810) or late-growing seasomns(-0.21;p = 0.6826) and their corresponding
NDIs. However, there was a negative correlatidmben % pathogens detected in the

early-growing season and ND1< -0.79;p = 0.0623).
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3.4  Antagonist efficacy, harvest 2007

3.4.1 Natural disease incidence and biocontrol inatations

The effects of biological control treatment (nodontrol, 1100-6, 1-112, 2-28, 4-
6 or 6-25) and 1-MCP use (1-MCP+/-) were analyzgdgia two-way ANOVA. For
Jonagold apples grown in Field 3 and stored atit°&ir for 3 months, there was no
significant effect of the biological controls, 1-N®Gise or their interaction (Appendix,
Table A13). Results obtained with inoculated Gadples from Field 12 indicated a
significant interaction with both main effects, loigical control treatment and 1-MCP
use (Appendix, Table A14). Because the interadiom was significant, treatments
were separated, followed by a one-way analysisagauce. 1-MCP significantly
decreased IS in apples with no biological contredtment and apples that were treated
with bacterial isolates 1100-6 and 2-28 (FigureAdpendix, Table A15). There were
significant reductions in IS means in the abserideMCP in apples treated with
bacterial isolates 1-112, 4-6 and 6-25 in comparteahe non-inoculated control (Figure
11). In 1-MCP- treated apples, there was no sigant effect of treatments compared to

the non-inoculated control (Figure 11; AppendixblEaA16).

3.4.2 Post-harvest pathogen and biocontrol inocul&ins

Infection severity (I1S) was determined with apaieswn in Fields 3 and
12 and inoculated with one of three pathogéhgxpansum, B. cinerea or M. piriformis
and one of five bacterial control isolates andda& were subjected to a two-way

ANOVA. IS means for Jonagold apples from Fielch8 aoculated withP. expansum
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Figure 11. Effect of 1-MCP (capital letters) and biologicaintrol isolates (lowercase
letters) on natural disease incidence in Gala apgrewn in Field 12 (harvest 2007) and
stored for 3 months in air at 1°C. IS means witfedent letters within treatments are
different at significance leve[$<0.05according to LSD test. 1-MCP effect comparisons
(capital letters) can be made between 1-MCP traatgreups. Biological control

activity comparisons (lowercase letters) can beenwithin 1-MCP treatment groups.
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exhibited a significant effect of biological cortteeatment and of the interaction
between the main effects, biological control treattrand 1-MCP use (Appendix, Table
Al7). The resulting one-way ANOVA showed that #pplication of 1-MCP
significantly decreased IS means in apples inoedlatith isolate 1100-6 and increased
IS in apples inoculated with isolate 6-25 (FiguBa;lAppendix, Table A18). In
comparison to the non-inoculated control, isoldte380-6, 1-112, 4-6 and 6-25 provided
significant control oP. expansumin both the presence and absence of 1-MCP (Figure
12a; Appendix, Table A19).

ForB. cinerea-treated apples from Field 3, the two-way ANOVAealed a
significant effect of biological control treatmeartd 1-MCP and of their interaction
(Appendix, Table A20). The one-way ANOVAs reveagesignificant increase in IS in
1-MCP-treated apples that were not inoculated witiiocontrol and apples inoculated
with isolates 2-28 and 4-6 (Figure 12b; Appendiable A21). In comparison to a non-
inoculated control, isolates 1100-6, 1-112 and @&ided significant control d3.
cinerea in the presence of 1-MCP. There was no significaduction in IS in apples in
the absence of 1-MCP (Figure 12b; Appendix, Tal28)A

For M. piriformis-treated apples grown in Field 3, there was a st effect of
the biological control treatment and of the intéiat between the main effects,
biological control treatment and 1-MCP use (App&ndiable A23). The one-way
ANOVAs revealed a significant increase in IS in fioiMCP treated apples inoculated
with isolate 4-6 (Figure 12c; Appendix, Table A2%here was no effect of inoculation
with any of the biological control isolates in theesence of 1-MCP; however, there was

a significant increase in IS in non-1-MCP-treatpglas inoculated with isolate 4-6 when
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Figure 12. Effect of 1-MCP (capital letters) and biologicaintrol isolates (lowercase
letters) on infection severity in Jonagold applesf Field 3 (harvest 2007), inoculated
with P. expansum (A), B. cinerea (B) andM. piriformis (C) and stored for 3 months at
1°Cin air. IS means with different letters withreatments are different at significance
levelsp <0.05according to LSD test. 1-MCP effect comparisompif@l letters) can be
made between 1-MCP treatment groups. Biologicatrobactivity comparisons
(lowercase letters) can be made within 1-MCP treatrgroups.
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compared to 1-MCP-treated apples (Figure 12c; Agpeable A25).

For Gala apples from Field 12 treated withexpansum and each of five
biological control isolates, there was a signiftcaffiect of 1-MCP use and no significant
interaction between the main effects, biologicaltoal treatment and 1-MCP use
(Appendix, Table A26). 1-MCP significantly incregsthe mean IS (48.16 + 0.50)
compared to that obtained in the absence of 1-MIGBY + 0.68). There was no overall
significant effect of the biological control isadst (Appendix, Table A26). There were
no data for Gala apples from Field 12 inoculatethBi cinerea and the five biological
control isolates as there was complete apple deftay3 months of storage at 1°C.

For Gala apples from Field 12 treated wMhpiriformis and each of the five
biological controls, there was a significant int#ian between the main effects,
biological control treatment and 1-MCP use (App&ndable A27). The one-way
ANOVAs revealed a significant decrease in IS in CiRAtreated apples inoculated with
isolate 1-112 compared to non-1-MCP-treated apgotelsa significant increase in IS in
non-1-MCP-treated apples inoculated with isolaB82vhen compared to 1-MCP-treated
apples (Figure 13; Appendix, Table A28). In thegence of 1-MCP, isolate 2-28
exhibited significant biological control activitpympared to the non-inoculated control.
There was no significant reduction in IS in non-CRItreated apples when compared to

a non-inoculated control (Figure 13; Appendix, EaRR9).

3.5 Antagonist efficacy, harvest 2008

For all 2008 biological control experiments, applese wounded and non-

wounded. Non-wounded apples had a very low fregquehinfection with low
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Figure 13. Effect of 1-MCP (capital letters) and biologicaintrol isolates (lowercase
letters) on infection severity in Gala apples frbrald 12 (harvest 2007), inoculated with
M. piriformis and stored for 3 months at 1°C in air. IS meanh different letters within
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groups.
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variation. As a result, the variable was elimidat®m 2008 biological control
experimental analysis as it explained little altbetcorresponding dependent and

independent variables (Figure 14).

3.5.1 Natural disease incidence and biocontrol icalations

The effects of biological control treatment (nodontrol, 1100-6, 1-112, 2-28, 4-
6 or 6-25) and incubation period (1, 2, 4 and 6 thenwere analyzed using a two-way
ANOVA. For Jonagold and Gala apples grown in Bedand 12, respectively, then
stored at 1°C in air, there was a significant gftdancubation period and of the
interaction between the main effects, biologicaltoal treatment and incubation period
(Appendix, Tables A30 and A31). For Jonagold apgi®wn in Field 3, there was no
significant reduction in IS in apples treated vtk five biological controls after 2 and 4
months in storage (Figure 15a and 15b). HoweWtr, six months in storage, isolates 2-
28 and 6-25 significantly reduced IS compared &rtbn- inoculated control (Figure
15c; Appendix, Table A32). For Gala apples growfield 12, isolates 1100-6, 1-112,
4-6 and 6-25 significantly reduced IS compared®rion-inoculated control after two
months in storage (Figure 15d; Appendix, Table A3B)ere was no significant
reduction in IS after four and six months storagepared to the non-inoculated control
(Figure 15e and 15f).

Jonagold apples grown in Field 3, Gala apples griovFields 12 and the Kiran
orchard and Red Delicious apples grown in the Reeildhard were also stored for 4.5
months in CA storage. A two-way ANOVA with repltean indicated there was a
significant effect of biological control treatmeand location and of the interaction

between biological control treatment and locatidpgendix, Table A34). The one-way
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Figure 14. Average infection severity for all wounded and +wvewsunded apples from
individual biological control treatments conducted®008. Experiments were as follows:
1) Natural disease incidence (NDI) at 1°C in ajrNatural disease incidence (NDI) in
controlled atmosphere (CA); 3) Natural diseasediiece (NDI) in combination with
biocontrols (bc) at 1°C in air; 4) Natural diseasgdence (NDI) in combination with
biocontrols (bc) in CA; 5) Pathogen in combinatwith biocontrols at 1°C in air. Error
bars represent standard error of the mean.
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Figure 15.Effect of biological control isolates on naturaseiase incidence in Jonagold
apples grown in Field 3 (A — C) and Gala applesmgron Field 12 (D — F) (harvest
2008) and stored for 2 (A&D), 4 (B&E) or 6 (C&F) mits at 1°C in air. IS means with
different letters within figures are different agrsficance level$ <0.05according to
LSD test.
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ANOVAs revealed a significant decrease in IS inatgsid apples grown in Field 3 and
inoculated with biological control isolates 110016112, 2-28, 4-6 and 6-25 (Figure 16;
Appendix, Table A35). There was no significantuettbn in IS in Gala apples grown in
Field 12 and inoculated with one of five biologicaintrols (data not shown; Appendix,
Table A35). In Gala apples grown in the Kiran @ich there was little overall disease.
However, isolates 1100-6, 2-28, 4-6 and 6-25 sicgmitly reduced IS compared to the
non-inoculated control (Figure 17; Appendix, TaB5). For Red Delicious apples
grown in the Reekie orchard, there was no sigmtiedfect on IS when inoculated with

the biological control isolates (data not shownpApdix, Table A35).

3.5.2 Post-harvest pathogen and biocontrol inocul&ins

Infection severity (IS) was determined with apaieswn in Fields 3 and 12 and
inoculated with one of three pathogeRsexpansum, B. cinerea or M. piriformis and one
of five bacterial control isolates. One way ANOVwere computed to determine if
there were significant effects of the biologicahttol agents on infection severities
within each field.

For Jonagold apples grown in Field 3 and inocdlaigh P. expansum there was
a significant reduction in IS in apples treatedwsolates 4-6 and 6-25 compared to the
non-inoculated control (Figure 18a; Appendix, TahB&6). For Gala apples grown in
Field 12 and inoculated witR. expansum, there was a significant reduction in IS in
apples treated with isolates 1100-6, 2-28 and 6ebpared to the non-inoculated

control (Figure 19, Appendix, Table A36). In Joalaapples grown in Field 3 and Gala
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Figure 16. Effect of biological control isolates on natudéease incidence in Jonagold
apples grown in Field 3 (harvest 2008) and stooed 5 months in CA. IS means with
different letters are different at significanced&sp <0.05according to LSD test.
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Figure 17.Effect of biological control isolates on naturéehse incidence in Gala
apples grown in the Kiran orchard (harvest 2008) stored for 4.5 months in CA. IS
means with different letters are different at diigance levelp <0.05according to LSD
test.
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Figure 18.Effect of biological control isolates on infectisaverity in Jonagold apples
grown in Field 3 (harvest 2008), inoculated withexpansum (A) andB. cinerea (B) and
stored for 2 months at 1°C in air and inoculatethW. piriformis (C) and stored for 1

month at 1°C in air . IS means with different Iedtare different at significance levgs
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Figure 19.Effect of biological control isolates on infectisaverity in Gala apples grown
in Field 12 (harvest 2008), inoculated wiRhexpansum (A) andB. cinerea (B) and

stored for 2 months at 1°C in air and inoculatethwWl. piriformis (C) and stored for 1
month at 1°C in air. IS means with different ledtare different at significance levels
<0.05according to LSD test.
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apples grown in Field 12 and inoculated with eitBetinerea (Figures 18b and 19b;
Appendix, Table A37) oM. piriformis (Figures 18c and 19c; Appendix, Table A38)
there was a significant reduction in IS in appteated with all isolates, 1100-6, 1-112,
2-28, 4-6 and 6-25.

Table 8 summarizes all biological control treatisen 2007 and 2008 and
indicates the percent decrease (or increase) BiGAs. Overall, results obtained from
two years of experimental trials indicated thatllaeterial isolate that provided
significant control in the greatest number of tneats wasSerratia plymuthica isolate
6-25 (51.7%) followed b¥. fluorescens isolates 4-6 (41.4%), 1100-6 (37.9%), 1-112
(34.5%) and 2-28 (31%). The bacterial isolate fravided the greatest reduction in
infection severity, in cases where significant cohivas exhibited, was isolate 1-112
followed by isolates 1100-6, 4-6, 6-25 and 2-28eif respective average reduction in IS
was 75.8%, 61%, 59%, 57.6% and 56.4%. In 200Tats®1100-6, 1-112 and 6-25
provided significant control of both. expansum andB. cinerea. Isolate 4-6 provided
significant control oP. expansum, only. Isolate 2-28 was the only bacterial sttain
provide significant control dfA. piriformis. In 2008, isolates 1100-6, 2-28, 4-6 and 6-25
provided significant control of all pathoges,expansum, B. cinerea andM. piriformis.
Isolate 1-112 provided significant control of béthexpansum andB. cinerea (Table 8).

All bacterial antagonists provided greater than 3@#itrol in at least two experiments

(Table 8).
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Table 8. Summary of antagonist efficacy experiments fowbasr 2007 and 2008.

Percent disease decrease or (increase)®

Storage
Experiment® 10728 iy Apple Time  1-MCP+/-  1100-6 1-112 2-28 4-6 6-25
Type Variety
(months)

Harvest 2007

NDI + bc 1C air 3 Jonagold 3 MCP + NS NS NS NS NS
1C air 3 Jonagold 3 MCP - NS NS NS NS NS

NDI + bc 1C air 12 Gala 3 MCP + NS NS NS NS NS
1C air 12 Gala 3 MCP - NS 82.1 NS 49.2 39.9

Pex + bc 1C air 3 Jonagold 3 MCP + 78.7 94.3 NS 97.3 53.2
1C air 3 Jonagold 3 MCP - 58.6 94.1 NS 96.9 96.2
1C air 12 Gala 3 MCP+&- NS NS NS 7.8 5.7

Bcin + bc 1C air 3 Jonagold 3 MCP + 94.7 98.1 NS NS 96.1
1C air 3 Jonagold 3 MCP - NS NS NS NS NS

Mpir + bc 1C air 3 Jonagold 3 MCP + NS NS NS NS NS
1C air 3 Jonagold 3 MCP - NS NS NS (98.1) NS
1C air 12 Gala 3 MCP + NS NS 91.6 NS NS
1C air 12 Gala 3 MCP - NS NS NS NS NS

Harvest 2008

NDI + bc 1C air 3 Jonagold 2 N/A (69.6) NS NS NS NS
1C air 3 Jonagold 4 N/A NS NS NS NS (52.9)
1C air 3 Jonagold 6 N/A NS NS 47.4 NS 67.5
1C air 12 Gala 2 N/A 74.7 88.3 NS 70.4 80.8
1C air 12 Gala 4 N/A NS NS NS NS NS
1C air 12 Gala 6 N/A NS NS NS NS NS

73



Percent disease decrease or (increase)®

Storage
Experiment® 10728 oy Apple Time  1-MCP+/-  1100-6 1-112 228 4-6 6-25
Type Variety
(months)
Harvest 2008
NDI + bc CA 3 Jonagold 4.5 N/A 94.9 83.8 43.0 63.9 45.5
CA 12 Gala 4.5 N/A NS NS NS NS NS
CA Kiran Gala 4.5 N/A 100 NS 100 100 81.1
CA Reekie Red 4.5 N/A NS NS NS NS NS
Delicious
Pex + bc 1C air 3 Jonagold 2 N/A NS (26.0) NS 32.8 33.9
1C air 12 Gala 2 N/A 26.7 NS 20.0 NS 26.7
Bcin + bc 1C air 3 Jonagold 2 N/A 57.4 38.1 56.8 33.1 37.1
1C air 12 Gala 2 N/A 26.9 28.6 18.3 22.3 33.9
Mpir + bc 1C air 3 Jonagold 1 N/A 65.4 62.8 39.0 45.0 74.6
1C air 12 Gala 1 N/A 93.0 87.6 91.8 90.0 85.0

a. Percentages indicate a decrease in IS; perceritabesckets indicate an increase in IS; NS = ngrtificant
b. NDI = natural disease incidence; bc = biocontreix B P. expansum; Bcin =B. cinerea; Mpir = M. piriformis
c. CA = controlled atmosphere
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3.6 Bacterial survival on apple using GFP

3.6.1 Plasmid confirmation

E. coli S-17A pir containing thefp-plasmid, pAG408, grew on LB agar without
antibiotics and LB agar supplemented with eithep§0ml kan or 30 pg/ml gen or both
antibiotics combined. Alternatively, the bactergdlates 1100-6, 1-112, 2-28, 4-6 and 6-
25 only grew on agar plates that were not suppléedenith antibiotics.

When pAG408 was digested withndlll, the plasmid was cut into two fragments
which measured approximately 2.1 and 3.6 kb (Fi@e These fragments
approximated the total plasmid size of 5.7 kb (8mnat al. 1997). The undigested

plasmid migrated to approximately 10 kb due tesitpercoiled conformation

3.6.2 Confirmation of gfp transformation

After transformation of genetic material from tiast (E. coli S-17 pir) into the
donor (isolate 4-6), transconjugants were amplifigdPCR using gfp-specific primers.
Successful gfp amplification was observed whenrallveas present around 714 bp
(Figure 21). The absence of banding suggestedsuncaessful transformation.
Confirmation ofgfp transformation was additionally confirmed by flascence

microscopyin vitro (Figure 22) andn vivo (Figure 23).

3.6.3 Plasmid stability

After four successive days of sub-culturing analhgh in the absence of
antibiotic selection, 80.3 = 6.8% of the transfode fluorescens isolate 4-6 (4-Gyfp)
retained kanamycin and gentamicin resistance. elfeslts, in combination with prior

biological control experimental results, indicatkdt 4-6¢gfp was an appropriate tool for
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Figure 20.Hindlll restriction digest ofjfp-containing plasmid, pAG408. Lane 1: 1 kb
ladder (New England Biolabs, Ipswich, MA); Laneartl 4: undigested pAG408; Lanes
3 and 5: digested pAG408.
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«— gfp~714 bp

Figure 21 PCR amplification o§fp in P. fluorescens isolate 4-6 transformed with
pAG408 usingfp-specific primers. Sample were loaded on a 1% Tg& @se gel and
stained with Sybr Safe (Invitrogen, Carlsbad, CAane 1) Low DNA Mass Ladder
(Invitrogen, Carlsbad, CA); 2) negative control K36); 3) extracted plasmid, pAG408;
4 and 5)gfp transconjugant of bacterial isolate 4-6.
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Figure 22.Fluorescence microscopy Bf fluorescens isolate 4-6 transformed with
pAG408 exhibiting green fluorescence in ¥2 TSB sep@nted with 50 pg/ml kan and
30ug/ml gen.
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Figure 23. Fluorescence microscopy of an apple wound indedlaith P. fluorescens
isolate 4-6gfp. AP = apple peel; AW = apple wound; PP=fluorescens isolate 4-6gfp;
R = receptacle or fruit flesh.
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studying bacterial survival on apples in the absasf@ntibiotic selection.

3.6.4 P. fluorescens 4-6-gfp fithess analysis
There was no significant difference between thevgnoates (i) (Figure 24;
Appendix, Table A39) oP. fluorescens isolate 4-6-wild-type (0.71 + 0.04/h) and 4t

(0.75 £ 0.06/h) and sole source carbon utilizapatterns (Table 9).

Table 9. Sole carbon source utilization Byfluorescens isolates 4-6-wild-type and 4-6-
ofp as indicated by Biolog Phenotye MicroArrays™ (Bl Inc., Hayward, CA) for
sugars and organic acids commonly found in appée j(Eisele and Drake 2005).

Apple Carbon Bacterial Isolate

Sources
4-6-wild-type 4-6gfp

Fructose + +
Sucrose + +
Glucose + +
Sorbito + +
L-Malic Acid + +
Quinic Acid + +
Citric Acid + +
Fumaric Acid + +

3.6.5 Bacterial survival on apple

For standard bacterial suspensions ofgfg-there was a strong linear
relationship between CFU/ml and relative fluoresaamts (RFU) ( = 0.999) (Figure
25). The fluorescent values obtained by direchsitay of inoculated apple samples
(Figure 26) were too low to extrapolate to cell sigas from the formula y = 1.8041x +

6.5652 (Figure 25). However, trends could be dise# based on RFUs (Figure 26).
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Figure 24. Growth characteristics &. fluorescens 4-6-wild-type andP. fluorescens 4-6-
ofp in half-strength TSB at 28°C for 24 h. Error beggresent standard error of the mean

(n =3).
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Figure 25. Relationship between. fluorescens isolate 4-6gfp cell density (CFU/ml) and
relative fluorescent units (RFU) as determined ihytidn plating and direct scannir{g
= 0.999). Values are an average of three replicates
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Figure 26.Bacterial survival of 4-&fp (¢), P. expansum (e) andP. expansum + 4-6gfp
(m) on Gala apples stored for 55 d at 1°C in air usiiregdirect scanning method. Error
bars represent standard error of the mean (n = 4).
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Isolate 4-6¢gfp alone increased during 20 d in storage then dsedeafter 30 d in
storage, followed by an increase at 55 d in star&yexpansum alone followed the same
trend; however, the overall RFUs were higher. Ri&Js obtained for 4-§fp in the
presence oP. expansum initially decreased in the first 10 d of storagel amcreased until
45 d in storage, followed by a decrease at 55atarage.

The selective growth medium, PF agar supplementgd50 pg/ml kan and 30
ng/ml gen, was effective in isolating 4gf and no other resident bacteria on the apple
surface were detected. Over 55 d of dilutions@atings, there was no bacterial growth
on the plates with extracted material from the estied andP. expansum only-inoculated
apples.

A two-way ANOVA indicated a significant interactidoetween bacterial strain,
4-6-wild-type and 4-@fp, and time (Appendix, Table A40). One-way ANOVAs
revealed no significant differences in cell demsitbetween apples inoculated with 4-6-
gfp + P. expansum and apples inoculated solely with 43 up to 20 d in 4°C storage
(Figure 27; Appendix, Table A41). From 30 to 56fcstorage, populations of 4¢p in
the presence &. expansum differed significantly from populations of 4¢p alone.
When challenged with the pathogen, bacterial pdjuia remained constant until lesions
developed after 30 d, after which populations riypiegclined. When 4-@fp was
unchallenged with the pathogen, its populationaased from 20 — 30 d in storage then
declined to slightly greater than its populationimte 0. From 0 to 40 d in storage, 4-6-
ofp significantly reduced IS compared to the con{Rolexpansum alone) (Table 10;

Appendix, Table A42). There was no significantueitbn in IS of apples treated with 4-
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6-gfp in the presence #. expansum after 40 d in storage (Table 10; Appendix, Table

A42).

Table 10.Effect of biological control isolate 4-@fp on infection severity in Gala apples
inoculated with and withowR. expansum and stored for 55 days at 1°C in air.

IS means with different letters within columns dierent at significant levels $0.05
according to the least significant difference (LS€xt.

Treatments Days in storage

10 20 30 40 45 55
Untreated 0.0 0.0 0.0 0.0 0.0 0.0
4-6-gfp alone 0.0 0.0 0.0 0.0 0.0 0.0
P. expansum alone 0.0 0.0 2.7a 78a 115a 196a
4-6-gfp + P. expansum 0.0 0.0 0.0b 3.0b 84a 169a
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Figure 27.Bacterial survival of 4-&fp (¢) and 4-6¢gfp + P. expansum (e) on Gala
apples stored for 55 d at 1°C in air using thetatituplating method CFU/ml means with
different letters within sampling times are diffetat significance levelg<0.05
according to LSD test (n = 4).
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CHAPTER 4: DISCUSSION

4.1 DNA macroarray for post-harvest apple pathogens

4.1.1 DNA macroarray quantification

In the current study, it was hypothesized thatnmacay technology would
accurately identify and quantify post-harvest ag@a&éhogens throughout the growing
season and that the frequency of pathogen detegtioid correlate with disease
incidence post-harvest. This study reports that-parvest pathogen quantification can
be accomplished using DNA macroarray technologythatiapple post-harvest
pathogens can be detected throughout the appldrgg@sason. Although many studies
have used macroarray technology to detect andifgesatrious plant pathogens and
biological control microorganisms (Fessehaie e2@03; 1zzo and Mazzola 2009; Le
Floch et al. 2007; Levesque et al. 1998; Lievers.e2003; Robideau et al. 2008;
Sholberg et al. 2005a; Tambong et al. 2006), feve ltuantified macroarray
hybridization signal intensity (Lievens et al. 20Q%vens et al. 2007; Sholberg et al.
2006) as we have done in this study.

Pathogen DNA was quantified by hybridizing 0 — 1@0of pure culture DNA
extracts ofP. expansum, B. cinerea andM. piriformisto the macroarray. The detector
probes or oligonucleotide sequences had varyingl$esf hybridization signal intensity.
As found by Sholberg et al. (2006) who correlatezlygcale value and cell density, a
linear relationship was found between greyscalaezahd DNA concentration.
However, in this study, the hybridization signagxéme saturated outside of the linear
range at >3 ng foP. expansum, >12 ng forB. cinerea and >0.5 ng foM. piriformis (data

not shown). Lievens et al. (2005), who quantifi¥dA concentrations of
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phytopathogenic fungVerticillium albo-atrum, Verticillium dahlia, Fusarium
oxysporum, Fusarium solani, Pythium ultimum andRhizoctonia solani, also reported a
linear relationship between signal intensity andAddncentration. Linearity was
established when 0.5 fmol of detector probe wastsp@mn a membrane and template
concentrations ranged from 0.25 pg to 2.5 ng whiahk in the same range or somewhat
lower than the linear range in the present stugiglow and above 0.5 fmol, the curves
deviated from linearity. Lievens et al. (2007)aatsported that hybridization signals
between 0.25 to 25 pg (0.00025 to 0.025 ng), tetaadTrichoderma spp. and
Trichoderma hamatum, a disease suppressive organism, resulted inaaifbmic
relationship between signal intensity and templetA concentration. This was lower
than the linear range reported in the present stédove 25 pg, the standard curves
deviated from linearity.

Although a range of detector probe concentratwoeie not tested within this
study, Lievens et al. (2005) noted that alterirgamount of oligonucleotide spotted on
the membrane can affect the range of DNA conceabsidetected by a specific
macroarray probe. Once a greater knowledge bases ébout the level of post-harvest
pathogenic DNA found throughout a crop’s growingse and its correlation with
disease manifestation, the DNA oligonucleotide cieteprobe concentrations can be
altered to detect ranges typically found in fietohditions. This will allow for more
accurate DNA guantification and disease managentemt.enhanced and more precise
quantification, it would be advantageous to simnétausly employ hybridization signal

analysis with real-time PCR. The ability to acdahaquantify a pathogen is useful in
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plant disease management as information can betasesess potential risk and disease

development (Lievens and Thomma 2005).

4.1.2 Field monitoring of apple post-harvest pathogns

The current study was the first of its kind to ntonpost-harvest pathogen
presence via molecular technologies prior to concrakstorage and disease
development. Of the samples collected in each®three growing season sampling
periods, there was a tendency to detect total pdipualks of all three post-harvest fungi
more frequently in the early and mid-growing seasoii?2007 (56.6% - early; 60% -
mid; 33.3% - late) and 2008 (67.6% - early; 63.264id; 34% - late). This tendency to
detect lower pathogen levels from air and plarsiugssamples in the late growing season
corresponds with the lower pathogen levels deteatedhole apples collected at harvest
(Table 4). In addition, the increase in early sedsingal detection corresponds with
results obtained by Teixid6 et al. (1999) who obsdrtotal bacterial, yeast and
filamentous fungal populations on Golden Deliciapples. However, they found an
even greater increase in microorganisms at theedppl stage followed by a decrease in
populations at blossom. It was suggested thatids form blossoms, there is a loss of
external structure due to blossom drop, which actfor the reported decrease in
microorganisms after the apple budding stage hérncurrent investigation, samples were
not collected at the apple bud stage. The rigetal fungal propagules may therefore
correspond with precipitation events in the midvgrg season of 2007 and the early and
mid-growing season of 2008 (Figure 1).

Of the three major post-harvest pathogéhsxpansum, on average, was detected

most frequently (27.4. £ 3.4%) and was found thiaug the growing season. In 2008 in
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Fields 3 and 12 there was an increased deteceguéncy at the end of the growing
season (Table 3). The abundanc®.a#xpansum found within this study contradicts
results of Amiri and Bompeix (2005) and Teixid@ét(1999) who reported low levels
of Penicillium inoculum within the orchard atmosphere. Howetlez,aerial sampling
period of Amiri and Bompeix (2005) was between Jang September which excludes
the early growing season.

In contrast tdP. expansum, B. cinerea was detected the least number of times (6.2
+ 1.4%) and found throughout the growing seaso200f7 and 2008. The most
important infective units dB. cinerea are the conidia produced in late winter and early
spring from over-wintering mycelia and/or scleratiahost tissue or soil surfaces (Elad
et al. 2007); grey mold is rarely seen in the fi@dsenberger 1990). The low levels of
B. cinerea as indicated by the macroarray correspond witheesults.

M. piriformis was detected the second most frequently (19.2%)and found
most frequently in the mid-growing season of 200d the early to mid-growing season
of 2008 in DNA isolated from plant tissue samplésese findings support Guo et al.
(1999) who found an increasehh piriformis populations within orchard soil from
December to March and April, followed by a decreaf$erwards. It was suggested that
the increase iM. piriformis corresponds with apples left on the orchard faat cool
weather. Alternatively, these results contradiosse found by Dobson and Spotts (1988)
who recovered nM. piriformis from orchard air but found an abundanc@&ofinerea
andP. expansum. Sporangiospores . piriformis are soilborne (Michailides and
Spotts 1986); greater than 75% are found in thetom of the soil profile and are

dispersed primarily by rain splash and insects @dolband Spotts 1988). The detection
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of an abundance &f. piriformisin this study may correspond to precipitation bairs
found in both 2007 and 2008 (Figure 9). Sporanmposs may be aerosolized by the
falling rain and then trapped by the aerial spamgler.

Earlier studies, as mentioned above, that detdateghl abundance throughout
the orchard growing season utilized culturing mdghfor fungal detection and
identification (Amiri and Bompeix 2005; Dobson aBfotts 1988; Teixidé et al. 1999).
In the case of. expansum andM. piriformis, the macroarray detected the presence of
pathogens not commonly found within the orchardlt@ing methodologies for
detection and relative quantification may undenaate fungal abundance, thus showing
the power of macroarray technology.

Data obtained using the macroarray may be usefigéwueloping a disease
forecasting model such as that presented by Seio#ls (2009). For future experiments,
it would be beneficial to correlate pathogen firgdinhroughout the growing season with
species-specific identification of natural diseamedence found within the
packinghouse. In this study, a positive correlati@as only evident between natural
disease incidence and percent pathogens detectied late-growing season for aerial
and plant tissue samples analyzed togettel0(79) and for aerial samplas<0.74)
when analysed separately from plant tissue samfles finding corresponds with
Lennox et al. (2003) who observed a significantelation between the density Bf
cinerea conidia on the pear fruit surface and grey mosedse incidence in cold storage.
In addition, Walter et al. (1997) found a strongretation betweeiB. cinerea berry fruit
contamination and latent boysenberry infection ewNZealand. Given the cost and time

involved in collecting and analyzing DNA for macroay identification and
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guantification, the majority of samples could bdexied, for example, near the end of
the growing season. It should be noted, howehat,$potts et al. (2009) found that in
creating an at-harvest prediction model for greydmisk in pears, surface DNA was the
least important predictor in the model as opposeant¢hard rating and fungicide
applications. Also of note, within this study, thevas a negative correlation between
percent pathogens detected in the early-growingoseand natural disease incidence
when plant tissue samples were analysed sepafedatyaerial samples € -0.79). This
data suggests that perhaps plant tissue samplestedlin the early-growing season are
not optimal predictors for natural disease incidgrbereby supporting the correlations
mentioned above. More work is required in ordedetermine the relatedness between
growing season pathogen levels and post-harvesasksprevalence.

The variability in the results of this study suggdakat a multitude of factors
contribute to disease incidence found post-harv€siey-Smith et al. (1980) proposed
that disease outbursts may be a result of complexactions between the production and
dispersal of various inocula, infection pathogesigsathogen survival along with
temperature, rainfall, humidity and crop protectioatrition and phenology. Variability
may also be explained by the application of prexbsirfungicides and their effect on
resident microflora. According to Sholberg and Bo{2008), the application of Nova®,
a fungicide used to control powdery mildew, reduapgdle leaf and fruit microflora in
two years of study. In the current study, Nova&\applied to Field 12 on May 15,
2007 which may help to explain the reduced pathdgads when compared to the 2008

results (Figure 6). It should not be forgottert th& majority of post-harvest diseases are
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a result of pathogens entering the fruit via wouyrdisof which should be considered in

accurate disease forecasting models.

4.2 Biological control of post-harvest pathogens

Five putative bacterial control agents were appitedpples harvested from
commercial and experimental orchards in the Okam&gdley, BC. It was hypothesized
that one or more of the bacterial antagonists wpubdide significant pathogen control
in semi-commercial and commercial storage conditiofhis study showed that the four
P. fluorescens isolates and on8. plymuthica isolate exhibited some control and
antagonistic efficacy against post-harvest appleqegens (Table 8). As indicated,
Serratia plymuthica isolate 6-25 provided significant control in thregtest number of
treatments (57.6%) (Table 8). These results sughasthis bacterium may provide
control against a variety of post-harvest diseaselsstorage conditions and its use may
be applied to other crops. UsiBgplymuthica as a BCA, however, is a challenging
endeavour as concerns surround its biosafety, armapsideration when selecting an
antagonist (Droby et al. 2009%erratia plymuthica belongs to the family
Enterobacteriaceae. Members of this family, siedBsaherichia coli strain O157:H7,
have been known to cause human infections (Heatite€&ion Agency 2007). Although
opportunistic pathogenic strains @fplymuthica have been isolated (Carrero et al. 1995;
Clark and Janda 1985; Domingo et al. 1994) infecisorare compared to other members
of the genusSerratia, or of the family, Enterobacteriaceae.

Despite concerns surrounding its use as a biolbgargrol agentS. plymuthica
isolate 6-25 provided significant control in thisdy, against apple post-harvest

pathogensP. expansum, B. cinerea andM. piriformis. S plymuthica biological control
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efficacy has also been demonstrated by other resgaoups, although not on post-
harvest apple pathogenS. plymuthica strain HRO-C48 has been studied to control
Verticilliumdahliae, the causal agent of Verticillum wilt in oil-seezpe (Miller and

Berg 2008). HRO-C48 also suppressed growiii. aiahliae andPhytophthora cactorum

in strawberries (Kurze et al. 2001) and a commeépraduct based on strain HRO-C48
has been developed, RhizoStge@nema GmbH, Raisdorf, Germany) (Muller and Berg
2008). S. plymuthica strain 5-6 also showed significant control of doyof potato

caused byrusarium sambucinum (Gould et al. 2008). The post-harvest biological
control provided bys. plymuthica isolate 6-25 of this study should not be disregarae
the potential exists, as evident by other stud@s;ommercial application.

This study also showed that pseudomonads, spdbjfieafluorescens, are also
capable of providing control against post-harveghpgens. According to Stockwell and
Stack (2007)Pseudomonas spp., have been studied for decades as model srgaifior
biological control of plant diseases. In this sttide greatest reduction in IS, in cases
where significant control was exhibited, was witHluorescensisolate 1-112 followed
by 1100-6 (Table 8). Other pseudomonads are @&swmlstudied for their efficacy
against post-harvest pathogens. Mikani et al. §20€ported significant control of
Botrytis mali, formerly thought of aB. cinerea and recently revived by O’Gorman et al.
(2008), using 10 strains &f fluorescens isolated from leaf surfaces and apple fruit.
Similar to the level of control found in this stydkie results of Mikani et al. (2008),
reported approximately 34.9% to 95.8omali inhibition on Golden Delicious apples
after 25 d at 5°C. In addition, Zhou et al. (208tL)died four strains d?seudomonas

syringae that were isolated from the phyllosphere of appdes and controlled blue
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mold, following inoculation by pipette, by 64 — 7Q864°C after 28 d. The bacterial
isolates also controlled grey mold, but to a legs¢ent. Similar to methods used in this
study, Zhou et al. (2001) also inoculated appledipping and found thatR. syringae
isolate controlled blue mold by 93% after 133 A& in air, with the overall incidence

of blue mold at 30%. In many cases, (Figure 1Ba)oacterial isolates used in the
present study exhibited similar and greater legélsontrol than those reported by

Mikani et al. (2008) and Zhou et al. (2001). The&iveness of these isolates may be
due to the unique environment in which they weodated. Many BCAs are found on

the fruit surface or directly within a wound. Timcrobial agents used in this study,
however, were isolated from the rhizosphere of hegsi grown in cold Saskatchewan
soils and may be more adapted to cold storage tonsli Droby et al. (2009) outlined
the importance of antagonist selection and theofisevariety of screening procedures in
finding effective BCAs. An assortment of selecttenhniques would increase biocontrol
species diversity and therefore the potential feuecessful product. These experiments
illustrate the potential d& plymuthica andP. fluorescens isolates for biological control

application and commercialization.

4.2.1 Bacterial antagonists and CA storage

One type of commercial storage application usadisstudy was controlled
atmosphere (CA). This research confirmed the Hgmis that one or more antagonists
would provide control in commercial conditions. dihexperiments, the lowest disease
levels were found in apples stored in CA storagelf6 months following harvest in
2008. Many suggestions have been made regardengetlction criteria for potential

BCAs (Wilson and Wisniewski 1989). One such ciateris the ability of the antagonist
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to be compatible with current post-harvest comna¢mmiocessing procedures such as CA
(Janisiewicz and Korsten 2002; Wilson and Wisniavi§i89). This current study
indicated that the selected antagonists were cobipatith CA storage practices and
may actually extend apple storage time due to es#thpathogen suppression when
compared to storage at 1°C. For example, the bighisease incidence recorded in CA
was in Jonagold apples which reached an average18.39 + 1.6 after 4.5 months in
storage (Figure 10). The biological antagonista/joled significant control against
naturally occurring diseases in all orchards betd=12 and the Reekie orchard (data not
shown). In comparison, for Jonagold and Gala apgtewn in Fields 3 and 12 then
stored at 1°C in air for 4 months, non-inoculatedtmls had IS levels of 15.65 £ 5.0
(Figure 16b) and 19.90 + 4.8 (Figure 16e), respelti These values were almost
double the infection severities found in CA. Irthbdonagold and Gala apples harvested
from Fields 3 and 12, respectively, the bactenhgonists did not provide a significant
reduction in IS after 4 months in storage (Figusb &nd e). However, isolate 6-25
reduced IS in Jonagold apples grown in Field 3r&teonths in storage (Figure 16c).
The decrease in apple disease supports the findinfgsiock (1979) as CA effectively
delayed the onset of storage decay.

In the CA-stored apples, natural disease inciderazvery low even after 4.5
months of storage, except in the case of Jonaggtea from Field 3 which appeared to
be due primarily td”. expansum (based on phenotypic observation). The gas
composition of a packinghouse can directly or iadity suppress fungal decay. Direct
inhibition affects mycelium development and spogengination of resident pathogens.

Alternatively, storage conditions also affect seeese and ripening of hosts, which, in
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turn, affects their ability to resist infectionegteby indirectly controlling fungal decay
(Barkai-Golan 2001). The implementation of CA isadance between and CQ
concentrations. General recommendations includ@ % Q and 0.5 — 2% C®
Concentrations outside of these ranges may le&ditanjury which can affect fruit
flavour and appearance (Kupferman 2003). Howey@st-harvest pathogens are only
strikingly suppressed after,@oncentrations have been lowered to less thanf&&)
concentrations increased to greater than 10% (BIF&w and Sommer 1981). The CA
storage conditions in this study were approximatebfo Q and 1.5% CQ a range in
which, if the conditions were right, may lead te fiangal outbreak that was observed in
the Jonagold apples.

In the current study, the antagonistic effectsheflbacterial isolates were difficult
to observe because there was little natural dige@sent; if little disease was present,
then there was little disease to control. Howetrer,outbreak in Jonagold apples from
Field 3 demonstrated the antagonistic potentighefbacteria because significant disease
was present. While all of the antagonists dematexdrsignificant control, isolate 1100-6
and 1-112 were particularly effective, providing®% and 83.8% reduction in disease
symptoms in Jonagold apples from Field 3 (Figure BMthough not directly inoculated
with a pathogen, these BCAs performed better tharcommercially registered BCA,
Bio-Save 10 LPY, in studies conducted by Janisiewicz and Jeffe987) and Zhou et al.
(2001). Using Bio-SaV& during 133 and 123 days in CA storage, Zhou €28i01)
reported a 57% and a 73% reduction of blue moHBnpire and Delicious apples,
respectively. It would be beneficial to test tligcacy of the bacterial antagonists

against artificially inoculated pathogens under €é&ditions as in Conway et al. (2007),
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Janisiewicz et al. (2008) and Tian et al. (2002pwever, during the present study,

permission for pathogen inoculation within a comera@rstorage facility was not given.

4.2.2 Bacterial antagonists and 1-MCP

Another type of commercial storage applicationgdsh this study was the use of
1-MCP. This research confirmed the hypothesisdhator more antagonists would
provide control in commercial conditions, althougha lesser extent. 1-MCP was
applied to Jonagold apples grown in Field 3 anca@ables grown in Field 12 in the
biological control experiments using apples from 2007 harvest. It was postulated that
the application of 1-MCP would result in a decreiaséisease incidence and severity of
non-inoculated wounded apples or apples inoculatddputative biological control
agents and/or post-harvest pathogens. Howeven Wieeoverall effect of 1-MCP was
examined, a reduction in infection severity occdrireonly 14% of the experimental
treatments. For example, 1-MCP application reduSechused by natural disease
incidence in Jonagold apples from Field 3 (Tableyb1.8% and in Gala apples from
Field 12 (Figure 11) by 67.1%. Variable leveloftrol confirm findings of Saftner et
al. (2003) who studied the effects of pre-storaggt hCA storage and pre- and post-
application of MCP on inhibition of fungal decaydamaintenance of Golden Delicious
fruit quality. Pre-storage treatment of MCP redutasion size (mm) of fruit inoculated
with B. cinerea andP. expansum by 34% and 17.9%, respectively. Post-storage
application of MCP had no effect on reducing lesicameter. Variable responses to 1-
MCP application are not uncommon. Watkins (2008)dated that the apple is a fruit
with many cultivars that differ in their ripeningtes, harvest criteria, post-harvest

handling practices and storage periods in air aAd B addition, time between harvest
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and 1-MCP treatment and repeated application hasiahle effects in disease resistance
responses. In the current study, when a decraeaséection severity was observed, it
appeared to be primarily in experiments where thexe no artificial inoculation d?.
expansum, B. cinerea or M. piriformis; the only pathogens present were those that
occurred naturally.

Contradictory to the intended outcome of 1-MCP magpilon, some treatments in
the present study resulted in an increase in illeceverity of apples treated with 1-
MCP, especially those apples inoculated \itlesinerea (Figure 12b). An increase in
decay after 1-MCP application was also observeddysiewicz et al. (2003) and
Leverentz et al. (2003) on Golden Delicious appl& find by Bedford et al. (2002) who
reported an increase B cinerea decay when apples were fumigated with 1-MCP.
Commercial application of 1-MCP as SmartFresh@aight to delay apple ripening by
preventing ethylene production via preferentialdiong to the ethylene receptor site and
extending the action of natural defence mechandumesto delayed ripening
(Blankenship and Dole 2003). However, the reveras observed in some cases as 1-
MCP appeared to hinder plant defence mechanisnssording to Marcos et al. (2005),
endogenous ethylene may be an important compongaint resistance and defence
gene regulation; the application of 1-MCP may tfe@eecompromise a plant’s defence
response system (Jiang et al. 2001).

Despite the controversy surrounding chemical cémtgents, fungicides still
remain the preferred choice for the preventionastgharvest diseases. Although
fungicide-resistant pathogens have increased witi@rpopulation, chemical control

provides a consistent and effective reduction gedse. Within the agricultural
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community, there is a relatively high level of steism surrounding the use of biological
control products (Droby et al. 2009). Commerciatgeptable decay levels are
generally below 5% (Janisiewicz and Korsten 200%) laecause of the inconsistency and
variability of biofungicides, the packinghouse isthy will often choose the most
economically viable option that consistently recics.

Disease control was exhibited by the bacterialgorissts in this study, but
efficacy was highly variable, as observed by otlesearchers. The tritrophic interaction
between host, pathogen and antagonist is a higimhptex one that demands a more
sound and fundamental understanding. In addibaxploring the mechanism(s) of
action for fungal suppression, combination andra#teve treatments for enhanced
efficacy should be explored. Such alternate bittobtreatments, outlined by Sharma et
al. (2009) include, for example, the addition oildoses of fungicides, salt additives, or
nutrients and plant products, as well as the useixéd cultures or manipulation of the
physical environment. Rapid antagonist colonizatdfruit wounds is critical to
controlling decay; therefore, enhancements leatingnproved wound colonization

should be further explored (Janisiewicz and Kor&@o2).

4.3 Bacterial survival on apple

Acquiring basic knowledge about potential antagtsnwill provide a greater
understanding into the mechanisms of actions, wimdhin turn, offer insight into
means for achieving more consistent control. Bisgaevention relies on a quantitative
relationship between antagonist and pathogen (éancz 1988) and knowledge of
antagonist cell number during time in storage asiist in enhanced disease suppression

(Etebarian and Sholberg 2005). In the presentysimbudomonas fluorescens isolate 4-
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6 was tagged with GFP to determine the survivataittaristics of this antagonist alone
and when challenged wifh expansum. It was hypothesized that green fluorescent
protein would facilitate visualization of bacter@dlonization and survival on apple
surfaces. In this studgfp did facilitate bacterial visualization, but inditly as pAG408
provided antibiotic resistance of isolate 4-6 whparmitted selective plating that
excluded other organisms during survival analysis.

Bacterial concentrations were determined usingctiseanning and colony
counts. There was a strong linear relationshipvéen fluorescent intensity and cell
density (Figure 26). These results correspondéil tose found by Etebarian and
Sholberg (2005) who studied population level®ofiuorescens isolate 1100-6 labelled
with GFP using direct scanning, cell counts andrasicopy. This and the current study
illustrated that measuring fluorescent intensityaaseans of estimating cell
concentration was an effective method of populasisgessment. The initial inoculation
concentration of 4-@fp (16® CFU/mI), however, combined with the method of ey,
resulted in fluorescent readings that were not leighugh to quantify using the linear
equation y = 1.8041x + 6.5652 (Figure 26). Usirigpat Prep machine for tissue
maceration as in Etebarian and Sholberg (2005) &tebarian et al. (2005) may
overcome issues incurred by extraction.

Despite low values, the raw microplate data weragared to plate counting
data. Relative fluorescent units (RFUs) (Figure &1J cell densities (CFU/mI) (Figure
28) of isolate 4-Gyfp followed similar patterns; when cell counts ince@, so did RFUs.
However, there was an inverse relationship betvieds and CFU/ml for 4-@fp

inoculated in the presence Rfexpansum; RFUs increased while cell counts decreased.
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Two possible explanations are tifatexpansum auto-fluoresces or that the decayed apple
tissue auto-fluoresces. The latter explanationesponds with the formation of lesions

at 30 d (Table 10). Increased antagonist populatadter 30 d of storage were also found
by Janisiewicz and Marchi (1992) who reported a1@O0 fold increase in populations

of Pseudomonas syringae inoculated on pears stored at 1°C. EtebarianShadberg

(2005) also found an increaseHnfluorescens isolate 1100-6 GFP on apples after 35
days in 5°C storage. However, unlike the surveredracteristics of 4-Gfp + P.

expansumin this study, 1100-6 GFP R. expansum maintained as high or higher cell
numbers than 1100-6 GFP alone. Low cell counts &sion development may be
attributed to difficulties in extracting apple cergom completely decayed tissue. Even
so, after 30 d at 1°C in air storage, 4fp-appeared to lose some of its antagonistic
capabilities (Table 10). Information such as 8hisuld be considered when

implementing control strategies for optimal posiviest disease management.
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CHAPTER 5: CONCLUSIONS

This thesis built upon preliminary research andresised the following three
objectives: 1) to validate the performance of DNAamarrays under field conditions; 2)
to assess bacterial antagonist performance undercgenmercial and commercial
conditions and; 3) to determine how long and in idagpacity a selected antagonist will
colonize the fruit surface.

The first hypothesis addressed the first objective stated that macroarray
technology would accurately identify and quantifspharvest apple pathogens
throughout the growing season and that diseasalemee would correlate with disease
incidence post-harvest. Results confirmed thawvmyears of field trials, the DNA
macroarray is a fast and easy technique capaluletetting apple post-harvest pathogens
throughout the apple growing season (Table 3). @ernial application of this
diagnostic and quantitative technique would proadeurate information to assist
growers and field personnel in crop managemenpogitive correlation existed between
pathogen detection at the end of the growing seasdmatural disease incidence found
post-harvest. More work is required to obtain infation about the importance of
monitoring pre-harvest pathogen loads and theitrimrtion to post-harvest disease.

The second hypothesis addressed the second objectivstated that one or more
of the bacterial antagonists would provide sigaifitpathogen control in semi-
commercial and commercial storage conditions. Regwlicated that despite variability
between years, variety and biological control eifi, the potential BCAs demonstrated
control at 1°C in air and particularly in CA stoeaJrable 8). Biocontrol efficacy in

combination with 1-MCP was less effective and tpgligation of 1-MCP greatly
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increased disease levels wihcinerea artificial inoculation (Figure 12b). Combining
some or all of the bacterial control agents usethiisstudy in conjunction with other
organic amendments such as salts (ie. sodium lmnate) or manipulating the physical
environment (ie. heat treatment) may provide caesty in control which the industry
demands.

The third hypothesis addressed the third objeae stated that the use of green
fluorescent protein would facilitate visualizatiohbacterial colonization and survival on
apple surfaces. Results indicated that greendkaant protein was an effective
technigue to monitor population levels as gfigmarked strain behaved similarly to the
wild-type strain (Figure 25; Table 9). The fluaceace levels obtained by direct
scanning, however, were not sufficient to distisgud-6gfp from background auto-
fluorescence. The presence of ¢fig-containing plasmid withi. fluorescens isolate 4-
6 therefore provided an indirect method of monrgrpopulation levels as pAG408
contained antibiotic resistant genes that allovegdstrain-specific isolation from an
inoculated apple wound. Bacterial populations weusd to initially increase then
decrease within an apple wound during 55 d in get 1°C (Figure 28). In the
presence oP. expansum, 4-6-gfp populations declined, which coincided wigh
expansum lesion development. The information obtained imithis study will assist the
fruit industry in detecting, quantifying and biologlly controlling post-harvest

pathogens of pome fruit.
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APPENDIX

Appendix A

Table Al.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod samples as indicated by DNA
macroarrays in the early, mid or late growing seaa@®007 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value
P. expansum 2 2628.336 4.585 0.0619
B. cinerea 2 384.596 1.857 0.2357
M. piriformis 2 573.896 0.429 0.6697

Table A2.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from plant tissue samples as indicateldNb
macroarrays in the early, mid or late growing seaa®007 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value

P. expansum 2 327.860 0.134 0.8766

B. cinerea 2 66.667 1.0 0.4053

M. piriformis 2 5625.402 28.266 0.0001***

Table A3.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in the early, mid or late growimgson in 2007 for Fields 3, 12 and
the Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value
P. expansum 2 741.125 1.119 0.3681
B. cinerea 2 55.512 0.567 0.5863
M. piriformis 2 683.272 1.018 0.3994
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Table A4.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod samples as indicated by DNA
macroarrays in the early, mid or late growing seae®008 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value
P. expansum 2 75.335 0.034 0.9668
B. cinerea 2 488.562 0.579 0.5800
M. piriformis 2 203.247 0.438 0.6583

Table A5. Key data extracted from the one-way ANOVA tablestfe %P. expansum,
B. cinerea or M. piriformis detected from plant tissue samples as indicateldNb
macroarrays in the early, mid or late growing seaa@008 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value

P. expansum 2 1702.334 4.590 0.0533
B. cinerea 2 148.328 12.683 0.0047**
M. piriformis 2 1336.256 4.316 0.0601

Table A6.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in the early, mid or late growimgson in 2008 for Fields 3, 12 and
the Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type Il SS F-value p-value
P. expansum 2 182.052 0.171 0.8461
B. cinerea 2 76.432 0.262 0.7753
M. piriformis 2 503.152 1.681 0.2398
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Table A7.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in all growing season sectiondetds 3, 12 and the Kiran and
Reekie orchards.

Main Effect

Detected pathogenP.(expansum, B. cinerea or M. piriformis)

Category DF Type lll SS F-value p-value
2007 growing season 2 896.063 4,116 0.0538
2008 growing season 2 1022.252 3.222 0.0880
2007/08 growing season 2 454.769 19.248 0.0194*

Table A8. Key data extracted from the two-way ANOVA table iiafection severity data
collected from Jonagold apples grown in Field 3 andlyzed for natural disease
incidence after harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Incubation Period 1 3639.591 13.081 0.0004***
1-MCP+/- 1 3260.433 11.718 0.0008***
Interaction
Incubation period x MCP+/-1 1008.275 3.624 0.0584

Table A9.Key data extracted from the two-way ANOVA table iofection severity data
collected from Gala apples grown in Field 12 anatyfor natural disease incidence after
harvest in 2007.

DF Type lll SS F-value p-value
Main Effects
Incubation Period 1 13.767 36.073 0.0000***
1-MCP+/- 1 0.175 0.458 0.4995
Interaction
Incubation period x MCP+/-1 0.286 0.750 0.3876
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Table A10.The effect of incubation period (1, 2, 4 and 6 rhehion natural disease
incidence and the resulting key data extracted fiteerone-way ANOVA results. Data
are from IS results collected from Jonagold apglesvn in Field 3, Gala apples grown
in Field 12 and Kiran and Red Delicious apples granvReekie and analyzed for natural
disease incidence from harvest after 2008. Indalidme-way ANOVAs were
determined for each category and combined intogleitable.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value

Field 3 3 61.3201 74.6611 0.0000***
Field 12 3 79.6754 276.1476  0.0000***
Kiran 3 0.8366 3.2372 0.0268*
Reekie 3 11.1988 17.9952 0.0000***

Table A11l.Key data extracted from the one-way ANOVA tablestancted from
infection severity data collected from Fields 3, Ktan and Reekie analyzed for natural
disease incidence for apples stored in CA storagd.6 months from harvest 2008.
Individual one-way ANOVAs were determined for eacttegory and combined into a
single table.

Category DF Type Ill SS F-value p-value

1 month storage 3 0.9484 1.5636 0.1195

2 months storage 3 10.0842 7.1456 0.0001***
4 months storage 3 8863.9197 27.1892 0.0000***
6 months storage 3 40909.7401 48.0806 0.0000***

Table A12.Key data extracted from the one-way ANOVA tablestaincted from
infection severity data collected from Fields 3, Kitan and Reekie analyzed for natural
disease incidence for apples stored in CA storagé.b months from harvest 2008.

Category DF Type Il SS F-value p-value

Field 3 29.2208 55.0013 0.0000***
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Table A13.Key data extracted from the two-way ANOVA table fiofection severity
data collected from Jonagold apples grown in Fsetohalyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2007..

DF Type lll SS F-value p-value
Main Effects
Biological Control 1 0.900 1.192 0.3182
1-MCP+/- 1 0.342 2.262 0.1355
Interaction
Biological Control x MCP+/-5 0.332 0.439 0.8202

Table Al4.Key data extracted from the two-way ANOVA table fiofection severity
data collected from Gala apples grown in Field 4@ analyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2007..

DF Type lll SS F-value p-value
Main Effects
Biological Control 1 3039.868 5.773 0.0001***
1-MCP+/- 1 3435.342 32.620 0.0000***
Interaction
Biological Control x MCP+/-5 2779.181 0.439 0.0002***

Table A15.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAuIts. Data are from IS results
collected from Gala apples grown in Field 12 andlyred for natural disease incidence
in combination with bacterial isolates from harve807. Individual one-way ANOVAs
were determined for each category and combinedamsiogle table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 2310.748 18.214 0.0005***
1100-6 1 1674.926 11.450 0.0033**
1-112 1 7.358 0.243 0.6279
2-28 1 1542.633 26.057 0.0001***
4-6 1 0.020 1.49e-4 0.9904
6-25 1 130.302 0.966 0.3387
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Table A16.The effect of the biological control treatmentswo categories, 1-MCP+

and 1-MCP- and the resulting key data extracteuwh fitte one-way ANOVA results.

Data are constructed from IS results collected fFoehd 12 Gala apples and analyzed for
natural disease incidence in combination with béadtesolates from harvest 2007.

Main Effect
Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 624.112 1.329 0.2659
1-MCP- 5 5194.937 8.902 0.0000***

Table A17.Key data extracted from the two-way ANOVA tablerfrinfection severity
data collected from Jonagold apples grown in Fsetohd inoculated witR. expansum
after harvest in 2007.

DF Type lll SS F-value p-value
Main Effects
Biological Control 5 32.862 61.071 0.0000***
1-MCP+/- 1 0.015 0.413 0.7077
Interaction
Biological Control x MCP+/-5 5.626 1.125 0.0000***

Table A18.The effect of 1-MCP in six separate biological cohtategories and the
resulting key data extracted from the one-way ANOMAuIlts. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for disease incidence when
inoculated withP. expansum and bacterial isolates after harvest in 2007. lioldial one-
way ANOVAs were determined for each category andlmoed into a single table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 0.0420 1.775 0.1994
1100-6 1 1.4724 7.422 0.0139*
1-112 1 0.0425 0.215 0.6482
2-28 1 0.0872 2.057 0.1687
4-6 1 0.0329 0.302 0.5893
6-25 1 3.9641 52.958 0.0000***
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Table A19.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteunh fitte one-way ANOVA results.
Data are constructed from infection severity resadillected from Jonagold grown in
Field 3 analyzed for disease incidence when indedlavithP. expansum and bacterial
isolates from harvest in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 16.7121 31.798 0.0000***
1-MCP- 5 21.7763 39.548 0.0000***

Table A20.Key data extracted from the two-way ANOVA tablenfrinfection severity
data collected from Jonagold apples grown in Fsedohd inoculated witB. cinerea after
harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 21.222 20.760 0.0000***
1-MCP+/- 1 15.998 78.249 0.0000***
Interaction
Biological Control x MCP+/-5 13.841 13.534 0.0000***

Table A21.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for disease incidence when
inoculated withB. cinerea and bacterial isolates after harvest in 20077 viddial one-

way ANOVAs were determined for each category andlmoed into a single table.

Main Effect

1-MCP+/-

Category DF Type lIl SS F-value p-value

No biocontrol 1 9.706 45,191 0.0000***
1100-6 1 0.3931 1.793 0.1973
1-112 1 0.2607 1.060 0.3169
2-28 1 13.3139 80.502 0.0000***
4-6 1 5.9336 29.726 0.0000***
6-25 1 0.2310 1.271 0.2743
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Table A22.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteuoh fitte one-way ANOVA results.

Data are from IS results collected from Jonagoldegpgrown in Field 3 and analyzed
for disease incidence when inoculated vidtitinerea and bacterial isolates after harvest

in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 33.7372 53.215 0.0000
1-MCP- 5 1.3253 0.940 0.4630

Table A23.Key data extracted from the two-way ANOVA table stvacted from
infection severity data collected from Jonogoldlapgrown in Field 3 and inoculated
with M. piriformis after harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 14.346 10.660 0.0000***
1-MCP+/- 1 0.784 2.913 0.0908
Interaction
Biological Control x MCP+/-5 7.164 5.323 0.0002***

Table A24.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAults. Data is are from IS
results collected from Jonagold apples grown ind=3eand analyzed for disease
incidence when inoculated wit. piriformis and bacterial isolates after harvest in 2007.
Individual one-way ANOVAs were determined for eaettegory and combined into a

single table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 0.0020 0.0181 0.8943
1100-6 1 0.6318 1.3963 0.2527
1-112 1 0.0194 0.0729 0.7902
2-28 1 0.6870 4.3055 0.0526
4-6 1 6.5402 13.1253 0.0019**
6-25 1 0.0677 0.5298 0.4761
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Table A25.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteunh fitte one-way ANOVA results.
Data are from IS results collected from Jonagoldegpgrown in Field 3 and analyzed
for disease incidence when inoculated viithpiriformis and bacterial isolates after
harvest in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 1.1507 0.9683 0.4455
1-MCP- 5 20.3591 13.5439 0.0000

Table A26.Key data extracted from the two-way ANOVA table stvacted from
infection severity data collected from Gala apgtesn Field 12 and inoculated with
expansum after harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 192.271 1.940 0.0936
1-MCP+/- 1 182.887 9.226 0.0030**
Interaction
Biological Control x MCP+/-5 164.951 1.664 0.1494

Table A27.Key data extracted from the two-way ANOVA tablenfrinfection severity
data collected from Gala apples grown in Field 4@ moculated withM. piriformis after
harvest in 2007.

DF Type lll SS F-value p-value
Main Effects
Biological Control 4 3.015 1.729 0.1505
1-MCP+/- 1 6.578 1.508e-5 0.9969
Interaction
Biological Control x MCP+/-4 8.469 4.856 0.0014***
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Table A28.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAuIlts. Data are from IS results
collected from Gala apples grown in Field 12 andlyred for disease incidence when
inoculated withM. piriformis and bacterial isolates after harvest in 2007. loldial one-
way ANOVAs were determined for each category andlmoed into a single table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 0.0242 0.0487 0.8278
1-112 1 1.9035 4.7987 0.0419*
2-28 1 6.0306 14.5425 0.0013**
4-6 1 0.4423 1.1814 0.2914
6-25 1 0.0683 0.1370 0.7156

Table A29.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteuoh fitte one-way ANOVA results.
Data are from IS results collected from Gala apglesvn in Field 12 and analyzed for
disease incidence when inoculated wWithpiriformis and bacterial isolates after harvest

in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 7.0326 3.9878 0.0075**
1-MCP- 5 4.4516 2.5814 0.0498*

Table A30.Key data extracted from the two-way ANOVA tablenfrinfection severity
data collected from Jonagold apples grown in Feetohd analyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2008.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 1.2214 0.8840 0.4926
Incubation Period 3 105.9743 127.8366  0.0000***
Interaction
Biological Control x 15 14.3647 3.4656 0.0000***

Incubation Period

131



Table A31.Key data extracted from the two-way ANOVA tablerfrinfection severity
data collected from Gala apples grown in Field 4@ analyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2008.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 0.5763 0.8804 0.4950
Incubation Period 3 149.6138 380.9182  0.0000***
Interaction
Biological Control x 15 3.6138 1.8400 0.0309*

Incubation Period

Table A32. The effect of the incubation period on biologicahtrol treatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for natural disease
incidence when inoculated the bacterial isolatesr &farvest in 2008. Individual one-way
ANOVAs were determined for each category and coebinto a single table.

Main Effect
Biological Control

Category DF Type lll SS F-value p-value

2 months 5 5.5753 4.3605 0.0021**
4 months 5 5067.4972 3.9609 0.0039**
6 months 5 15646.1017 5.2559 0.0005***

Table A33. The effect of the incubation period on biologicahtrol treatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Gala apples grown in Field 12 andlyzed for natural disease incidence
when inoculated the bacterial isolates after hanve2008. Individual one-way
ANOVAs were determined for each category and coebinto a single table.

Main Effect
Biological Control

Category DF Type lll SS F-value p-value

2 months 5 2.1850 2.8870 0.0221*
4 months 5 1876.4999 2.5715 0.0370*
6 months 5 743.3109 0.7762 0.5782
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Table A34.Key data extracted from the two-way ANOVA tablerfrinfection severity
data collected from Jonagold (Field 3), Gala (FS€l@ and Kiran) and Red Delicious
(Reekie) apples after 4.5 months in CA storageaaradyzed for natural disease
incidence following inoculation with bacterial istés after harvest in 2008.

DF Type lll SS F-value p-value
Main Effects
Biological Control 5 3.3247 5.4749 0.00021***
Field 3 12.3636 33.9323 0.0000***
Interaction
Biological Control x Field 15 5.8261 3.1980 0.0080*

Table A35. The effect of the biological control treatmentsiofection severity and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Jonagold apples grown in Field 3la&gples grown in Field 12 and

Kiran and Red Delicious apples grown in Reekierafté months in CA stroage and
analyzed for natural disease incidence when intedldne bacterial isolates after harvest
in 2008. Individual one-way ANOVAs were determirfedeach category and combined
into a single table.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
Field 3 5 7.7543 4.8907 0.0009***
Field 12 5 0.1933 1.1827 0.3298
Kiran 5 0.1136 2.2402 0.0633
Reekie 5 1.0897 1.7312 0.1432

Table A36.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and sétirgy key data extracted from the
one-way ANOVA results. Data are from IS resultBezxted from apples analyzed for
disease incidence when inoculated viRttexpansum and bacterial isolates after harvest
in 2008. Individual one-way ANOVAs were determirfedeach category and combined
into a single table.

Main Effect

Biological Control

Category DF Type lll SS F-value p-value

Field 3, Jonagold 5 3041.4892 6.8050 0.0001***
Field 12, Gala 5 401.2654 3.1239 0.0151*
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Table A37.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and sdtirgy key data extracted from the
one-way ANOVA results. Data are from IS resultBezxted from apples analyzed for
disease incidence when inoculated vdtttinerea and bacterial isolates after harvest in
2008. Individual one-way ANOVAs were determined éaich category and combined
into a single table.

Main Effect

Biological Control

Category DF Type lll SS F-value p-value

Field 3, Jonagold 5 5981.4974 4.9960 0.0008***
Field 12, Gala 5 1962.7067 6.4391 0.0001***

Table A38.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and sétirgy key data extracted from the
one-way ANOVA results. Data are from IS resultBezted from apples analyzed for
disease incidence when inoculated wWithpiriformis and bacterial isolates after harvest
in 2008. Individual one-way ANOVAs were determirfedeach category and combined
into a single table.

Main Effect

Biological Control

Category DF Type lll SS F-value p-value

Field 3, Jonagold 5 2115.5372 4.7271 0.0012**
Field 12, Gala 5 3.0721 4.1326 0.0030**

Table A39.Growth rate (1) comparisons Bf fluorescens isolates 4-6-wild-type and 4-
6-gfp and the resulting key data extracted from thewag-ANOVA table.

Main Effect
Bacterial Isolate 4-6-wt vs 4-§fp

Category DF Type Il SS F-value p-value

Growth Rate (1) 1 0.0022 0.6492 0.4656
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Table A40.Key data extracted from the two-way ANOVA table stacted from cell

densities (CFU/mI) oP. fluorescens isolates 4-6-wild-type and 4-@fp stored for 55 d at
1°Cin air.

DF Type Il SS F-value p-value
Main Effects
Bacterial strain 1 50.5367 670.6401  0.0000***
Time 5 72.3075 191.9023  0.0000***
Interaction
Bacterial strain x Time 5 72.7250 171.9775  0.0060**

Table A41.Cell density comparisons determined by dilutiortiptamethod of.
fluorescens isolates 4-G3fp and 4-6¢gfp + P. expansum stored for 55 d at 1°C in air and
the resulting key data extracted from the one-wB§OAA table. Individual one-way
ANOVAs were determined for each category and coebinto a single table.

Main Effect

Bacterial Isolate 4-@fp vs 4-6-gfp + P. expansum

Category DF Type lll SS F-value p-value

0 d storage 1 0.1061 2.3329 0.1610
10 d storage 1 8.4137e-4 0.0157 0.9024
20 d storage 1 0.5121 4.0261 0.0758
30 d storage 1 2.3762 36.5429 0.0005***
45 d storage 1 16.6408 120.1450  0.0000***
55 d storage 1 4.418e13 8.8646 0.0206*

Table A42.Infection severity comparisons Bf fluorescens isolates 4-6-wild-type and
4-6-gfp stored for 55 d at 1°C in air and the resulting #ata extracted from the one-way
ANOVA table. Individual one-way ANOVAs were detemed for each category and
combined into a single table.

Main Effect

Bacterial Isolate 4-@fp vs 4-6-gfp + P. expansum

Category DF Type lll SS F-value p-value

30 d storage 1 21.6680 7.6629 0.0040**
40 d storage 1 46.8838 14.1739 0.0093**
45 d storage 1 18.9113 1.3841 0.2840
55 d storage 1 13.9568 0.5615 0.4820
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ABSTRACT

Blue mold Penicillium expansum), grey mold Botrytis cinerea) and mucor rot
(Mucor piriformis) are important post-harvest diseases of pomeifrititish Columbia
and throughout the world causing annual losses-026%. ldentification and
quantification using novel DNA macroarray technglogay assist in the development of
prediction models and disease forecasting. Pastbipathogens were monitored and
quantified throughout the growing season in foyl@prchards in the Okanagan Valley,
BC in 2007 and 2008. Their detection was varialie to field and year differences.
The average percent detectiorPoexpansum (27.4%) andM. piriformis (19.2%) was
higher than that dB. cinerea (6.2%). There was a positive correlation betwiedal
post-harvest pathogen detection in aerial sampktgyior to harvest and after harvest in
naturally infected fruitr(= 0.74;p = 0.09). Pseudomonas fluorescens (isolates 1-112, 2-
28, 4-6) anderratia plymuthica (isolate 6-25), isolated from the rhizosphereegiumes,
were investigated for their biological control chpiéies in semi-commercial storage
conditions at 1°C in air and commercial storaged@itons in controlled atmosphere and
with 1-methylcyclopropene (1-MCP) application. @alk isolate 6-25 provided control
in the greatest number of treatments (51.7%) whdkate 1-112 provided the greatest
level of control (75.8%) in treatments where sigiht control was exhibited. Isolate 4-
6 was tagged with green fluorescent protein to gaight into bacterial antagonist
population and survival dynamics. Alone, its p@tan increased 10 fold after 30 d in
storage at 1°C and then decreased to concentraiimilar to those at inoculation. In the
presence of the pathogen, 4f@-increased then decreased after 30 d in storagail

undetectable amounts. These data provide gresight into the prediction, control and



population dynamics of pathogens and biologicatmbagents as a means of preventing

and controlling post-harvest storage diseases nmegiouit.



TABLE OF CONTENTS

Y 2 33 I ¥ 2 USSR i
TABLE OF CONTENTS ..ottt e e e e e e e e a e e e e e eeaaeaees \Y
LIST OF FIGURES ... oot s s et e e e e e e e e e e e nnnnnns s Vi
LIST OF TABLES ...ttt e viii
LIST OF ABBREVIATIONS ...t e e e e e e e e e ee e e Xiii
ACKNOWLEDGMENTS ... .ttt s e e e e e e e e e e e e e e e e e eesaar e aaaannnnannes Xiv
CHAPTER 1: INTRODUCTION.....cottttiiiiiiie e s ittt aaa e 1
1.1 Post-harvest pathogens .............uvveeii e ee e 2
1.1.1 Penicillium exXpansUm ...........oouviieiiiiiiiiiiiiaaae e e e e eeeeeee e e e e e eeeeee 3
I = To 1 (Y ol = = PP 4
1.1.3 MUCOr PIFITOrMIS....ciiiiiiiiiiiiiiiieee e ee e e e s 5
1.2 Post-harvest factors that influence post-harvesigh@gy ..............ccoovvvveviinnnnns 6
1.2.1 TEMPEIAIUIE ...uvieiiii ettt reeeme e e et e a e e eaa e ees 7
1.2.2 Controlled atmOSPNEre ..............uuueeins s 7
1.2.3 1-MethylCyClOPrOpENE ........ccooeiiiiieeeee s et 8
1.3 Methods of detection and identification........ccc..uveeiiiiiiiiie e, 8...
1.4 Methods Of CONLIOL .........oiiiei e 10
1.4.1 Chemical CONLIOl ........ccooiiiiiiieiiieeeet e e e e e e e e e e e e e e eeeeaeaneens 10
1.4.2 Biological CONLIOL.......ccoooiiiiiiiie e e et e e e 10
15 Mechanisms Of CHION..........couiiiiii e 13
R T A Y o 1] 101 1 13
1.5.2 Competition for NULMENTES .......coooiiiiiiiiccceeer e, 14
1.5.3 Par@SitiSIM ....uuuuieeiiiiiie et 15
1.5.4 Induced SyStemicC reSiStancCe ...............commmmmeerneeeeeeessiineeennennnn 1D
1.6 Green fluOreSCeNnt ProteiNn ...........coevvvt o e e et e e e et e e et e e e e eeennns 16
1.7 (@] 0] 1701 1)Y= 18
CHAPTER 2: MATERIALS AND METHODS ..o 20
2.1 F N g1 = Te o] 01 5] £ RSP 20
2.2 oY L0 T=T o P 20
2.3 Orchard field SItES ......uuuuuiiiii e i e e e e s e e e e e e e e e e e e e e e eeeeeeesnnnnnreenes 21
2.4 07 AN 1 P 23
2.5 Construction of th@fp-transconjugant ..............ccoovvvviiiiiiiieicicciir e 23
2.6 Plasmid Stability .........coooeiiiiiee e 25
2.7 P. fluorescens 4-6-gfp fitness analysis ..........ooeeuviiiiiiiiiiiie s 25
2.8 Spore, apple tissue collection and fruit washings.............ccccceeeeeeeeveiiiinnnnnn. 26
2.9 Validation and field testing of DNA MaCrOAITAY S «cevvvvrrrrnniiiaaaieeaeaeeeeeeeee. 27
2.9.1 DNA eXtraCtion ........ieieiiiiiiiiiieeeieiieeeee e et e e eeenes 27



2.9.2 PCR amplification .........cooiiiiiiiiiiiiiiiiiiie e eeeeeeeeeens 28

2.9.3 DNA macroarray CONStruCtion ...........ccovvimmceeeeeeeeeeeeeeeieeniiinnns 29
2.9.4 Hybridization and chemiluminescent detection.....................29
2.10 Biological control of post-harvest fungal pathogens............ccccceeeviiiinn. 33
2.10.1Inoculation of apples by drenching ..........cccceeeeiiiiiiiiveeeiiiinnns 33
2.10.2 Natural disease INCIAENCE ............cceevreeerrvmiiiiiiiieeee e 33
2.10.3 Natural disease incidence with bacterial antagsenist............. 34
2.10.4 Biological control of post-harvest pathogensS......................35
2.10.5Bacterial survival on apple...........oevvvicemmmmreniiiiiiieeeeeeeeeeeeeeeee 35
211 ANAIYSIS .o eaaaaaaaaaaaaaaaes 36
CHAPTER 3: RESULTS ...ttt e e e e e e 38
3.1 Validation and field testing of DNA MaCrOAITAY S «cevvvvvrrrnniiiiareeaeeaeeaaeeee. 38
3.1.1 Quantification of post-harvest pathogens...............ccccceeeennn. 38
3.1.2 Field application of macroarray technology.......cc...coeeeeeeene. 43
3.2 Natural disease INCIAENCE ...........uuuuuiiiiiiiii e 53
3.2.1 HArvest 2007 ........oiiiiiiiiiie e 53
3.2.2 HAarvest 2008 ........coooiiiiiiieieieii e 54
3.3 Growing season detection and natural disease imc&le.............cccoeeeeveevnnnnn. 57
3.4 Antagonist efficacy, harvest 2007 ..........oooiiiiiiiii e 58
3.4.1 Natural disease incidence and biocontrol inocutetia.............. 58
3.4.2 Post-harvest pathogen and biocontrol inoculatians.............. 58
3.5  Antagonist efficacy, harvest 2008...........ccccceeieeeeeeiiiieeee 62
3.5.1 Natural disease incidence and biocontrol inocutetia............. 64
3.5.2 Post-harvest pathogen and biocontrol inoculatians.............. 67
3.6 Bacterial survival on apple using GFP ...... .o eeeeeeiiiineeeeeeeeeeeeeeeiiainnens 5.7
3.6.1 Plasmid confirmation ...........ccooooeieiies e 75
3.6.2 Confirmation ofgfp transformation ....................evvvvennnsmeenn 15
3.6.3 Plasmid stability ...........oooiiiiiiiiiiii e 75
3.6.4 P. fluorescens 4-6-gfp fitness analysis ..........cccccceeeeeeiieeeeeeenn. 80
3.6.5 Bacterial survival on apple...........coooiioooec i 80
CHAPTER 4: DISCUSSION ...ouiiiiiiiiiiiiiiiie ettt eeaaaa e 87
4.1 DNA macroarray for post-harvest apple pathogens............cccvveviiivvinnnnnnnn. 87
4.1.1 DNA macroarray quantification.............ccocccccveeerrrvrrnnnnnnnnnennns 87
4.1.2 Field monitoring of apple post-harvest pathogens................ 89
4.2 Biological control of post-harvest pathOgeNS. . .oooeeeeieeiiieeiiiiiiieee e 93
4.2.1 Bacterial antagonists and CA storage........eceeeeeeeeeeneen... 95
4.2.2 Bacterial antagonists and 1-MCP ..........cccceeeevivviiviiiiiieeeeenn. 98
4.3 Bacterial survival 0N apple ..........uueeeimmmmieiieeee e 100
CHAPTER 5: CONCLUSIONS .....uitiiiiiiiiiiiiiiiis st e e e e e e e e e e e e e 103
REFERENCES. ... .. ittt ettt ettt e e e e e e e e e e e e e e e s s s snmmnn e e e e e e e e aaeeas 105
APPENDIX L.ttt ——————— e e e e 122



LIST OF FIGURES

Figure 1. Average daily temperatures and total daily preatmn at Kelowna, BC and
Summerland, BC during the growing seasons of 20@72808.............ccccccevveeeeeeeeeeen.. 22

Figure 2. DNA macroarray template ...........cccoooiiiiiiiiiiiiiiie e 31

Figure 3. Quantitative assessmentRdnicillium expansum probe PE-H3u illustrating the
relationship between greyscale value and DNA cainggon ................ccccevveieeeeeinnnnnnn. 39

Figure 4. Quantitative assessmentBitrytis cinerea probe BC-H2d illustrating the
relationship between greyscale value and DNA coinggon ................ccccovveeeeeeeennnnnnn. 40

Figure 5. Quantitative assessmentMticor piriformis probe Mpir-ITS-414H1
illustrating the relationship between greyscaleigaednd DNA concentration ................ 41

Figure 6. Concentrations dP. expansum, B. cinerea andM. piriformis from aerial and
plant tissue samples collected from Field 3 in 280@ 2008 using DNA macroarrays . 44

Figure 7. Concentrations dP. expansum, B. cinerea andM. piriformis from aerial and
plant tissue samples collected from Field 12 in72808d 2008 using DNA macroarrays 45

Figure 8. Concentrations dP. expansum, B. cinerea andM. piriformis from aerial and
plant tissue samples collected from the Kiran or@dia 2007 and 2008 using DNA
L= (ol (0= 1 =1 T PP 46

Figure 9. Concentrations dP. expansum, B. cinerea andM. piriformis from aerial and
plant tissue samples collected from the Reekieasttin 2007 and 2008 using DNA
MACTOAITAYS ..t eeet et eei e e e e ermmee e e e e e e e e e e e e e e e e e e e e e e e ea s e ea s sesma s e ean e e san s e nnnennnnans 47

Figure 10. Natural disease incidence in Jonagold apples gmwseld 3, Gala apples
grown in Field 12 and the Kiran Orchard and Redddals apples grown in the Reekie
orchard and stored for 4.5 months IN CA.....cc e 56

Figure 11. Effect of 1-MCP and biological control isolates matural disease incidence
in Gala apples grown in Field 12 (harvest 2007) stoded for 3 months in air at 1°C .. 59

Figure 12. Effect of 1-MCP and biological control isolatesiafection severity in
Jonagold apples from Field 3 (harvest 2007), inatexal withP. expansum, B. cinerea
andM. piriformis and stored for 3 months at 1°C in air......coeeeeeiiiiiiiiiiiiiiieeeeeeeee, 61

Figure 13. Effect of 1-MCP and biological control isolatesiafection severity in Gala
apples from Field 12 (harvest 2007), inoculatedhWt piriformis and stored for 3
MONENS AL LC N AT 1ottt e e e e e e e e e e e e s e e esanbbb bbb e eeeeeeees 63

Figure 14. Average infection severity for all wounded and +vesunded apples from
individual biological control treatments conducte®008.................ceeeiiiiiieieeeennnias 65

Vi



Figure 15.Effect of biological control isolates on naturadeiase incidence in Jonagold
apples grown in Field 3 and Gala apples grown @&dFL2 (harvest 2008) and stored for
2,40r 6 MONtNS At 1°C N @M ceeiiiiiiiiiiiiieiee e ereae e e e e e e e e e aeas 66

Figure 16. Effect of biological control isolates on natudéease incidence in Jonagold
apples grown in Field 3 (harvest 2008) and stooed 5 months in CA............ccooeee. 68

Figure 17.Effect of biological control isolates on naturéehse incidence in Gala
apples grown in the Kiran orchard (harvest 2008) stored for 4.5 months in CA....... 69

Figure 18.Effect of biological control isolates on infectisaverity in Jonagold apples
grown in Field 3 (harvest 2008), inoculated withexpansum andB. cinerea and stored
for 2 months at 1°C in air and inoculated wihpiriformis and stored for 1 month at

A O I | SRR R RPN 70

Figure 19.Effect of biological control isolates on infectisaverity in Gala apples grown
in Field 12 (harvest 2008), inoculated wiRhexpansum andB. cinerea and stored for 2
months at 1°C in air and inoculated with piriformis andstored for 1 month at 1°C in
= | PSSO URPPPURUPRPRTRRPN 71

Figure 20.Hindlll restriction digest ofyfp-containing plasmid, pAG408 ................. 76.

Figure 21. PCR amplification ofjfp in P. fluorescens isolate 4-6 transformed with
PAG408 usingIfp-SPECITIC PrIMEIS ...covieeeeeeieiiee st e e e e e e e e e eees 77

Figure 22.Fluorescence microscopy Bf fluorescens isolate 4-6 transformed with
PAG408 exhibiting green flUOreSCENCE .......coemmmmiieiieieiiiiieeeee e 78

Figure 23. Fluorescence microscopy of an apple wound inoedlatithP. fluorescens
RS0 F= LS G o TSR 79

Figure 24.Growth characteristics &. fluorescens 4-6-wild-type andP. fluorescens 4-6-
gfp in half-strength TSB at 28°C for 24 N......coeeeeeiiiiiii e 81

Figure 25. Relationship betweeR. fluorescens isolate 4-6gfp cell density and relative
fluorescent units as determined by dilution platmgl direct scanning..............cc........ 82

Figure 26.Bacterial survival of 4-&fp, P. expansum andP. expansum + 4-6-gfp on
Gala apples stored for 55 d at 1°C in air usingdiihect scanning method..................... 83

Figure 27.Bacterial survival of 4-&fp and 4-6¢fp + P. expansum on Gala apples stored
for 55 d at 1°C in air using the dilution platin@thod ... e 86

Vii



LIST OF TABLES

Table 1. Frequency of aerial and plant tissue samplind-felds 3, 12 and the Kiran and
Reekie orchards in the early, middle and late gngveieasons of 2007 and 2008. ......... 27

Table 2 DNA macroarray probe SEQUENCES..........ocoeiiiiiie s 30

Table 3. DNA macroarray detection summarymfexpansum, B. cinerea andM.
piriformis from four apple orchards throughout the 2007 a@@BZyrowing seasons..... 50

Table 4. Detection ofP. expansum, B. cinerea andM. piriformis from fruit washings
collected from Jonagold apples from Field 3, Galples from Field 12 and the Kiran
orchard and Red Delicious apples from the Reeldbkard in 2007 and 2008 using DNA
NBCTOBITAYS ... et eeetieeeeta e e e et e eeemmmmse s e e ee e e e e e aa e e e e s e e e e ea e e eesa s eaemmnn e e eeeneeeennaeeennns 53

Table 5. Natural disease incidence indicated by infectiewesity in Jonagold apples
grown in Field 3 (harvest 2007), treated or ncateed with 1-MCP and stored for 3 or 6
MONTNS AT LC M AUF 1ottt e et e e e e e e e e e e e esanbbbbbbe b e e e e eees 54

Table 6. Natural disease incidence indicated by infectiewesity in Gala apples grown
in Field 12 (harvest 2007), treated or not treateétd 1-MCP and stored for 3 or 6
MONTNS AL L°C 1N @UF .ot e e e e 54

Table 7. Natural disease incidence indicated by infectieverityin Jonagold apples
grown in Field 3, Gala apples grown in Field 12 #melKiran orchard and Red Delicious
apples grown in the Reekie orchard (harvest 2008)stored for 1, 2, 4 or 6 months at

A O I 1| TR ORPPPPPPR 55

Table 8. Summary of antagonist efficacy experiments fovlaar 2007 and 2008......... 73

Table 9. Sole carbon source utilization Byfluorescens isolates 4-6-wild-type and 4-6-
ofp as indicated by Biolog Phenotye MicroArrays™ fogars and organic acids
commonly found iN @PPIE JUICE .......iiiii e 80

Table 10 Effect of biological control isolate 4-@fp on infection severity in Gala apples
inoculated with and withowR. expansum and stored for 55 days at 1°C in air. ........85

Table Al.Key data extracted from the one-way ANOVA tablestfe %P. expansum,

B. cinerea or M. piriformis detected from I-rod samples as indicated by DNA
macroarrays in the early, mid or late growing seae@007 for Fields 3, 12 and the
Kiran and Reekie OrCNards. ......... oo 122

Table A2. Key data extracted from the one-way ANOVA tablestfe %P. expansum,

B. cinerea or M. piriformis detected from plant tissue samples as indicateldNy¥
macroarrays in the early, mid or late growing seae@007 for Fields 3, 12 and the
Kiran and Reekie OrCNards. ........ ..o 122

viii



Table A3.Key data extracted from the one-way ANOVA tablestfe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in the early, mid or late growimgson in 2007 for Fields 3, 12 and
the Kiran and Reekie OrChards. ..o 122

Table A4.Key data extracted from the one-way ANOVA tablestfe %P. expansum,

B. cinerea or M. piriformis detected from I-rod samples as indicated by DNA
macroarrays in the early, mid or late growing seas®008 for Fields 3, 12 and the
Kiran and Reekie OrCNards. ..........coooii oo e e e e e e e e e e 123

Table A5. Key data extracted from the one-way ANOVA tablestfe %P. expansum,

B. cinerea or M. piriformis detected from plant tissue samples as indicatdaNb
macroarrays in the early, mid or late growing seas®008 for Fields 3, 12 and the
Kiran and Reekie OrCNards. ..........coooi it e e n e e e e e e e 123

Table A6.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in the early, mid or late growimgson in 2008 for Fields 3, 12 and
the Kiran and Reekie OrChards. ...........ooooiiiiiiiiiiiiiiee e 123

Table A7.Key data extracted from the one-way ANOVA tablestfe %P. expansum,

B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in all growing season sectiongetds 3, 12 and the Kiran and
REEKIE OFCNAITS. ... ..ttt ettt e e e e e e e e e e 124

Table A8. Key data extracted from the two-way ANOVA table IS data collected from
Jonagold apples grown in Field 3 and analyzed o &fter harvest in 2007 ............. 124

Table A9.Key data extracted from the two-way ANOVA table Brdata collected from
Gala apples grown in Field 12 analyzed for NDI @ftarvest in 2007 ............ccccceenn... 124

Table A10.The effect of incubation period on NDI and the tasg key data extracted
from the one-way ANOVA results. Data are from ISuiés collected from Jonagold
apples grown in Field 3, Gala apples grown in Figldand Kiran and Red Delicious
apples grown in Reekie and analyzed for NDI fromvést after 2008. ....................... 125

Table A11.Key data extracted from the one-way ANOVA tablestaicted from IS data
collected from Fields 3, 12, Kiran and Reekie apedi/for NDI for apples stored in CA
storage for 4.5 months from harvest 2008 .. . eeeeeeerriiiiiiiiiieee e, 125

Table A12.Key data extracted from the one-way ANOVA tablestaincted from IS data
collected from Fields 3, 12, Kiran and Reekie apadi/for NDI for apples stored in CA
storage for 4.5 months from harvest 2008 ... eeeeevvririiiiiiiieiee e eeeeeeeeeeeeeee, 125

Table A13.Key data extracted from the two-way ANOVA table fSrdata collected
from Jonagold apples grown in Field 3 analyzed\fbi in combination with bacterial
isolates after harvest iIN 2007 ............iceceemeuriie s 126



Table A14.Key data extracted from the two-way ANOVA table fSrdata collected
from Gala apples grown in Field 12 and analyzed\ibt in combination with bacterial
isolates after harvest iN 2007 ............iccceemeureiier s 126

Table A15.The effect of 1-MCP in six separate biological cohtreatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Gala apples grown in Field 12 andlyred for NDI in combination with
bacterial isolates from harvest 2007 ... e 126

Table A16.The effect of the biological control treatmentswo categories, 1-MCP+

and 1-MCP- and the resulting key data extractewh fitke one-way ANOVA results.

Data are constructed from IS results collected fFoehd 12 Gala apples and analyzed for
NDI in combination with bacterial isolates from h@st 2007 ..............ooovviviiiiiiiiinnnnnn. 712

Table A17.Key data extracted from the two-way ANOVA tablenfr¢S data collected
from Jonagold apples grown in Field 3 and inocdatéh P. expansum after harvest in
2007 e ——————————— et e ettt tt e e e e e aht bttt e e eaannr e e e e e e nrraeeeeeeeannees 127

Table A18.The effect of 1-MCP in six separate biological cohtategories and the
resulting key data extracted from the one-way ANOMAuUIts. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for disease incidence when
inoculated withP. expansum and bacterial isolates after harvest in 2007...o........... 127

Table A19.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extractewh fitte one-way ANOVA results.
Data are constructed from IS results collected fdmmagold grown in Field 3 analyzed
for disease incidence when inoculated viRtlexpansum and bacterial isolates from
NArVEST IN 2007 ... .o a e e 128

Table A20.Key data extracted from the two-way ANOVA tablenfréS data collected
from Jonagold apples grown in Field 3 and inocdatéh B. cinerea after harvest in
2007 e ———————————ta et e e h bttt e e et e e h b bttt e e eaannr e e e e e annraeeeaeeeannnes 128

Table A21.The effect of 1-MCP in six separate biological cohtreatments and the
resulting key data extracted from the one-way ANOMAuUIts. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for disease incidence when
inoculated withB. cinerea and bacterial isolates after harvest in 2007...cuu............ 128

Table A22.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extractewh fitte one-way ANOVA results.

Data are from IS results collected from Jonagoldeggrown in Field 3 and analyzed
for disease incidence when inoculated vidtitinerea and bacterial isolates after harvest
N 2007 . et e e e e e e eem———— e e e e e eeeaeeeeettet———— . —————————————————aaaaaaaes 129

Table A23.Key data extracted from the two-way ANOVA table stvacted from IS
data collected from Jonogold apples grown in Fee&hd inoculated witM. piriformis
after NArVESt iN 2007 ........vviiiiiie e e e e e e e e e e e e aees 129



Table A24.The effect of 1-MCP in six separate biological cohtreatments and the
resulting key data extracted from the one-way ANOMAuIlts. Data is are from IS
results collected from Jonagold apples grown ihdR3eand analyzed for disease
incidence when inoculated wit. piriformis and bacterial isolates after harvest in 2007
.............................................................................................................................. 129

Table A25.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extractewh fitke one-way ANOVA results.
Data are from IS results collected from Jonagolulegpgrown in Field 3 and analyzed
for disease incidence when inoculated viithpiriformis and bacterial isolates after
NANVEST IN 2007, ...t ea e e e e b 130

Table A26.Key data extracted from the two-way ANOVA table stvacted from IS
data collected from Gala apples from Field 12 anatulated witHP. expansum after
RAIVESE IN 2007 ... e e e e et e et ea—e e e b b s 130

Table A27.Key data extracted from the two-way ANOVA tablenfréS data collected
from Gala apples grown in Field 12 and inoculatéith W. piriformis after harvest in
2007, e e ———————— a1ttt 11—ttt t 1t ——raaaa e et aaaaaaaaaaaeaaeaeetrerarrrrannn 130

Table A28.The effect of 1-MCP in six separate biological cohtreatments and the
resulting key data extracted from the one-way ANOMAuIts. Data are from IS results
collected from Gala apples grown in Field 12 andlyred for disease incidence when
inoculated withM. piriformis and bacterial isolates after harvest in 2007......... 131

Table A29.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extractenh fitte one-way ANOVA results.
Data are from IS results collected from Gala apglesvn in Field 12 and analyzed for
disease incidence when inoculated wiithpiriformis and bacterial isolates after harvest
22 0O P UEEURPURURRR 131

Table A30.Key data extracted from the two-way ANOVA tablenfréS data collected
from Jonagold apples grown in Field 3 and analypedatural disease incidence in
combination with bacterial isolates after harvas2008..................oevvciiiiiiieeeeeee oo 131

Table A31.Key data extracted from the two-way ANOVA tablenfr¢S data collected
from Gala apples grown in Field 12 and analyzed\ibt in combination with bacterial
isolates after harvest iN 2008 .............ccceemmiiiiiiii s 132

Table A32.The effect of the incubation period on biologicahtrol treatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for NDI when inoculated
the bacterial isolates after harvest iN 2008 cccce...vvveieiiiiii s 132

Table A33. The effect of the incubation period on biologicahtrol treatments and the

resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Gala apples grown in Field 12 andlyred for NDI when inoculated the
bacterial isolates after harvest in 2008..............uuuuiuiiiiiiii e 132

Xi



Table A34.Key data extracted from the two-way ANOVA tablenfr¢S data collected
from Fields 3 and 12 and the Kiran and Reekie adshafter 4.5 months in CA storage
and analyzed for natural disease incidence follgvmoculation with bacterial isolates
after NArvest iN 2008 ........oooiiiiiii e 133

Table A35.The effect of the biological control treatmentsiSrand the resulting key
data extracted from the one-way ANOVA results. elate from IS results collected
from Jonagold apples grown in Field 3, Gala apglesvn in Field 12 and Kiran and Red
Delicious apples grown in Reekie after 4.5 month€A stroage and analyzed for NDI
when inoculated the bacterial isolates after hame2008 ...............cccoevviviveiiiiiinees 133

Table A36.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and shétirgy key data extracted from the
one-way ANOVA results. Data are from IS resultBezded from apples analyzed for
disease incidence when inoculated vigtlexpansum and bacterial isolates after harvest
T2 00 PP 133

Table A37.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and sdtirg) key data extracted from the
one-way ANOVA results. Data are from IS resultBezted from apples analyzed for
disease incidence when inoculated vidtitinerea and bacterial isolates after harvest in

Table A38.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and shdtirey key data extracted from the
one-way ANOVA results. Data are from IS resultBezded from apples analyzed for
disease incidence when inoculated vithpiriformis and bacterial isolates after harvest
T2 00 PP 134

Table A39.Growth rate comparisons Bf fluorescens isolates 4-6-wild-type and 4-@p
and the resulting key data extracted from the oag-ANOVA table ..............cccc..... 134

Table A40.Key data extracted from the two-way ANOVA table stacted from cell
densities oP. fluorescens isolates 4-6-wild-type and 4-@fp stored for 55 d at 1°C in air
.............................................................................................................................. 135

Table A41.Cell density comparisons determined by dilutiortiptamethod of.
fluorescens isolates 4-6Gyfp and 4-6gfp + P. expansum stored for 55 d at 1°C in air and
the resulting key data extracted from the one-wBONA table..........cccceeeveeeeeeennnnn. 135

Table A42.Infection severity comparisons Bf fluorescens isolates 4-6-wild-type and
4-6-gfp stored for 55 d at 1°C in air and the resulting &ata extracted from the one-way
ANOVA TADIE ... e e e e e et e e e e e e e e nnr e e e e e e aaaaaas 135

Xii



LIST OF ABBREVIATIONS

* (one asterisk) pvalue = 0.05 - 0.01

** (two asterisks) -pvalue = 0.01 — 0.001
*** (three asterisks) pvalue = < 0.001

% TSA — half-strength tryptic soy agar

Y% TSB — half-strength tryptic soy broth
1-MCP — 1-methylcyclopropene

4-6-gfp — transformedP. fluorescensisolate 4-6 with GFP-containing plasmid pAG408
bc — biocontrol

BC — British Columbia

BCA - biological control agent

Bcin —Botrytis cinerea

Btub —p tubulin

CA — controlled atmosphere

CFU - colony forming units

CSLM - confocal scanning laser microscopy
gen - gentamicin

ofp — green fluorescent protein (gene)
GFP — green fluorescent protein (protein)
IS — infection severity

ISR — induced systemic resistance

kan - kanamycin

logio — logarithmic to the base 10

LSD - least significant difference

MOA — mode of action

Mpir — Mucor piriformis

NDI — natural disease incidence

ODgoo — optical density at 600 nm

PARC —Pacific Agri-Food Research Centre
PBS — phosphate buffered saline

PCR — polymerase chain reaction

PDA — potato dextrose agar

Pex —Penicillium expansum

pt — plant tissue

rDNA — ribosomal deoxyribonucleic acid
RFU — relative fluorescent units

TBZ — thiabendazole

TSA/B — trypic soy agar/broth

Xiii



ACKNOWLEDGMENTS

I would like to firstly thank my primary supervis®r. Louise Nelson for giving
me this wonderful opportunity. The applied natof¢his program helped me realize
where | belong within the scientific communitywoéuld also like to thank my co-
supervisor, Dr. Peter Sholberg, for sharing yownwdedge and expertise in the area of
post-harvest research and the use of the facitiéise Pacific Agri-Food Research
Centre (PARC). To the members of my committee, Desn Durall and Mary Forrest, |
appreciate your feedback, patience and encouradgerermy uncle, John Virgl, thank-
you for lending me your statistical know-how. intkithat | would still be lost without
your advice.

This project would not have been possible withtbetgenerosity of the Advanced
Foods and Materials Network STAR/Commercializapoogram. In addition, | am
grateful to the BC Innovation Council for awardimg the BC Innovation Scholars
Scholarship. | look forward to collaborating withy business partner, Jenn Schofield,
and learning the business of science.

I would like to send a mountain of gratitude ta Danielle Hirkala of the
Okanagan Tree Fruit Cooperative for access to tvently of knowledge and for all her
help in the lab and in all areas of this proje8he was a huge part of my success and |
have learned a great deal from her. Thank yoydar sense of humour and expertise.
To the rest of the Nelson lab- Melissa, Natash@iinha and Chris, your assistance has
been greatly appreciated. Thank you to MichaelsvdiePARC for teaching me the ins
and outs of the confocal microscope and to Dr. Afdegeris and his lab group for

access to the microplate reader. To fellow graslaatdents, thank you for providing me

Xiv



with tidbits of science and sanity along the w&ynally, | would like to thank my
family, especially my parents, Bob and Janet, lieirtunending support and pushing me
to ‘split the apple’. To Barry, my partner in cemyour enquiring mind, patience,

support and love has got me through it all. Thanks

XV



CHAPTER 1: INTRODUCTION

According to the Food and Agriculture Organizatafrthe United Nations, the
world apple production in 2008 was greater tham@ilon tonnes (FAOSTAT 2009).
Apples Malus domestica) are ranked fourth (by volume) in the world’s puction of
fruit crops (BCMAFF 2004). In 2002, the British ldmbia apple industry produced
136 000 tonnes or approximately 299 846 000 Ikapples. Apples are produced in
significantly higher volumes than any other tragtfcrop in BC (BCMAFF 2004). One
major challenge to apple production is damage necliby post-harvest diseases; annual
losses can vary from 5 — 20% and up to 50% in dgwed) countries (Janisiewicz and
Korsten 2002). A variety of fungal pathogens spansible for post-harvest disease; in
BC, three such pathogens inclugicillium expansum (blue mold),Botrytis cinerea
(grey mold) anaMucor piriformis (mucor rot) (Sholberg and Haag 1996).

A common method of disease prevention is throughute of fungicides. In
Canada, two synthetic controls are registered dst-parvest use, Mertéct
(thiabendazole) and Schdtaifludioxonil) (PMRA 2007). However, due to growgin
health issues, the development of pathogen resistamd the demand for
environmentally friendly sustainable practices tipetes are now a major cause for
concern (Errampalli et al. 2006; Michaildes andt&o©990; Sholberg and Haag 1996).

To reduce post-harvest rot, improved methods ftrqeggen identification prior to
harvest and alternate technologies to chemicalacbarte required to assist in disease
prediction and control. Preliminary work has résdlin two novel approaches that
address these demands: 1) a rapid DNA-based meayaarstem that determines the

presence of fungal pathogens responsible for parstelst rot (Sholberg et al. 2005a) and



2) the identification of soil bacteria that can tohfungal post-harvest pests (Hirkala et
al. 2007; Hynes et al. 2008). This study will asse project’s long term goal to
develop Canadian-based technologies that detextigbiand mitigate post-harvest
disease in pome fruit and that are consistent mwtdgrated pest management and

sustainable production practices.

1.1 Post-harvest pathogens

Fruit infections can occur throughout the growiegson, at harvest, during
storage, transit and at the retail level (JonesAdddinckle 1990). Although global
economic losses can be attributed to growing sedis@ases, post-harvest pathogens,
despite modern storage facilities, can cause $gmif annual losses (Janisiewicz and
Korsten 2002).

Post-harvest diseases, or latent infections, ama@®matic throughout the
growing season and disease is manifested only@dtévds of storage. As a result, these
pathogens are often difficult to treat and prevdPst-harvest fungal pathogens can be
categorized in many ways, one of which describegp#thogenic point of entry. Rot
characterization can include lenticel infectiongrgs that exist on the surface of the
apple that facilitate gas exchange), core and egeand wound pathogens (Jijakli and
Lepoivre 2004). Common lenticel infections includier and bull’s eye rot and are
commonly caused b@olletotrichum gleosporioides andCryptosporiopsis curvispora,
respectively (Jijakli and Lepoivre 2004). Coresrdevelop when an open sinus stems
from the calyx end of the apple into the core (Btill959), which provides a point of
entry for an invading pathogerlternaria spp. are the most commonly isolated fungi

from core rots, but other fungal species suc@ladosporium, Botrytis, Candida and



Fusarium have also been identified (Ellis and Barrat 1983)y eye rots, characterized
by a shallow, hard rot with a red border are preidamtly caused bfotrytis cinerea.
Opportunistic wound pathogens invade apples asut ref fruit injury incurred
by mishandling or harsh weather conditions. Thgges of infections are responsible
for significant storage losses. Three importangal pathogens that cause worldwide
decay includdenicillium expansum (blue mold),Botrytis cinerea (grey mold) and to
lesser extentylucor piriformis (mucor rot) (Michailides and Spotts 1990; Sandeiaad

Spotts 1995; Rosenberger 1990).

1.1.1 Penicillium expansum

Penicillium expansum Link, or apple blue mold, is a filamentous Ascomtgcthat
causes one of the most important North American-pas/est storage diseases of pome
fruit. Before the introduction of controlled atnpbeere (CA) storage and fungicides, it
accounted for 90% of post-harvest apple diseaseseffberger 1990)P. expansum
produces the mycotoxin, patulin, which has beemdon apple product derivatives such
as apple juice, ciders, puree, vinegar, baby foatvehole apples (Abramson et al. 2009;
Doores 1983; Piemontese et al. 2005; Watanabe landzs 2005). Its detection and
control is, therefore, of utmost importance forddeealth and safety.

Although an opportunistic wound pathog@ngexpansum infection can originate
from stem-end invasions, core rots and throughdelst Infected fruit are characterized
by light to dark brown, fleshy, circular lesionstisurround wounds. Older lesions may
produce a bluish spore mad3. expansum can also form a dense powdery mass at the
centre of the lesion (Rosenberger 1990) @amilbe characterized by an earthy, musty

odour commonly used as a diagnostic tool (Vikrarale2004).



Soores ofP. expansum are ubiquitous and can cause infection within ardh and
packinghouses. This fungus can survive in orgdelris on the orchard floor and within
soil. Conidia also exist in the air and on appidaces (Lennox et al. 2003). Within
packinghouses, spores have been isolated fromdugiegdrench solutions, flume water,
dump-tank water, air and storage room walls (Shgllaed Stokes 2006). Conidia can
survive from season to season on contaminated foicisng boxes and storage walls
(Rosenberger 1990).

Sanitation, harvesting pre-senescent fruit and lrandhethods are the best
strategy for minimizing disease incidence. Thistoal can also be facilitated by
fungicides applied as pre-harvest sprays or pastesadips (Eckert and Ogawa 1988).
For example, pyrimethanil was used as a pre-hafuegicide and applied twenty days
prior to apple harvest. After apples were stomgdsix months, post-harvest blue mold
was significantly reduced when compared to applaswere not treated with fungicides
(Sholberg et al. 2005b). Mert&cwith an active ingredient of thiabendazole (TBE),
an example of a post-harvest fungicide applicatibivas once highly effective;
however, prolonged exposure to such agents has [EBZ-resistant fungal strains

(Sholberg and Haag 1996) that render chemical olenitneffective.

1.1.2 Botrytiscinerea

Botrytis cinerea Pers.:Fr is an Ascomycete and, IResxpansum, is an important
post-harvest pathogen of pome fruit causing minbthroughout the growing season and
significant rot within packinghouses. It is theshonportant post-harvest pathogen of
pears and is second to blue mold in importanc@pbea (Rosenberger 1990. cinerea

infection may originate from wounds, stem punctucgghe stem or calyx portion of the
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fruit. Upon infectionB. cinerea inflicts a light to dark brown, spongy decayed area
around the damaged portion of the fruit. Undehtgmidity, fluffy white to grey
mycelium and spore masses may appear on the deasgeed The optimal growth
temperatures for this pathogen range from 20°Qt&owever, conidia are capable of
growth at as low as -2°C (Coley-Smith et al. 1980).

B. cinerea spores are ubiquitous, colonizing available orgamatter within
orchards. Throughout the growing season, thisdarmgn cause dry eye rdd. cinerea
also can be carried into packinghouses via conta@ghstorage bins. Once inside,
conidia are predominantly spread by air currents\aater splash. This pathogen is also
known as a nest or cluster rot as secondary imfecian occur through fruit to fruit
contact; fungi on infected fruit can colonize hbkgltruit and spread disease

(Rosenberger 1990).

1.1.3 Mucor piriformis

Mucor piriformis belongs to the phylum Zygomycota and, until regentias
thought to be of minor importance as a post-harpatitogen. Howevel. piriformisis
capable of causing major decay problems in frushsas strawberries, pome and stone
fruit. M. piriformisis typically saprotrophic in orchard soil and infetruit through the
stem or calyx end and puncture wounds (Michailmles Spotts 1990). Upon infection,
the area surrounding the lesion becomes soft, wdight brown and easily separable
from the fruit tissue. Often, grey mycelium withrll sporangia appears upon the
decayed area. Mucor rot has a distinct sweet smilla clear, sticky exudate. This
fungus sporulates from -1 to 24°C, with optimalwtio at 21°C. Fungicides that are

currently registered to control other post-hargesne fruit pathogens are ineffective
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againstM. piriformis and other Zygomycetes (Michailides and Spotts 1980though
Scholaf™, with active ingredient fludioxonil, has been simtw be effective again.
piriformis (P. Sholberg, personal communication), sanitati@thods are often the most

effective method for preventing infection (Michdiis and Spotts 1990).

1.2 Post-harvest factors that influence post-harvégathology

Because of the ubiquitous nature of fungal spahest presence throughout the
apple growing season can influence post-harvebofmagy. P. expansum, B. cinerea and
M. piriformis can colonize organic matter on the orchard floa aithin soil (Lennox et
al. 2003; Michailides and Spotts 199®. expansum andB. cinerea conidia can
additionally exist in the air and on fruit surfageennox et al. 2003). Low precipitation,
physiological crop condition and the use of prevbat fungicides will have a reducing
effect on decay levels after harvest (Sholberg@oway 2004; Sholberg et al. 2003;
Sholberg et al. 2005b).

However, post-harvest factors can also influenseatie incidence. Within
packinghouses, spores can survive in fungicideafrsolutions, flume water, dump-tank
water and in the air and on walls of storage rofiresnox et al. 2003; Sholberg and
Stokes 2006). Therefore, sanitation affects des@asumulation. The post-harvest
system offers a unique, closed or semi-closed enment where manipulating
temperature and atmosphere within the storage arairthe use of chemical senescence
inhibitors like 1-methylcyclopropene (1-MCP) ar¢enf easier to manage in comparison

to pre-harvest factors that can contribute to disea



1.2.1 Temperature

The first experimental cold storage facility in #h Columbia was built in
Summerland in 1929 (AAFC 2002). Optimal refrigemattemperatures range from
-0.5°C for Braeburn apples in South Africa to aghhas 5°C for Belle de Boskoop apples
grown in the Netherlands (Kupferman 2003). Lowersdperatures slow the rate of
apple respiration, thus retarding ripening (AAFM2D Temperature management is
also critical to post-harvest disease control. thasvest fruit pathogens grow optimally
between 20 to 25°C. Some fungi have minimum graemhperatures as low as -2°C and
cannot be completely controlled without freezing ttuit. Their growth at these
temperatures, however, is significantly reducedcWwiheads to a reduction in post-harvest

decay levels (Sholberg and Conway 2004).

1.2.2 Controlled atmosphere

“Normal air” refers to atmospheres that consist®f 79% N, 20 — 21% Q, ~
0.03% CQ and trace amounts of other gases. Controlledsgheye (CA) refers to
atmospheres that differ from “normal air” and angler strict control (Yahia 2009).
Here, optimal temperatures persist while oxygenaartdon dioxide concentrations are
decreased and increased, respectively (Moralds22@/). The concept of CA relies on
the fact that harvested fruits use oxygen and medarbon dioxide. If the amount of
oxygen is limited, fruits will not ripen or will pen slowly (Yahia 2009). Apples are
often stored under CA as this environment has bBhewn to be effective in delaying the
onset of storage diseases (Smock 1979). Comrh@&aiatorage can range from 1% —
3% O, and 0.4% — 4.5% CQKupferman 2003). Additional studies revealed #s=

high as 13% C@prevented close to 100% spore germinatioR.@xpansum after



twenty days (Cossentine et al. 2004). However; [@@els this high are not
commercially acceptable as it may lead to fruitiigjresulting in a decrease in fruit

quality.

1.2.3 1-Methylcyclopropene

1-Methylcyclopropene (1-MCP) is a synthetic cyclgpene that blocks ethylene
receptors and prevents apple ripening (BlankernahgoDole 2003). It has the ability to
maintain post-harvest fruit and vegetable qualitgt &s use provides insight into the role
of ethylene in fruit senescence (Watkins 2006 )eRing physiology and quality of
apples in response to 1-MCP application has bdensively studied (Watkins 2006).
Less studied, are the effects of 1-MCP on diseasgdence. It is thought that by
preventing the ethylene-associated ripening proeggses will be better able to resist
pathogens (Watkins 2006). However, preventioneat in 1-MCP-treated apples has
been inconsistent. For example, Golden Delicigppes treated with 1-MCP arid
expansum showed decreased disease incidence (Saftner28iCd). Alternatively,
disease severity increased in Golden Deliciousespiploculated withP. expansum or
Colletotrichum acutatum and treated with 1-MCP (Janisiewicz et al. 2008ydrentz et
al. 2003). Although initially successful, thereghg potential of certain decay problems

associated with 1-MCP use (P. Sholberg, persomahumication).

1.3 Methods of detection and identification

Traditional methods for fungal identification wgyemarily based on morphology
or phylogenetic characteristics. However, suchriepes have limitations as

morphological characterizations rely on fungi toidmated or cultured, resulting in an
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underestimation of the microbial community of i®r (Bridge and Spooner 2001;
Mazzola 2004). The advancement of molecular bipluas led to more specific and
sensitive fungal DNA-based detection methods thglaiced assumptions made in
previous studies. For example, Cruickshank and F387) used enzyme gel
electrophoresis, or a zymogram, to differentiateveenPenicillium species. This study
hypothesized that like species will display likevmygrams. Results mostly confirmed
taxonomy based on morphology; however, taxononiferginces were perceived.

Detection technigues based on morphology or elpbtiesis are time
consuming. A rapid method of detection is theref@quired. Greater specificity,
sensitivity and speed can be attributed to the mckment of the polymerase chain
reaction (PCR), a rapid and sensitive primer-medianzymatic amplification of target
DNA sequences (Saiki et al. 1985). Common PCRéamkntification methods include
denaturing gradient gel electrophoresis (DGGE) pemature gradient gel electrophoresis
(TGGE) or terminal restriction length polymorphis(sRFLP) (Mazzola 2004).
Although PCR-based identification methods provideae accurate picture of a
microbial community, these methods are often lichitg gel resolution or, more
importantly, the inability to detect a large numbédifferent pathogens simultaneously
(Sholberg et al 2005a).

The advent of DNA macroarray technology circumvehits problem. This
system utilizes labelled PCR products hybridized ttylon membrane that contains an
assortment of anchored oligonucleotides or proliase to a chemiluminescent reaction,
pathogen DNA, for example, is captured on X-rapfdnd is represented as a pattern of

pre-determined dots. The presence of a signatanels the presence of a pathogen that



can be identified and quantified. Levesque et1&98) were among the first to utilize
macroarray technology for plant pathogen identifcca This method was further
developed for detection of economically importarg-parvest (Sholberg et al. 2005a)
and post-harvest diseases of pome fruit (Hirkakl 8007). These technologies have
great potential as they can be used as a highghpi detection and diagnostic
technique that can identify numerous microorganiaomess disciplines and

environments.

1.4 Methods of control

1.4.1 Chemical control

Fungicides are used to prevent post-harvest deca@anada, two synthetic post-
harvest controls are currently registered, Meftectd Scholdt with active ingredients
thiabendazole (TBZ) and fludioxonil, respectiveBMRA 2007). Although initially
effective, fungicides are now a major cause forceon. Pathogens have developed
resistance to chemical controls (Errampalli eR@D6; Sholberg et al. 2005c¢) which
negates their effectiveness. There are also gphéalth concerns that surround
pesticide use (Hancock et al. 2008) and a demarehfaronmentally friendly
sustainable post-harvest practices. An alternagitieerefore of high priority. One

possibility is the implementation of biological dools.

1.4.2 Biological control
Biological control can be defined as “the reductiddnhe amount of inoculum or
disease-producing activity of a pathogen accometidhy or through one or more

organisms other than man” (Cook and Baker 1983) cifed in Cook and Baker (1983),
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biological control dates back to the early 1920wImich Hartley (1921) attempted to
control damping off in pine seedlings with fungatagonists. In 1927, Millard and
Taylor tried to control common potato scab by tHdition of Streptomyces praecox and
grass clippings to autoclaved potted soil. Botldigs noted that competition for
nutrients may be a putative mechanism of actiorokGmnd Baker 1983).

Sixty years later, the first commercial bacterialdgical control agent (BCA),
Agrobacterium radiobacter strain K84, was registered with the United States
Environmental Protection Agency in 1979. It coti&éd crown gall caused by
Agrobacterium radiobacter pv. tumifaciens. Strain K84 lacked the tumor-inducing (Ti)
plasmid present within the pathogenic strain amdipced a bacteriocin, which inhibits
the growth of certain tumorigenic-strains, and taal K84 was insensitive (Cook and
Baker 1983).

Although the beginnings of biological control obpt pathogens date back to the
early 1920s, practicing biological control withirpast-harvest setting has been much less
common. Currently, there are three BCAs registered for {masvest use (Droby et al.
2009). The first and second, developed by JET é&r8olutions (Longwood, FL), are
Bio-Save 10LP and 11LP (Longwood, FL) with actimgredients oPseudomonas
syringae strain ESC-10 and ESC-11, respectively. Bio-S&leP targets post-harvest
blue and grey mold and mucor rot in pome fruit wiBio-Save 11LP targets Rhizopus
soft rot on sweet potatoes. The third, Shervtgchnikowia fructicola) is
commercially used in Israel for prevention of sweeatiato and carrot storage decay. Two
yeast-based products, Aspifeand YieldPlus, are no longer available (Droby 2009

Biological control of post-harvest pathogens ofngofruit using bacterial and
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yeast antagonists has been studied by numerowwecbsgroups (Calvo et al. 2007;
Etebarian et al. 2005; Janisiewicz 1988; Mikarale2008; Morales et al. 2008; Nunes et
al. 2002; Zhou et al. 2001). For exam@andida sake strain CPA-1 significantly
decreasef. expansum lesion size by :80% and reduced disease incidence by 50%
(Teixidd et al. 1999) Cryptococcus laurentii andMetschnikowia pulcherrima also
provided control again®. expansum (Conway et al. 2007). The epiphytic bacterium,
Rahnella aquatilis, significantly inhibitedP. expansum andB. cinerea on apples at 15°C
and 4°C, respectively (Calvo et al. 2007). A sapxdic strain ofPantoea agglomerans
also reducedp. expansum rot on Golden Delicious apples 1°C in air and at 1°C in a
low oxygen atmosphere by 81% and 100%, respect{idipes et al. 2002). A study
conducted by Etebarian et al. (2005) showedRatdomonas fluorescens isolate 1100-
6 significantly reduced the incidence ®fexpansum andP. solitiumon apples after 11
days at 20°C and 25 days at 5°C. In Canada, #reran increasing number of
registrations and products under evaluation trabased upon microbially-active
substances (Bailey et al. 2010). However, thezenane registered for post-harvest use
(Droby et al. 2009).

A demand therefore exists for the production androercialization of a BCA for
post-harvest use on pome fruit. A collection otolbacteria, isolated from the roots of
legumes grown in Saskatchewan soils, were compihedinitially characterized for plant
growth promoting traits such as the productionidémophores, ACC deaminase, root
elongation and the suppression of legume fung&lgggins (Hynes et al. 2008). Fifteen
of these isolates were further testeditro for suppression dP. expansum, B. cinerea

andM. piriformis (Stokes et al. 2006). Nine isolates provided &iregntrol and were
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then testedn situ. Four isolates provided consistent control ahi#f°C and 1°C;
isolates 1-112, 2-28, 4-6 and 6-25 (Hirkala, unhigld data) in combination with

1100-6 were selected for further study.

1.5 Mechanisms of action

The interaction between host, antagonist and path@aga complex, ecological
relationship with high variability depending on thgstem of focus. The ability of an
antagonist to suppress a pathogen may be due ttimeom one mechanism of action
(MOA). A sound mechanistic understanding is esakfur formulation development
and biocontrol registration (Spadaro and Gullin080 Possible mechanisms include
antibiosis (Janisiewicz et al. 1991; Kamesnky eP@03; Meziane et al. 2006),
competition for nutrients (Elad 1996), parasitigimapikowski et al. 2001; Watanabe et
al. 2007) and induction of pathogen resistanceost tissue (Benhamou et al. 2000;

Spadaro and Guillino 2004; Terry and Joyce 2004).

1.5.1 Antibiosis

One method of antagonistic action may be througlptioduction of antibiotics.
For example, pyrrolnitrin produced by strainsSefratia plymuthica, was associated with
fungal suppression (Kamesnky et al. 2003; Mezidraé. 006). To determine whether
or not pyrrolnitrin assisted in antifungal activitdeziane et al. (2006) created@n
plymuthica mutant that lacked the gene responsible for pyitradrproduction. The
pyrrolnitrin-deficient mutant, IC1270-P1, lost @stifungal activity when tested against
pathogen#$enicillium digitatum andPenicilliumitalicum. In addition, purified

pyrrolnitrin was effective in suppressing diseagagtoms ofP. digitatum andP.
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italicum. Janisiewicz et al. (1991) also isolated pyrroimifrom Pseudomonas cepacia

for control ofB. cinerea andP. expansum on apples and pears. Pyrrolnitrin was found to
provide control; however, the level of control wtidue to wound type (cut, nail, bruise),
pyrrolnitrin concentration and storage temperaf@f€ and 24°C). A post-harvest dip
solution of pyrrolnitrin may therefore be an effeetsolution against post-harvest
pathogens. It should also be noted that the parstelst fungicide, Schol8f, has an

active ingredient of fludioxonil which belongs teetchemical class of phenylpyrroles.
Phenylpyrroles are derived from pyrrolnitrin ané aonsidered a reduced-risk chemical

control agent (Errampalli 2004).

1.5.2 Competition for nutrients

Competition for nutrients has been widely studieé to nutritional demands of
both antagonists and pathoges.cinerea, as with most necrotrophs, requires nutrients
for germination and the initiation of the pathogeprocess. In the absence of nutrients,
B. cinerea becomes highly susceptible to degradation anda@lofiilad 1996; Janisiewicz
et al. 2000). It is postulated that microorganis@gable of efficiently utilizing nutrients
will make successful biological control agents (E1£96). Janisiewicz et al. (2000)
proposed a simple way to study competition forieats that uses a 24-well tissue
culture plate with cylindrical insets with 0.451 membranes attached to the bottom.
Individual cylinders are placed in each of the 2dlisvthereby permitting media nutrient
and metabolite interchange while preventing pathaged antagonist contact due to
physical separation. In this system, competitmmiutrients can be studied
independently from competition for space. Bencbenqret al. (2007) used this method

to determinein vitro, that the biocontrol antagoni#ireobasidium pullulans, was
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competing for nutrients, especially the amino agigsine, glutamic acid and serine,

with the pathogerRenicillium expansum.

1.5.3 Parasitism

Antagonists can directly parasitize pathogens st-parvest apples. One such
method is through the production of lytic or cellikdegrading enzymes such as
chitinase an@-1,3-glucanase. Bacterial strains that produde grnzymes will most
likely have antifungal properties via cell wall hgtl/sis. For examples. plymuthica
strain HRO-C48 was isolated from the rhizosphereilstEed rape and shown to have
antifungal properties associated with chitinasapation. Frankowski et al. (2001)
isolated and characterized two chitinolytic enzynoee endochitinase (E.C. 3.2.1.14),
CHIT60, and on&-acetyl$-1,4-D-hexosaminidase (E.C. 3.2.1.52), CHIT100vitro,
CHIT60 and CHIT100 showed direct inhibitory activgn spore germination and germ
tube growth oB. cinerea. Alternate parasitic activity may involve direttachment of

antagonist to pathogenic fungal hyphae (Chan aad Z005; Watanabe et al. 2007).

1.5.4 Induced systemic resistance

Induced systemic resistance (ISR) is an observedghenon in which
microorganisms activate host plant mechanismsethiagdnce their defensive capacity
against potential pathogenic invasions. Proteatamoccur both locally and on areas of
the plant that did not come into contact with indganicroorganisms (van Loon 2007).
For example, Benhamou et al. (2000) determinedShalymuthica strain R1G64
mediated induced systemic resistance in cucumbeaotect against infection caused by
Pythium ultimum. Upon pre-treatment witB plymuthica, P. ultimum disease incidence
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was reduced; cucumber root cells were structueadty biochemically modified with the
formation of phenolic-enriched occluded depositiand structural barriers. These
structural barriers were hypothesized to prevetitqgeen movement towards the vascular
stele. In ISR experiments, it is important to st separate inducing microorganisms
and challenging pathogens (ie. root and leaf) Busnthat protection is plant- not

microorganism-mediated (van Loon 2007).

1.6 Green fluorescent protein

Green fluorescent protein (GFP) is made up of 28B@ acids and exhibits
green fluorescence at a peak emission of 509 nabbgrbing blue light maximally at
395 nm and minimally at 470 nm (Morin and Hastia§31). In its native form, GFP
was first discovered during the purification of thieluminescent protein, aequorin,
isolated from jellyfish Aequorea victoria) (Shimomura et al. 1962). W victoria, green
fluorescence occurs by an intermolecular energystea between aequorin and GFP;
Cc&* and aequorin interact and emit blue light, sometiith is absorbed by GFP
causing a color shift towards green (Morise el@¥4). However, it wasn’t until 1992
that the influence of GFP was realized. Prashal.€1992) paved the way for future
GFP application by cloning and sequencing both cCAd4 genomic clones from
Aequoreavictoria. In 1994, Chalfie et al. first expressed GFP imitnliving organism,
highlighting sensory neurons in nematodes. Thasénhark studies influenced modern
science as purified GFP has become one of theimpsttant reporter genes in biology
(Bloemberg 2007).

GFP is comprised of an eleven-stranfidzhrrel with a coaxial helix running

through the centre. The chromophore is formed fileenspontaneous cyclization of the
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central helix consisting of the tripeptide, Ser@y6b-Gly67 (Ormo et al. 1996).
Introducing random amino acid substitutions inte tlventy amino acids that flank the
chromophore has led to altered forms of GFP sonwéhafh exhibit greater fluorescence.
The first GFP modification was derived from a pamitation that altered Serine 65 to
Threonine (S65T) (Heim et al.1995). This altenathifted the excitation and emission
maxima to 490 and 510 nm, respectively. AlteraiohGFP not only affected intensity,
but also increased color variety that is within lhee, cyan and yellow regions of the
electromagnetic spectrum (Shaner et al. 2007).

Green fluorescent protein can be used as a rertag to mark whole cells,
study protein localization and monitor gene intéoars and interactions between
microorganisms. Its incorporation is hon-invasiveloes not require an additional
substrate for bioluminescence, nor does visuatinatecessitate fixation or staining
protocols (Bloemberg 2007). The gene produdfpican be expressed in both
prokaryotes and eukaryotes (Chalfie et al. 1994) wo background gene expression
(Tombolini et al. 1997). Itis highly stable inetpresence of denaturants and proteases
and persists at high temperatures (65°C) and a saiaige of pH values (6-12)
(Bloemberg 2007; Chalfie et al. 1994; Ward et 88Q).

Applications of GFP in biological control experimemran help elucidate
mechanisms of action (MOA). Watanabe et al. (2@faf)sformed two fungal species
with gfp, Trichoderma asperellum SKT-1, the antagonist, ar@ibberella fujikuroi N-68,

a pathogenic root fungus responsible for Bakanseade of rice seedlings. The
fluorescent protein was imaged by confocal scantasgr microscopy (CSLM) and

mycoparasitism was suggested as the putative M&zanning electron microscopy

17



(SEM) and CSLM showed a disappearance of GRP. fjikuroi upon contact witi'.
asperellum suggesting cell wall degradation.

In another example, Bolwerk et al. (2003) transfedmed fluorescent protein
(RFP) into two putative BCA$seudomonas fluorescens WCS365 andPseudomonas
chlororaphis PCL1391, that have been shown to confadarium oxysporum . sp.
radicis-lycopersici, a causal agent of tomato foot and root rot (TERB)th
Pseudomonas spp. contained RFP, wherdassarium oxysporum f. sp.radicis-
lycopersici harboured GFP. CSLM revealed that both antagoon@bnized the tomato
root more quickly than the fungal pathogen and tihatbacterial presence hindered root
infection. A proposed MOA was that the presenciiogi initiated bacterial

colonization of hyphae and subsequent productidnrgfal secondary metabolites.

1.7 Objectives

This thesis will build upon preliminary researctdauddress the following three
objectives: 1) validate the use of DNA macroarnader field conditions; 2) assess
bacterial antagonist performance under semi-comalemcd commercial conditions and
3) determine how long and in what capacity a setbantagonist will colonize the fruit
surface. | hypothesize that:

1) Macroarray technology will accurately identify agdantify post-harvest
apple pathogens throughout the growing seasonteigh&ithogen prevalence
will correlate with disease incidence post-harvest.

2) One or more of the bacterial antagonists will pdevsignificant pathogen

control in semi-commercial and commercial storageditions.
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3) The use of green fluorescent protein will faciktaisualization of bacterial

colonization and survival on apple surfaces.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Antagonists

Four bacterial antagonists were obtained from DNé&lson and were identified
by 16S rRNA sequence and fatty acid methyl estalyars asPseudomonas fluorescens
(isolates 1-112, 2-28, 4-6) aldrratia plymuthica (isolate 6-25) (Hynes et al. 2008).
Isolate 1100-6Pseudomonas fluorescens (Etebarian et al. 2005), wasovided by Dr.
Peter Sholberg of the Pacific Agri-Food Researcht@g PARC) in Summerland, BC.
The bacteria were grown in half-strength tryptig booth (2 TSB) (Becton, Dickinson
and Company, Sparks, MD) at 28°C with shaking & in. The final culture was
centrifuged for 20 min at 3800 g and held at 20€G2ll pellets were resuspended in
sterile phosphate buffered saline solution (PBS) ¢IL NaHPO,, 0.18 g/L NaHPO,,

8.5 g/L NaCl). The optical density (@8 was determined and the bacterial cells were

diluted to 18 CFU/mI according to a standard curve relatingsgB CFU/m.

2.2 Pathogens

Penicillium expansum Link strain 1790 Botrytis cinerea Pers.:Fr strain B27 and
Mucor piriformis Fischer strain 536 were provided by Dr. Peter Sdrgiland grown on
half-strength potato dextrose agar (¥2 PDA) (HiMddihoratories PVT. Ltd., India) for
7 days at 22°C. A spore suspension was creatad g&rile water and Tween 20 (MP

Biomedicals, LLC, Solon, OH) and then enumeratedgua Petroff-Hauser counter.
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2.3 Orchard field sites

This study incorporated four conventional (nonamig) orchard field
sites from which data were collected over two yediwo research orchards were located
at PARC in Summerland, BC. Field 3 (49° 33’ 58.48"119° 38’ 41.93” W) contained
166 Jonagold apple trees planted at high denbiigid 12 (49° 33’ 54.81" N; 119° 38’
56.73” W) contained 120 Gala apple trees plantdugdt density. The two commercial
orchards were located in Kelowna, BC. The Kiracthard (49° 50’ 41.45” N; 119° 24’
54.24” W) grew Gala apples planted at high densitge Reekie orchard (49° 50’ 58.78”
N; 119° 23’ 32.79” W) grew Red Delicious applesmé at medium density.

I-rods were used in this study to collect aeria@rspsamples. I-rods are clear
polystyrene rods that rest within a sampling hefaal rotating spore trap. When the
motor spins, centrifugal force causes the I-rodggexbin silicone grease to extend
downwards at a 90° angle and collect airborne gest{Aerobiology Research
Laboratories, Nepean, ON). In the 2007 and 2008y seasons, Fields 3 and 12
contained one I-rod station per field. The Kiraohard contained one I-rod station in
both 2007 and 2008 and the Reekie orchard contaned-rod station in 2008 only.
Average daily temperatures (°C) and total dailycgniéation (mm) from Environment
Canada (2008) were plotted and used to comparepattiogen DNA detected
throughout the apple growing seasons (Figure wLipgkide spray records for Fields 3
and 12 were provided. On May 15, 2007, the funigicNova (myclobutanil) was
applied to Field 12. On September 15, 2008, thgiftide Funginex (triforine) was

applied to Field 3.
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Figure 1. Average daily temperatures (°C) (solid line) aoiitdaily precipitation (mm) (dashed line) at Ketw, BC during the

Days after Blossom

growing seasons of 2007 (A) and 2008 (B) and in ®enand, BC during the growing seasons of 2007a()) 2008 (D) as indicated

by Environment Canada (2008).
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2.4  pAG408

Thegfp-containing plasmid, pAG408 (Suarez et al. 19985 ywrovided by Dr.
Darren Korber, University of Saskatchewan, Saskat8ask. pAG408 was maintained
within the donor strairk. coli S-17X pir, on Luria Burtani (LB) agar (10 g/ L tryptong,
g/L yeast extract, 10 g/L NaCl) supplemented widhug/ml of kanamycin (kan) and 30
png/ml of gentamicin (gen).

To test for antibiotic efficacy, pAG408 B coli S-17A pir was streaked onto
three replicate plates each of LB agar, LB aga® +&§/ml kan, LB agar + 30 pg/ml gen
and LB agar + 50 pg/ml of kan and 30 pg/ml of ged grown at 28°C for 48 h.
Furthermore, pAG408 plasmid confirmation was vedfby extracting it fronk. coli S-
17\ pir using the Wizard ® Plus Minipreps DNA Purifiman System (Promega,
Madison, WI) as per manufacturer’s instructiong] digesting 1 pg of DNA with 1 U

Hindlll (Invitrogen, Carlsbad, CA) for 1 h at 37°C.

2.5  Construction of thegfp-transconjugant

Bacterial isolate 4-6 was transformed with pAG4@8hacterial conjugation.
Donor cells E. coli S-17A pir containing pAG408) and recipient cells (4-6rev grown
overnight at 28°C with shaking at 220 rpm. Ondiliie of each culture was
centrifuged at 10 000 x g for 20 min at 4°C. Thpeynatants were removed, the pellets
washed twice with PBS then resuspended in 50 RBS. Fifty microlitres each of the
donors and recipients were combined and vorteXde combined cultures were spotted
on 0.22 um sterile nylon membrane filters (WhatnMaidstone, England) placed on LB

agar plates supplemented with 50 pg/ml of kan &hdd@ml of gen. The plates were
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incubated for 24 h at 28°C to allow for bacteriahgigation. The bacterial mixtures
were then removed from the filters and plated afiwsu citrate agar plates (0.2 g/L
MgSQ,, 1.0 g/L NHH.PQy, 2.0 g/L sodium citrate, 5.0 g/L NaCl, 15 g/L agar
supplemented with 50 pug/ml of kan and 30 pg/mleaf gnd then incubated for 48 h at
28°C. The combination of sodium citrate growth medand antibiotics eliminate.
coli S-17) pir pAG408 cells and non-transformed bacteridls¢él. coli cannot use
citrate as a carbon source and the wild-type biodgontrol isolates cannot withstand
the antibiotics. For a negative control, non-tfarmaedPseudomonas fluorescensisolate
1-112,Serratia plymuthica isolate 6-25 ané. coli S-17A pir containing pAG408 were
spread on sodium citrate agar plates supplementad® pg/ml of kan and 30 pug/ml of
gen.

To confirm successful conjugatiob) putative transconjugants were selected at
random and their genomic DNA was extracted by bgiliOne colony was placed in 100
ul of sterile water and the supernatant was use¢kdea®BNA template for the PCR that
utilized gfp-specific primers. Three microlitres of DNA werged in the 25-ul reaction
containing 1x PCR Buffer (TetraLink InternationBlffalo, NY), 2.5 mM MgC}, 0.1
mM dNTP mix (Invitrogen, Carlsbad, CA) , 0.4 uMeHch forwarddfp F: 5'-
GAGTAAAGGAGAAGAACTTTTCA-3’) and reverse primergfp R: 5'-
TTATTTGTATAGTTCATCCATG-3') (Suarez et al. 1997) arddU of UltraTherm DNA
polymerase (TetraLink International, Buffalo, NYAmplification was performed on the
Techne TC-3000 thermocycler (Barloworld Scientifiondon, England) with the
following conditions: 96°C for 5 min followed by 3%cles of 95°C for 1 min, 54.8°C

for 1 min and 72°C for 1 min with a final extensicycle at 72°C for 7 min.
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2.6 Plasmid stability

Testing of the stability of exogenous DNA withincherial isolate 4-6 was
conducted according to Bloemberg et al. (1997) eixtteat tryptic soy medium and the
antibiotics, kanamycin and gentamicin, were usgdsed on replicated stability results
and the 2007 biocontrol experimental results, tloengsinggfp-tranconjgant biological
control strainP. fluorescens isolate 4-6, was selected as a suitable antagonist

bacterial survival and colonization studies.

2.7  P.fluorescens 4-6-gfp fitness analysis

Growth rates of 4-@fp and its wild-type counterpart (4-6 wild-type) were
compared. Three replicates each of giand 4-6 wild-type were grown in 10 ml of %2
TSB and incubated at 28°C with shaking at 220 rpn2# h. Cultures were spun for 20
min at 5000 x g and resuspended in 10 ml of phdsdiafered saline (PBS). Optical
density (ORgg) was determined and cultures were diluted andistalizved with PBS to
within 0.100 of each other. One hundred micraditoé standardized culture were added
to 10 ml of %2 TSB. OR)oreadings were recorded at 0, 2, 4, 6, 8, 10, iZ24m. The
three replicates were averaged and representetigalip (time vs ORgg). Growth rates
(1) were calculated with the formula p = (etl-logio No) X 2.303 / t-§) where N was a
final cell number, Nwas an initial cell number, t was the time at M &was the time at
No.

Carbon utilization profiles of 4-6-wild-type and64gfp were also compared by

determining carbon profiles using BioLog PhenotifieroArrays for Microbial Cells
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(Biolog, Inc., Hayward, CA) (microplate PM1 and PM#& per the manufacturer’s

instructions

2.8 Spore, apple tissue collection and fruit washgs

Apple leaves, blossoms and I-rods were collectentctard field sites throughout
the apple growing seasons (Table 1). In genemaipsing was conducted three times per
week at the beginning (early) and end (late) ofgtmving seasons in 2007 and 2008.
Throughout the mid-growing seasons, samples wekected approximately once per
week. At harvest, approximately 1250 apples wetlected at random from each of
Fields 3 and 12 and approximately 300 apples walteated at random from the Kiran

and Reekie orchards.

Fruit surface washings were conducted on 20 agael from Fields 3 and 12 in
2007 and 20 apples each from Fields 3, 12, thenkarad the Reekie orchards in 2008.
Twenty apples from each orchard were washed irDan@ibeaker containing 200 ml of
sterile distilled water and 200 ul of Tween 80.cl&uit was shaken for 5 min at 120
rpm and sonicated for 5 min (P. Sholberg, persoommunication). After all fruit were
washed, the solution was centrifuged at 13 400 d@min. The supernatant was
decanted and this process was repeated five tore$inal volume of 10 ml that was
centrifuged for 15 min at 7430 g. The supernataad decanted and the remaining cells
were transferred to a 2-ml tube and centrifugeda (16 100 g) for 1 min. The

supernatant was removed and 100 ul of water wetedafibr storage at -20°C.
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Table 1. Frequency of aerial and plant tissue samplind-felds 3, 12 and the Kiran and
Reekie orchards in the early, middle and late gngveieasons of 2007 and 2008.

Number of samples within
sampling period (n)

Field Sample type Early Mid Late Total

2007 Growing Season

Field 3 aerial 14 6 6 26
plant tissue 2 3 2 7
Field 12  aerial 16 6 5 27
plant tissue 2 3 2 7
Kiran aerial 9 7 6 22
plant tissue 4 7 5 16
Reekie aerial 0 0 0 0
plant tissue 6 8 4 18
2007 Total 53 40 30 123
2008 Growing Season
Field 3 aerial 18 11 3 32
plant tissue 4 0 2 6
Field 12  aerial 19 11 3 33
plant tissue 4 0 2 6
Kiran aerial 17 24 11 52
plant tissue 18 24 10 52
Reekie aerial 15 20 11 46
plant tissue 16 24 11 51
2008 Total 111 114 53 278

2.9  Validation and field testing of DNA macroarrays

2.9.1 DNA extraction
DNA was extracted from I-rods, plant tissue samples fruit washings using the
Power Soil DNA Isolation Kit (Mo Bio Laboratoriesic., Carlsbad, CA) according to

the manufacturer’s instructions. For DNA isolatitwo I-rods were used per aerial
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extraction and 0.25 g of plant tissue were usedidsue extractions. DNA was eluted in

100 pl of Buffer 5 and stored at -20°C until regdirffor further use.

2.9.2 PCR amplification

PCR amplification was used to amplify universalbnserved regions of the
fungal genome, ribosomal DNA interspacer regioB8N@ ITS) and the3-tubulin gene.
Approximately 10 — 20 ng of extracted DNA were use@5-ul reactions containing 1x
PCR Buffer (TetraLink International, Buffalo, NY2,5 mM MgC}, 0.1 mM digoxigenin
(Roche Diagnostics GmbH, Mannheim, Germany) (DI}& mix , 0.4 uM of each
forward and reverse primers and 1 U of UltraTherlADpolymerase (TetraLink
International, Buffalo, NY). Primers for rDNA wel€S1 (5'-
TCCGTAGGTGAACCTGCGG-3) and ITS4 (5-TCCTCCGCTTATRGATG-3)
(White et al. 1990) ang@-tubulin primers were Bt-LEV-Lol (Fwd 5'-
GTGAACTCCATCTCGTCCATA-3) and Bt-LEV-Up4 (5'-
CAAGATCCGTGAGGAGT-3’) (de Jong et al. 2001). Anfpiation was performed on
the Techne TC-3000 thermocycler (Barloworld ScientLondon, England) with the
following conditions: 96°C for 5 min followed by 3%cles of 95°C for 1 min, 55°C for
1 min and 72°C for 1 min with a final extension leyat 72°C for 7 min. DNA
concentrations were estimated on 1% agarose gelg as.ow Mass ladder (Invitrogen,
Gaithersburg, MD). A minimum of 75 ng and a maxmmaf 100 ng of PCR-amplified

DNA were required for hybridization to macroarrays.
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2.9.3 DNA macroarray construction

Twenty-eight oligonucleotide macroarray probeseagsigned by Dr. Danielle
Hirkala and constructed by Operon Technologies,tsliite, AL (Table 2). The 5’ end
of the probe contained an amino C6 linker usedttaxh the oligonucleotide onto the
Immunodyne ABC nylon membranes (PALL Europe Ltart®mouth, England). The
probes were resuspended in 0.5 M sodium bicarbdmdter (pH 8.0) and diluted to a
final concentration of 40 um. In combination witl®04% bromophenol blue, the
resuspended probes were arranged according tvi@ayst designed template (Figure
2). A 384-pin replicater (V&P Scientific, San D@®dCA) and pin guide (V&P
Scientific, San Diego, CA) were used to “stamp” pinebes onto the nylon membranes
(Figure 2). The membranes were blocked for a minmof 1 hour with hybridization

buffer (6x SSC, 0.1% sarcosine, 0.02% SDS) andKifrb siilk at 55°C.

2.9.4 Hybridization and chemiluminescent detection

To denature the DIG-labelled PCR products, 75 —ri@)6f DNA were combined
with 5 ml of hybridization buffer and placed in bog water for 10 min. Membranes
were added to the denatured probe solution forrogiet hybridization at 55°C.
Unbound probes were then washed from the membwitiepre-warmed 6x SSC
(0.18% NaCl, 0.088% sodium citrate) and 1% SDSi(sndalodecyl sulphate) for 2 x 40
min at 55°C. Hybridized membranes were pooledvaashed for 5 min in washing
buffer (0.1 M maleic acid, 0.15 M NaCl [pH 7.5]3@6 Tween 20) and bound with a
1:25 000 dilution of anti-Digoxigenin-AP (alkalirdnosphatase) Fab fragments (Roche

Diagnostics GmbH, Mannheim, Germany) combined wiishing buffer and 1% skim
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Table 2 DNA macroarray probe sequences.

Name Sequence 5'to 3 Description

rDNA-ITS
UN-H1-up [AMinoC6]JACCTACGGAAACCTTGTTACGA Universdb all fungi
Bot-all-H1b [AMINoCB]TTAGCTTGGTATTGAGTCTATGT Univeal to allBotrytis spp.
BC-H2d [AMinoC6]TATGCTCGCCAGAGAATACCAAA  Botrytiscinerea
BC-H3d [AMinoC6]GCTCGCCAGAGAATACCAAAAC Botrytis cinerea
BT-H1d [AMinoCB]TATGCTCGCCAGAGAAAACCAAA Botrytis tulipae
BT-H2d [AMiNoC6]CTCGCCAGAGAAAACCAAAACT Botrytis tulipae
PE-H2c [AminoC6]CCCGAACTCTGCCTGAAGATT Penicillium expansum
PE-H3u [AminoC6]CAGACGACAATCTTCAGGCA Penicillium expansum

Mpir-ITS-183H1
Mpir-ITS-414H1

UNbt-1

UNbt-2

UNbt-3
Pex-bt-84-H1-gag
Pex-bt-84-H1-gcg
Pex-bt-84-H1-gtg
Pcom-bt-1
Psol-bt-1
Psol-bt-2
Paur-bt-1
Paur-bt-2
Bcin-133-H3
Bstok-144-H4
Bot-95-H1-GAG
Bot-95-H1-GCG
MucorUN-bt-1
MucorUN-bt-2
MucorUN-bt-3

[AMINoC6]TGGTGTCCTTAAAAATTATTATTAT
[AminoC6]JAACACCCCACATCTTAAAAATC
B-tubulin
[AminoC6]CAAGAACATGATGGCTGCTTC
[AminoC6]CCAAGAACATGATGGCTGC
[AminoC6]TGTTCGACCCCAAGAACATG
[AminoC6]TCCGACGAGACTTTCTGTATC
[AminoC6]TCCGACGCGACTTTCTGTATC
[AminoC6]TCCGACGTGACTTTCTGTATC
[AminoC6]CCGTCAACATGGTCCCCTT
[AminoC6]TCCCTCGTTTGCACTTCTT
[AminoCB]CCTTTCCGTCCGTCCACCAGCT
[AminoC6]CACACCTCTGATATCTTGCTAGG
[AMiNoC6]CGATGGACAGTAAGTTCTAATGG
[AminoC6]TTACGATATTTGCATGAGAACCT
[AminoC6]GCATGAGAACCCTGAAGCTC
[AminoC6]JAACTCTGACGAGACCTTCTG
[AmMinoC6]JACTCTGACGCGACCTTCTG
[AminoC6JACATGGTTCCTTTCCCTCGT
[AminoC6]JAAGGCTTTCTTGCATTGGTA
[AMiNoC6]|GGTGCTGGTAACTCTTGGGC

Mucor piriformis
Mucor piriformis

Universal tall fungi
Universal to lalungi
Universal tdldungi
Penicillium expansum
Penicillium expansum TBZ sensitive
Penicillium expansum TBZ resistant
Penicillium commune
Penicillium solitum
Penicillium solitum
Penicillium aureum
Penicillium aurantigriseum
Botrytis cinerea
Botrytis mali
Botrytis cinerea TBZ sensitive
Botrytis cinerea TBZ resistant
Universep all Mucor spp.
Univers$ao all Mucor spp.
Univelda all Mucor spp.
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Post-Harvest Macrorray Template
rDNA-ITS B-tubulin

A B C D E F G H
1 Mpir-ITS- Pex-bt-84- Bcin-133- | MucorUN-

UN-H1-up BT-H1d 183H1 UNbt-1 Higag Psol-bt-1 3 bit
2 | Bot-all-H1- Mpir-ITS- Pex-bt-84- Bstok-144- | MucorUN-

b BT-H2d A14HL UNbt-2 Higcg Psol-bt-2 Ha bi.2
3 Pex-bt-84- Bot-95-H1- | MucorUN-

BC-H2d PE-H2c Higtg Paur-bt-1 020 bi3
4 | BcHad PE-H3u Pcom-bt-1 | Paur-bt-2 BOt':fg'Hl' -
B.

Post-Harvest Macrorray Template
rDNA-ITS B-tubulin

A B C D E F G H
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Figure 2. DNA macroarray pathogen template (A) and the spwading oligonucleotide
probe placements that are amine-linked to the nglembrane (B). Columns A—-C
detect rDNA ITS PCR products; columns D — H depetttbulin PCR products. Each
pathogen (A) corresponds with the dotted tempRjeaé it would appear on a developed
macroarray. Each probe is blotted twice for positenfirmation. Grey boxes indicate no
probe present.

31



milk powder for 30 min. Membranes were washedfarl5 min then primed for 15 min
in buffer 3 (0.1 M Tris-HCI, 0.1 M NaCl [pH 9.5)]).

For chemiluminescent detection, membranes weréated for 5 min in buffer 3
plus 1:2000 dilution of chemiluminescent substr@®P-Star (Roche Diagnostics
GmbH, Mannheim, Germany). Alkaline phosphatasematically dephosphorylates
CDP-Star, creating dioxetane phenolate anion, whédomposes and emits light
maximally at 466 nm (Roche Diagnostics GmbH, Mammh&ermany).

Membranes were bound in plastic wrap and immediaebosed to x-ray film
(CL-X Posure™ Film, Thermo Scientific, Rockford, IL) for 2 h. fér fixing and
developing for 1 minute each (Kodak, Rochester, Mg hybridized DIG-amplified
PCR products were captured on x-ray film as a s@fieots with varying grey
intensities. The x-ray film was scanned and sasged Jpeg picture file using a BenQ
4300u scanner (Taipei, Taiwan) for computer analy3ine hybridized DNA was
guantified using ImageJ 1.30v software (Nationatitates of Health, Bethesda, MD).

Each hybridization signal was assigned a relatreggrale value that ranged from
0 (completely back) to 255 (completely white). %eale values were in the form of two
averaged measurements. The background was seltfaat each analyzed array using
the following formula:

Adjusted Greyscale Value= 127.5 x Original Greyscale Value
Average Background

The adjusted greyscale values were transformed\t& Ebncentrations when compared

to a standard curve produced from known DNA corre¢ions.
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2.10 Biological control of post-harvest fungal pdtogens

2.10.1 Inoculation of apples by drenching

Bacterial cultures were diluted in 5 L of wategteoncentration of FOCFU/m
and fungal cultures were diluted in 5 L of watectmcentrations of fGpores/ml foP.
expansum andB. cinerea and 18 spores/ml foM. piriformis. Inoculation concentrations
were previously determined by minimum infectiouseland minimum inhibitory
concentration experiments (D. Hirkala, personal mamication). Apples were surface
sterilised with 90% ethanol and wounded in trigicasing a 3-mm diameter nail
embedded in a cork. Wounded apples were placaglastic net bag and labelled by
tagging. Each bag was placed in a 5-L bacteuighansion for 1 min then subsequently
placed in a 5-L fungal suspension for 1 min. Relfgg inoculation, apples were air dried
on trays for 10 min then placed in mesh bags (Jeap bag) and in crates (~100 apples
/ crate) for commercial storage or in covered pasins each with three 0.2-um
membrane filters attached to the lid for semi-comuiaé storage until lesions formed. In
this study, commercial storage refers to contradiedosphere (CA) storage conditions in
a commercial packinghouse, whereas semi-commestoiege refers to storage in a

research facility at 1°C in air.

2.10.2 Natural disease incidence

Following apple harvest in 2007, natural diseaselance (NDI) was determined
by wounding 100 Jonagold apples from Field 3 arf@l G@la apples from Field 12. Fifty
of the 100 apples were fumigated with 1-Methylcpetgpene (1-MCP) and 50 were not
fumigated with 1-MCP. In 2008, NDI was determirmsdplacing 260 apples, each from

Fields 3 (Jonagold), 12, Kiran (Gala) and Reekied Relicious) into controlled
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atmosphere (CA) storage (1.5% &nhd 1.5% C@) (n = 100 per orchard) in Naramata,
BC or in air storage at 1°C (n = 40 per orchardyARC in Summerland, BC. Half of
the apples were wounded in triplicate and the ramgihalf were not wounded. 1-MCP
treatments were not used in 2008 harvest expergnddisease incidence (% apples
infected) and lesion diameters (mm) were measutedZand 6 months for the 2007
harvest, after 4.5 months of sealed CA storageafted 1, 2, 4 and 6 months at 1°C in air

storage for apples harvested in 2008.

2.10.3 Natural disease incidence with bacterial aatjonists

To measure bacterial antagonist efficacy againstrakdisease incidence for
harvest 2007, 120 Jonagold apples from Field 312@dGala apples from Field 12 were
wounded in triplicate and inoculated with one okfbacterial antagonists — isolates
1100-6, 1-112, 2-28, 4-6 or 6-25- and a non-indeal@ontrol (10 apples / antagonist).
Sixty of the 120 apples were fumigated with 1-MGCHé ¢he remaining 60 apples were
not fumigated. Following harvest in 2008, 240 agdrom each orchard, Field 3, 12,
Kiran and Reekie, were inoculated as in sectio.2.10ne hundred and twenty apples
from each orchard were stored in CA (60 wounded&ihdot wounded) and 120 apples
were stored at 1°C in air (60 wounded and 60 natnged). Disease incidence and
lesion diameters were measured after 3 month®rage for apples harvested in 2007.
For apples harvested in 2008, disease incidencéeaimh diameters were measured after
4.5 months of sealed CA storage and after 1, add6amonths at 1°C in air storage. The
efficacy of the biological control agents was conagato apples that had been wounded

and not inoculated with bacteria.
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2.10.4 Biological control of post-harvest pathogen

For apples harvested in 2007, disease inhibitiosyme@asured by inoculating 360
Jonagold apples from Field 3 and 360 Gala apptes ffield 12 with one of three fungal
pathogens P. expansum, B. cinerea or M. piriformis and one of five bacterial control
isolates, 1100-6, 1-112, 2-28, 4-6, 6-25 and ainonulated control. One hundred and
eighty of the 360 apples were fumigated with 1-M®®r apples harvested in 2008, 360
apples each from Fields 3 and 12 and the KiranReekie orchards were inoculated as
above. In 2008, 1-MCP was not used, but 180 agg@esrchard were wounded and 180
apples per orchard were non-wounded. From eaehtlsére were 10 apples / antagonist
+ 1 non-inoculated control / pathogen. Diseaselerce and lesion diameters were
measured after 3 months of storage for apples bdeén 2007 and after 1, 2, 4 and 6
months at 1°C in air storage for apples harvest&a0D8. Pathogens were not permitted

in commercial CA storage.

2.10.5 Bacterial survival on apple

Concentrations of 4-Gfp were monitored by two experimental techniques-
colony counts via dilution plating and direct sciagrusing the POLARstar Omega
microplate reader (BMG Labtech, Germany) as in &tiel et al. (2005). A standard
curve was developed that described the relations#tyween colony forming units
(CFU/mI) and relative fluorescent units (RFU) acqdiby direct scanning.

The bacterial inoculum was prepared in ¥2 TSB withug/ml of kan and 30
pag/ml of gen and grown at 28°C for 24 . expansum spores were harvested from 7-d-
old ¥2 PDA plates. Final inoculation concentratiéors4-6-gfp andP. expansum were

10° CFU/mI and 16spores/ml, respectively. Apples were prepared asction 2.9.1
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and inoculated by pipette (30 ul) with the follogitreatments: 1) non-inoculated
control; 2) 4-6gfp alone; 3)P. expansum alone and; 4) 4-Gfp + P. expansum. Isolate 4-
6-gfp was quantified by aseptically removing an apple¢d mm in diameter x 5 mm
deep) from two of the three apple wounds. Botlesevere macerated with a sterile rod.
One core, to be used for dilution plating, was @thm 1.1 ml of PBS and plated on
Pseudomonas F agar (20 g/L peptone, 1.5 gHlRO,, 1.5 g/L anhydrous MgSQ10

g/L agar [pH 7.2]) supplemented with 50 pg/ml kad 80 pug/ml gen. The second core,
to be used in direct scanning, was placed in 30if RBS. Two hundred microlitres of
the tissue slurry were added to a well in a blagk®N96-well microplate (Thermo Fisher
Scientific, Rochester, NY). Fluorescent readingserobtained using a 405 nm
excitation filter and a 510 nm emission filter amdain of 1200. The relative fluorescent
units (RFU) of PBS and non-inoculated control warbtracted from the treatments to
correct for background and apple fluorescence e@sfely. Bacterial concentrations

were determined approximately every 10 days fata of 55 d.

2.11 Analysis

In all biocontrol experiments, disease was meashyatisease incidence (percent
apple infection) and disease severity (averagenediameter in mm). From these two
values, data were converted to infection sevel8y (Spotts et al. 1999):

Infection Severity (IS) = % Apple Infection * Average Lesion Diameter immm
100%

In order to correct for variance heterogeneityeation severity values were lpg

(n+0.5) transformed. Differences in means werdyaed by either a one-way or two-
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way analysis of variance (ANOVA)-values less than 0.05 were considered statisticall
significant. If the 2-way ANOVA interaction termas significant, the main effects were
separated and a one-way ANOVA was used for subsequnalysis. Differences among
means were determined by the least significaneiiifice (LSD) test. The Pearson
Product Moment Correlation Coefficiem) (vas used to measure the linear association of
two independent variables. Statistical analysagwenducted using CoStat Statistics

Software (CoHort Software, Monterey, CA).
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CHAPTER 3: RESULTS

3.1  Validation and field testing of DNA macroarrays

3.1.1 Quantification of post-harvest pathogens

Macroarray construction for the identification afgp-harvest pathogens was
completed by Dr. Danielle Hirkala and was basedupe prototype proposed in
Sholberg et al. (2005a). The array displayed Bjggrificity, no cross-reactivity and
detected as little as 0.1 ng of pure culture ful@dA extracted fronP. expansum andB.
cinerea and up to 0.01 ng of pure cultureMf piriformis (Hirkala, unpublished).

For the purpose of this study, three macroarrapgsavere selected for pathogen
identification: PE-H3u foP. expansum detection, BC-H2d foB. cinerea detection and
Mpir-ITS-414H1 forM. piriformis detection. Each of the three selected probes is
comprised of sequences in the rDNA ITS region ariddated on the left hand side of
the macroarray template (Figure 2). These prolee gelected because of their overall
higher sensitivity compared to other probes. Teisision was based upon all 2007
greyscale values obtained from environmental fielth. Standard curves were
determined for each of the three probes (Figurdsadyd 5).

To test the quantitative properties of the amin&dd oligonucleotides, 0 — 100
ng of pure culture fungal DNA was hybridized to thacroarray. Each detector
oligonucleotide displayed varying levels of hybriglion signal intensity; however, a
linear relationship did exist between DNA concetidraand hybridization signal
strength. The linear range of the probe PE-H8r(€ -0.974; @) r = -0.962) was

between 0 and 3 ng (Figure 3), whereas the lireegge for the probe BC-H2d
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Figure 3. Quantitative assessmentRdnicillium expansum probe PE-H3u illustrating the
relationship between greyscale value and DNA comagan (ng). ¢) Represents
standard curve used for samples collected in 2087{.974); ®) Represents standard
curve used for samples collected in 2008 {0.962). Error bars represent standard error
of the mean.
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Figure 4. Quantitative assessmentRutrytis cinerea probe BC-H2d illustrating the
relationship between greyscale value and DNA comagan (ng). ¢) Represents
standard curve used for samples collected in 2087d.960); @) Represents standard
curve used for samples collected in 2008 {0.977). Error bars represent standard error
of the mean.
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Figure 5. Quantitative assessmentidticor piriformis probe Mpir-ITS-414H1
illustrating the relationship between greyscaleigadnd DNA concentration (ng¥.)(
Represents standard curve used for samples callec2007 (= -0.970); @) Represents
standard curve used for samples collected in 2088Q.990). Error bars represent
standard error of the mean.
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((#) r=-0.960; @) r =-0.977) was between 0 and 12 ng (Figure 4) aagtbbe Mpir-
ITS-414H1 (¢) r =-0.970; @) r = -0.990) was between 0 and 0.5 ng (Figure 5). v&bo
these ranges, the curves deviated from linearith@sligonucleotides reached their
saturation level. Throughout the duration of gtigdy, the intensity of the hybridization
signals decreased over time which led to the coastn of two separate quantification
curves for each of the three pathogens (FigurdsaBd 5).

The two standard curves createdPoexpansum DNA quantification (ng) were
constructed in August 2008)(and August 2009e() (Figure 3). Positive hybridization
signals that were present in samples assesse®8&v2€re quantified using the formula y
=-41.147x + 123.99%. Positive hybridization signals that were preésersamples
assessed in 2009 were quantified using the formelal6.67x + 134.54().

The two standard curves createdBocinerea DNA quantification (ng) were
constructed in August 2008)(and October 2009 (Figure 4). Positive hybridization
signals that were present in samples assesse®8&v2€re quantified using the formula y
=-8.1112x + 120.26#4). Positive hybridization signals that were preésersamples
assessed in 2009 were quantified using the formela8.5966x + 126.02e().

The two standard curves createdNbrpiriformis DNA quantification (ng) were
constructed in October 2008) (and August 2009() (Figure 5). Positive hybridization
signals that were present in samples assesse®@@&v@ére quantified using the formula y
=-181.28x + 116.61¢{. Positive hybridization signals that were preésersamples

assessed in 2009 were quantified using the formelal48.38x + 129.06s).
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3.1.2 Field application of macroarray technology

The DNA macroarray was used in two years of fratmhitoring studies to verify
airborne and plant tissue pathogen spore loadsuindrchards in the Okanagan Valley,
BC: Field 3 in Summerland, BC (Figure 6); FielditZSummerland, BC (Figure 7);
Kiran orchard in Kelowna, BC (Figure 8); Reekielmd in Kelowna, BC (Figure 9).

All three probes had positive hybridization signtidroughout the growing season
with high variability between years and sample $ypi Field 3 (Figure 6), all three
pathogensk. expansum (A. 2007, D. 2008)B. cinerea (B. 2007, E. 2008) and M
piriformis (C. 2007, F. 2008) were detected most frequenttii@nearly and late growing
seasons. In Field 12 (Figure P),expansum was detected at the beginning and middle of
the growing season in 2007 (A) and throughout tieeving season in 2008 (D).
Pathogen levels were much higher in 2008 (D) tha2007 (A). B. cinerea was detected
in the middle of the growing season in 2007 (B) #Hrelbeginning and the end of the
growing season in 2008 (BB. cinerea was not detected on plant tissue samples in either
2007 or 2008 (B, E)M. piriformis was detected at the beginning and middle of the
growing season in 2007 (C) and at the beginningth@end of the growing season in
2008 (F). In the Kiran orchard (Figure B),expansum (A. 2007, D. 2008)B. cinerea
(B. 2007, E. 2008) and Miriformis (C. 2007, F. 2008) were detected throughout the
growing season in both 2007 and 2008. DNA conedéotrs forP. expansum andB.
cinerea were higher in 2008 than in 2007. In the Reekahard (Figure 9)P. expansum
was detected in the middle of the growing seas@d(v (A) and throughout the
growing season in 2008 (DB. cinerea was not detected in 2007 (B) and was detected

throughout the growing season in 2008 (E). piriformis was detected in the middle of
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Figure 6. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue sampbissfied line) collected from Field 3
(Summerland, BC) in 2007 (A — C) and 2008 (D — §ing DNA macroarrays and
identified by post-harvest pathogen rDNA ITS macraya probes, PE-H3w), BC-H2d
(o) and Mpir-ITS-414H1 ).
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Figure 7. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue samptsshied line) collected from Field 12
(Summerland, BC) in 2007 (A — C) and 2008 (D — §ipng DNA macroarrays and
identified by post-harvest pathogen rDNA ITS maaragaprobes, PE-H3w]), BC-H2d
(e) and Mpir-ITS-414H1 %).
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Figure 8. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue samptissfied line) collected from the Kiran

orchard (Kelowna, BC) in 2007 (A — C) and 2008 (B)-using DNA macroarrays and
identified by post-harvest pathogen rDNA ITS maaraaprobes, PE-H3w]), BC-H2d

(e) and Mpir-ITS-414H1 %).
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Figure 9. Concentrations dP. expansum (A,D), B. cinerea (B,E) andM. piriformis (C,F)
from aerial (solid line) and plant tissue sampbissfied line) collected from the Reekie
orchard (Kelowna, BC) in 2007 (A — C) and 2008 (B)-using DNA macroarrays and
identified by post-harvest pathogen rDNA ITS macraya probes, PE-H3w), BC-H2d
(o) and Mpir-ITS-414H1 ).
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the growing season in 2007 (C) and throughougtbeing season in 2008 (F). All
pathogen levels were higher in 2008 than in 2007.

Due to the observed variability, the data weraraged in an alternate way in
order to determine if there were common patterteéxen pathogens and fields (Table
3). To determine what time in the growing seasacheof the three main post-harvest
pathogens was primarily detected, the season watediinto three sections: 1) early (~1
— 50 days after blossom); 2) mid (~50 — 100 dayer &fiossom) and; 3) late (~100 —
150+ days after blossom) growing season (TableéAg&)ial and plant tissue samples were
analyzed separately and in combination by detengipercent pathogen detection
within either the early, mid or late growing season

According to the tabulated data in Table 3, in 280@ 2008P. expansum was
detected in each of the three growing season sdgrhandiffered by field and year.
From DNA isolated from aerial samples collecte@@®7, there was a significant effect
of growing season segment onPxexpansum detectedg = 0.06) (Appendix, Table Al);
the %P. expansum detected in the early season was significantlipdrighan that in the
late growing season (Table 3). There was no effegtowing season segment on*o
expansum detected in aerial samples in 2008 (Table 3; Adpemable A4). From DNA
isolated from plant tissue samples in 2007 therg measignificant effect of the growing
season segment on thePrsexpansum detected (Table 3; Appendix, Table A2), but in
2008, there was a significant effept£ 0.053) (Appendix, Table A5). The Po
expansum detected in the mid-growing season was signiflgangher than that in the

late-growing season (Table 3).
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In 2007, there was no effect of the growing seasgment on the B. cinerea
detected in DNA isolated from either aerial or plassue samples (Table 3; Appendix,
Tables Al and A2). In 2008, from DNA isolated frghant tissue samples, theBb
cinerea detected in the mid-growing season was signiflgamgher than that in the early
and late-growing seasons (Table 3; Appendix, TABle Overall,B. cinerea was
detected at much lower levels than eitReexpansum or M. piriformis.

M. piriformiswas detected in each of the three growing seaggmesgs but also
differed by field and year (Table 3). From DNAIleted from plant tissue samples in
2007, the %M. piriformis detected was significantly higher in the mid-gnogvseason
than that in the early or late-growing seasons I@8bAppendix, Table A2). From DNA
isolated from plant tissue samples in 2008, thigl 9piriformis detected was significantly
higher in the mid-growing season than that in #te-growing seasom €& 0.06) (Table;
Appendix, Table A5). In both 2007 and 2008, whenad and plant tissue DNA samples
were analyzed together, there was no effect of gn@weason segment (Table 3;
Appendix, Tables A3 and A6).

In 2007 and 2008 combined, the selected probestdéte. expansum (27.4 +
3.4%) andM. piriformis (19.2 + 1.4%) most frequently, followed Bycinerea (6.2 =
1.4%) (Table 3; Appendix, Table A7). In additiéh,expansum was detected at the
highest concentrations, followed Bycinerea and therM. piriformis. Of the samples
collected in 2007, the Kiran orchard had the higjpescent detection (81.6%) followed
by Field 12 (50%), the Reekie orchard (33.3%) aiettl)3 (30.3%). In 2008, the Reekie
orchard had the highest percent detection (80.4%ewed by Field 12 (71.8%), Kiran

(46.2%) and Field 3 (28.9%) (Table 3).
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Table 3. DNA macroarray detection (%) summary Rirexpansum, B. cinerea andM. piriformis from four apple orchards throughout the
2007 and 2008 growing seasons. Growing season iwided into 3 sampling periods: 1) early-growingsen (~ 1-50 days after blossom); 2)
mid-growing season (~ 50-100 days after blossord) @nlate-growing season (~ 100-150+ days aftesddim). Numbers in () indicate
standard error of the mean.

% pathogen detection within sampling period®

, .. , % detection
P. expansum B. cinerea M. piriformis per orchard

Field Sample type 1 2 3 1 2 3 1 2 3
2007 Growing Season
Field 3 aerial 28.6 0.0 0.0 7.1 0.0 0.0 7.1 0.0 16.7

plant tissue 0.0 0.0 100.0 0.0 0.0 0.0 0.0 33.3 0.0
Field ave 25.0° 0.0 25.0 6.3 0.0 0.0 6.3 11.1 12,5 30.3
Field 12  aerial 37.5 33.3 0.0 0.0 33.3 0.0 12.5 0.0 0.0

plant tissue 50.0 33.3 50.0 0.0 0.0 0.0 0.0 66.7 0.0
Field ave 38.9 333 14.3 0.0 22.2 0.0 111 22.2 0.0 50.0
Kiran aerial 66.7 0.0 16.7 11.1 14.3 0.0 66.7 28.6 50.0

plant tissue 50.0 57.1 0.0 0.0 0.0 20.0 0.0 42.9 20.0
Field ave 61.5 28.6 9.1 7.7 7.1 9.1 46.2 35.7 36.4 81.6
Reekie aerial ND ND ND ND ND ND ND ND ND

plant tissue 0.0 25.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0
Field ave 0.0 25.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0 33.3
Ave % detection per sampling 44.23" 11.1ab 5.6b 6.1a 15.9a 0.0a | 28.8a 9.5a 22.2a
period (irod)* (11.5) (11.1) (5.6) (3.3) (9.7) (0.0) | (19.0) (9.5) (14.7)
Ave % detection per 25.0a 28.9a 37.5a 0.0a 0.0a 5.0a 0.0b 48.2a 5.0b
sampling period (pt)* (14.4) (11.8) (23.9) (0.0) (0.0) (5.0) (0.0) (7.0) (5.0)
2007 ave % detection per 314a 21.7a 12.1a 3.5a 7.3a 23a| 15.9a 29.8a 12.2a
sampling period (irod + pt)° (12.9) (7.4) (5.2) (2.0) (5.2) (2.3) | (10.3) (8.4) (8.6)
2007 ave % detection 24.0a 4.2b 20.6ab
per pathogen' (5.6) (1.7) (13.8)
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% pathogen detection within sampling period

, .. , % detection
P. expansum B. cinerea M. piriformis per orchard

Field Sample type 1 2 3 1 2 3 1 2 3
2008 Growing Season
Field 3 aerial 0.0 18.2 333 0.0 9.1 66.7 27.8 0.0 0.0

plant tissue 0.0 ND 0.0 0.0 ND 0.0 0.0 ND 0.0
Field ave 0.0 18.2 20.0 0.0 9.1 40.0 22.7 0.0 0.0 28.9
Field 12 aerial 57.9 54.5 100.0 5.3 9.1 0.0 21.1 0.0 33.3

plant tissue 25.0 ND 0.0 0.0 ND 0.0 0.0 ND 0.0
Field ave 52.2 54.5 60.0 4.3 9.1 0.0 17.4 0.0 20.0 71.8
Kiran aerial 5.9 25.0 18.2 0.0 12.5 18.2 5.9 29.2 18.2

plant tissue 38.9 20.8 10.0 5.6 12.5 0.0 27.8 8.3 0.0
Field ave 22.9 22.9 14.3 2.9 12,5 9.5 17.1 18.8 9.5 46.2
Reekie aerial 733 45.0 9.1 40.0 5.0 9.1 40.0 30.0 9.1

plant tissue 50.0 37.5 9.1 6.3 8.3 0.0 37.5 37.5 0.0
Field ave 61.3 40.9 9.1 22.6 6.8 4.5 38.7 34.1 4.5 80.4
Ave % detection per 34.3a" 35.7a 40.2a| 11.3a 89a 23.5a| 23.7a 14.8a 15.2a
sampling period (irod)" (18.4) (8.5) (20.6) (9.6) (1.5) (14.9) (7.1) (8.5) (7.1)
Ave % detection per 28.5ab  29.2a 4.8b 3.0b 10.4a 0.0b | 16.3ab  22.2a 0.0b
sampling period (pt)° (10.8) (8.3) (2.8) (1.7) (2.1) (0.0) (9.6) (14.6) (0.0)
2008 ave % detection per 34.1a 34.1a 25.8a 7.4a 9.4a 13.5a| 24.0a 13.2a 8.5a
sampling period (irod + pt)° (14.0) (8.4) (11.6) (5.1) (1.2) (9.0) (5.1) (8.2) (4.3)
2008 ave % detection 30.8a 8.3b 17.8ab
per pathogen’ (10.2) (1.3) (3.8)
2007/08 ave % detection 27.4a 6.2b 19.2a
per pathogen® (3.4) (1.4) (1.4)




% pathogen detection: # of times a pathogen wastet within a select sampling perio@00%

#aa@mples taken within a select sampling period
Field averages were obtained by calculating theaaee% pathogen detection between both aerial lamd fissue samples
Ave % detection per sampling period (irod): iroderial sample; values were determined by takingtleeage of the % detection values
per sampling period per pathogen within each octivaaerial samples only
. Ave % detection per sampling period (pt): pt = pkissue sample; values were determined by takiagverage of the % detection
values per sampling period per pathogen within @achard in plant tissue samples only
. Ave % detection per sampling period: values weterd@ned by taking the average of the % detectaloes per sampling period per
pathogen within each orchard in aerial and plasue samples combined
Ave % detection per pathogen: values were detedrigaaking the average of the % pathogen detewtdures within all three sampling
periods within each orchard with aerial and pl&ssgue samples combined
2007/08 ave % detection per pathogen: values wetszrdined by taking the average of the values néthin Ave % detection per
pathogen in both 2007 and 2008
Means followed by different letters within a patkagand within a row are significantly differept< 0.06) according to the least
significant difference (LSD) test.
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Fruit washings conducted after harvest in 2007vgaothe presence 8 cinerea
in Jonagold apples grown in Field 3 and the presenP. expansum, B. cinera andM.
piriformisin Gala apples grown in Field 12. Fruit washingaducted after harvest in
2008 showed the presenceRofexpansum in Gala apples grown in the Kiran orchard

(Table 4).

Table 4. Detection ofP. expansum, B. cinerea andM. piriformis from fruit washings
collected from Jonagold apples from Field 3, Galples from Field 12 and the Kiran

orchard and Red Delicious apples from the Reeldkard in 2007 and 2008 using DNA
macroarrays.

DNA detected (ng/20 apples)

Field P. expansum B. cinerea M. piriformis
Harvest 2007

Field 3 ND 0.48 ND
Field 12 0.78 0.66 0.05
Harvest 2008

Field 3 ND ND ND
Field 12 ND ND ND
Kiran 1.41 ND ND
Reekie ND ND ND

a. ND = not detected

3.2 Natural disease incidence

3.2.1 Harvest 2007

The effect of incubation period (3 and 6 months) 4fMCP use (1-MCP+/-) on
infection severity (IS) was analyzed using a twor&OVA. The interaction terms for
apples from both Field 3 and 12 were not signifi¢g@ppendix, Tables A8 and A9). In
both Field 3 and 12, there was a greater IS ansimths than at three months in 1°C
storage. However, only in Field 3 was there aifigant effect of 1-MCP application; 1-

MCP reduced IS by 48.2% in comparison to the nanidated control (Tables 5 and 6).
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Table 5.Natural disease incidence indicated by infectiewesity’ in Jonagold apples
grown in Field 3 (harvest 2007), treated or ncatied with 1-MCP (1-MCP+/-) and
stored for 3 or 6 months at 1°C in air.

Field 3 Field 3
Incubation Period 3 months 6 months Overall Mean
1-MCP + 5.51 9.55 7.53%
1-MCP - 9.09 22.12 15.61 a
Overall Mean 7308 15.83 a

a. Infection severity (IS) = percent apple infectioaverage lesion diameter (mm)/100 (Spotts et389]).
b. Incubation period means with different lettems different at significance leves<0.05 according to
least significant difference (LSD) test.

c. 1-MCP means with different letters are differansignificance levelp <0.05 LSD test.

Table 6. Natural disease incidence indicated by infectiewesity’ in Gala apples grown
in Field 12 (harvest 2007), treated or not treatetd 1-MCP (1-MCP+/-) and stored for
3 or 6 months at 1°C in air

Field 12 Field 12

3 months 6 months Overall Mean
1-MCP + 7.64 30.28 18.95°a
1-MCP - 11.78 22.29 16.56 a
Overall Mean 9.90 1% 26.28 a

a. Infection severity (IS) = percent apple infeatioaverage lesion diameter (mm)/100 (Spotts €t389).
b. Incubation period means with different lettems different at significance leves<0.05 according to
least significant difference (LSD) test.

c. 1-MCP means with different letters are differanhsignificance levelp <0.05 LSD test.

3.2.2 Harvest 2008

The effects of incubation period (1, 2, 4 and éthe) on infection severity in
each of the four orchards were analyzed using ax@eANOVA. Results indicated
that in all fields, there was a significant increas IS from one to six months (Table 7;
Appendix, Table A10). A one-way ANOVA also revaalbat at two months incubation,

Jonagold apples grown in Field 3 had significagtigater infection severities than in all
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other orchards. At four and six months of incutratiJonagold apples grown in Field 3
and Gala apples grown in Field 12 had significagtlyater infection severities than in
the commercial orchard apples, Gala grown in tharkKorchard and Red Delicious
grown in the Reekie orchard (Appendix, Table A11).

Table 7. Natural disease incidence indicated by infecieverityin Jonagold apples

grown in Field 3, Gala apples grown in Field 12 #melKiran orchard and Red Delicious

apples grown in the Reekie orchard (harvest 2008)stored for 1, 2, 4 or 6 months at
1°Cin air.

Apple Field 3 Field 12 Kiran Reekie
Variety Jonagold Gala Gala Red Delicious
1 month 0.00 dA 0.00 dA 0.36 bA 0.00 cA
2 months 1.08 cA 0.54 cB 0.01 bB 0.00 cB
4 months 20.72 bA 19.95 bA 0.08 bB 2.28 bB
6 months 48.12 8A 46.58 aA 2.06 aB 10.88 aB

a. Infection severity (IS) = percent apple infeatioaverage lesion diameter (mm)/100 (Spotts €t399).
b. Incubation period means with different letteithim columns (lowercase) are different at sigrifice
levels atp <0.05 according to least significant difference ()$&xt.

c. Incubation period means with different letteithim rows (uppercase) are different at significatevels
atp <0.05 according to the LSD test.

In addition to storing apples at 1°C in air, frwiere also stored in controlled
atmosphere (CA) for 4.5 months. Jonagold applewgin Field 3 had the highest
infection severity with significantly greater disedevels compared to Gala apples grown
in Fields 12 and Kiran and Red Delicious applesvgron the Reekie orchard (Figure 10;
Appendix, Table A12). The high infection seveffitynd in Jonagold apples grown in

Field 3 appeared to be due primarilyrtoexpansum (based on phenotypic observation).

55



12 4

=
o o
1 1

Average Infection Severity (IS)
[e)]

2 .
b b b
O u
Field 3 Field 12 Kiran Reekie
Jonagold Gala Gala Red Delicious
Field

Figure 10. Natural disease incidence in Jonagold apples gmwseld 3, Gala apples
grown in Field 12 and the Kiran Orchard and Redddals apples grown in the Reekie
orchard and stored for 4.5 months in controlledcsphere (CA) in Naramata, BC. IS
means with different letters are different at diigance levelg <0.05according to LSD
test.
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3.3  Growing season detection and natural diseasecidence

In this study, there was no correlation betweerotdl pathogen detectioR.(
expansum, B. cinerea andM. piriformis) detected in the field throughout the entire
growing season in both 2007 and 2008 combined €T&pand NDI after storage= -
0.11;p = 0.8349). With respect to Fields 3 and 12 in7280d Fields 3 and 12 and the
Kiran and Reekie orchards in 2008, there was nelaiion between % pathogens
detected in the early-growing season and theilesponding NDIsr(= -0.29;p =
0.5811) and % pathogens detected in the mid-groséagon and their corresponding
NDIs (r =-0.28;p = 0.5865). However, there was a positive cotiaicbetween %
pathogens detected in the late-growing season &idrs 0.79;p = 0.0612).

When the aerial samples were analyzed separatetytiie plant tissue samples,
in the 2007 and 2008 data combined, there was melation between % pathogens
detected in the early € -0.57;p = 0.2234) and mid-growing seasons and their
corresponding NDIsr= -0.36;p = 0.4838). However, there was a positive con@hat
between % pathogens detected in late-growing seasdbiNDI ¢ = 0.74;p = 0.0903).
When the plant tissue samples were separated freradrial samples, in 2007 and 2008
combined, there was no correlation between % patidetected in either the mid=(-
0.22;p = 0.7810) or late-growing seasomns(-0.21;p = 0.6826) and their corresponding
NDIs. However, there was a negative correlatidmben % pathogens detected in the

early-growing season and ND1< -0.79;p = 0.0623).
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3.4  Antagonist efficacy, harvest 2007

3.4.1 Natural disease incidence and biocontrol inatations

The effects of biological control treatment (nodontrol, 1100-6, 1-112, 2-28, 4-
6 or 6-25) and 1-MCP use (1-MCP+/-) were analyzgdgia two-way ANOVA. For
Jonagold apples grown in Field 3 and stored atit°&ir for 3 months, there was no
significant effect of the biological controls, 1-N®Gise or their interaction (Appendix,
Table A13). Results obtained with inoculated Gadples from Field 12 indicated a
significant interaction with both main effects, loigical control treatment and 1-MCP
use (Appendix, Table A14). Because the interadiom was significant, treatments
were separated, followed by a one-way analysisagauce. 1-MCP significantly
decreased IS in apples with no biological contredtment and apples that were treated
with bacterial isolates 1100-6 and 2-28 (FigureAdpendix, Table A15). There were
significant reductions in IS means in the abserideMCP in apples treated with
bacterial isolates 1-112, 4-6 and 6-25 in comparteahe non-inoculated control (Figure
11). In 1-MCP- treated apples, there was no sigant effect of treatments compared to

the non-inoculated control (Figure 11; AppendixblEaA16).

3.4.2 Post-harvest pathogen and biocontrol inocul&ins

Infection severity (I1S) was determined with apaieswn in Fields 3 and
12 and inoculated with one of three pathogéhgxpansum, B. cinerea or M. piriformis
and one of five bacterial control isolates andda& were subjected to a two-way

ANOVA. IS means for Jonagold apples from Fielch8 aoculated withP. expansum
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Figure 11. Effect of 1-MCP (capital letters) and biologicaintrol isolates (lowercase
letters) on natural disease incidence in Gala apgrewn in Field 12 (harvest 2007) and
stored for 3 months in air at 1°C. IS means witfedent letters within treatments are
different at significance leve[$<0.05according to LSD test. 1-MCP effect comparisons
(capital letters) can be made between 1-MCP traatgreups. Biological control

activity comparisons (lowercase letters) can beenwithin 1-MCP treatment groups.
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exhibited a significant effect of biological cortteeatment and of the interaction
between the main effects, biological control treattrand 1-MCP use (Appendix, Table
Al7). The resulting one-way ANOVA showed that #pplication of 1-MCP
significantly decreased IS means in apples inoedlatith isolate 1100-6 and increased
IS in apples inoculated with isolate 6-25 (FiguBa;lAppendix, Table A18). In
comparison to the non-inoculated control, isoldte380-6, 1-112, 4-6 and 6-25 provided
significant control oP. expansumin both the presence and absence of 1-MCP (Figure
12a; Appendix, Table A19).

ForB. cinerea-treated apples from Field 3, the two-way ANOVAealed a
significant effect of biological control treatmeartd 1-MCP and of their interaction
(Appendix, Table A20). The one-way ANOVAs reveagesignificant increase in IS in
1-MCP-treated apples that were not inoculated witiiocontrol and apples inoculated
with isolates 2-28 and 4-6 (Figure 12b; Appendiable A21). In comparison to a non-
inoculated control, isolates 1100-6, 1-112 and @&ided significant control d3.
cinerea in the presence of 1-MCP. There was no significaduction in IS in apples in
the absence of 1-MCP (Figure 12b; Appendix, Tal28)A

For M. piriformis-treated apples grown in Field 3, there was a st effect of
the biological control treatment and of the intéiat between the main effects,
biological control treatment and 1-MCP use (App&ndiable A23). The one-way
ANOVAs revealed a significant increase in IS in fioiMCP treated apples inoculated
with isolate 4-6 (Figure 12c; Appendix, Table A2%here was no effect of inoculation
with any of the biological control isolates in theesence of 1-MCP; however, there was

a significant increase in IS in non-1-MCP-treatpglas inoculated with isolate 4-6 when
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Figure 12. Effect of 1-MCP (capital letters) and biologicaintrol isolates (lowercase
letters) on infection severity in Jonagold applesf Field 3 (harvest 2007), inoculated
with P. expansum (A), B. cinerea (B) andM. piriformis (C) and stored for 3 months at
1°Cin air. IS means with different letters withreatments are different at significance
levelsp <0.05according to LSD test. 1-MCP effect comparisompif@l letters) can be
made between 1-MCP treatment groups. Biologicatrobactivity comparisons
(lowercase letters) can be made within 1-MCP treatrgroups.
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compared to 1-MCP-treated apples (Figure 12c; Agpeable A25).

For Gala apples from Field 12 treated withexpansum and each of five
biological control isolates, there was a signiftcaffiect of 1-MCP use and no significant
interaction between the main effects, biologicaltoal treatment and 1-MCP use
(Appendix, Table A26). 1-MCP significantly incregsthe mean IS (48.16 + 0.50)
compared to that obtained in the absence of 1-MIGBY + 0.68). There was no overall
significant effect of the biological control isadst (Appendix, Table A26). There were
no data for Gala apples from Field 12 inoculatethBi cinerea and the five biological
control isolates as there was complete apple deftay3 months of storage at 1°C.

For Gala apples from Field 12 treated wMhpiriformis and each of the five
biological controls, there was a significant int#ian between the main effects,
biological control treatment and 1-MCP use (App&ndable A27). The one-way
ANOVAs revealed a significant decrease in IS in CiRAtreated apples inoculated with
isolate 1-112 compared to non-1-MCP-treated apgotelsa significant increase in IS in
non-1-MCP-treated apples inoculated with isolaB82vhen compared to 1-MCP-treated
apples (Figure 13; Appendix, Table A28). In thegence of 1-MCP, isolate 2-28
exhibited significant biological control activitpympared to the non-inoculated control.
There was no significant reduction in IS in non-CRItreated apples when compared to

a non-inoculated control (Figure 13; Appendix, EaRR9).

3.5 Antagonist efficacy, harvest 2008

For all 2008 biological control experiments, applese wounded and non-

wounded. Non-wounded apples had a very low fregquehinfection with low
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Figure 13. Effect of 1-MCP (capital letters) and biologicaintrol isolates (lowercase
letters) on infection severity in Gala apples frbrald 12 (harvest 2007), inoculated with
M. piriformis and stored for 3 months at 1°C in air. IS meanh different letters within
treatments are different at significant levels0.05according to LSD test. 1-MCP effect
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control activity comparisons (lowercase letters) ba made within 1-MCP treatment
groups.
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variation. As a result, the variable was elimidat®m 2008 biological control
experimental analysis as it explained little altbetcorresponding dependent and

independent variables (Figure 14).

3.5.1 Natural disease incidence and biocontrol icalations

The effects of biological control treatment (nodontrol, 1100-6, 1-112, 2-28, 4-
6 or 6-25) and incubation period (1, 2, 4 and 6 thenwere analyzed using a two-way
ANOVA. For Jonagold and Gala apples grown in Bedand 12, respectively, then
stored at 1°C in air, there was a significant gftdancubation period and of the
interaction between the main effects, biologicaltoal treatment and incubation period
(Appendix, Tables A30 and A31). For Jonagold apgi®wn in Field 3, there was no
significant reduction in IS in apples treated vtk five biological controls after 2 and 4
months in storage (Figure 15a and 15b). HoweWtr, six months in storage, isolates 2-
28 and 6-25 significantly reduced IS compared &rtbn- inoculated control (Figure
15c; Appendix, Table A32). For Gala apples growfield 12, isolates 1100-6, 1-112,
4-6 and 6-25 significantly reduced IS compared®rion-inoculated control after two
months in storage (Figure 15d; Appendix, Table A3B)ere was no significant
reduction in IS after four and six months storagepared to the non-inoculated control
(Figure 15e and 15f).

Jonagold apples grown in Field 3, Gala apples griovFields 12 and the Kiran
orchard and Red Delicious apples grown in the Reeildhard were also stored for 4.5
months in CA storage. A two-way ANOVA with repltean indicated there was a
significant effect of biological control treatmeand location and of the interaction

between biological control treatment and locatidpgendix, Table A34). The one-way
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Figure 14. Average infection severity for all wounded and +wvewsunded apples from
individual biological control treatments conducted®008. Experiments were as follows:
1) Natural disease incidence (NDI) at 1°C in ajrNatural disease incidence (NDI) in
controlled atmosphere (CA); 3) Natural diseasediiece (NDI) in combination with
biocontrols (bc) at 1°C in air; 4) Natural diseasgdence (NDI) in combination with
biocontrols (bc) in CA; 5) Pathogen in combinatwith biocontrols at 1°C in air. Error
bars represent standard error of the mean.
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Figure 15.Effect of biological control isolates on naturaseiase incidence in Jonagold
apples grown in Field 3 (A — C) and Gala applesmgron Field 12 (D — F) (harvest
2008) and stored for 2 (A&D), 4 (B&E) or 6 (C&F) mits at 1°C in air. IS means with
different letters within figures are different agrsficance level$ <0.05according to
LSD test.
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ANOVAs revealed a significant decrease in IS inatgsid apples grown in Field 3 and
inoculated with biological control isolates 110016112, 2-28, 4-6 and 6-25 (Figure 16;
Appendix, Table A35). There was no significantuettbn in IS in Gala apples grown in
Field 12 and inoculated with one of five biologicaintrols (data not shown; Appendix,
Table A35). In Gala apples grown in the Kiran @ich there was little overall disease.
However, isolates 1100-6, 2-28, 4-6 and 6-25 sicgmitly reduced IS compared to the
non-inoculated control (Figure 17; Appendix, TaB5). For Red Delicious apples
grown in the Reekie orchard, there was no sigmtiedfect on IS when inoculated with

the biological control isolates (data not shownpApdix, Table A35).

3.5.2 Post-harvest pathogen and biocontrol inocul&ins

Infection severity (IS) was determined with apaieswn in Fields 3 and 12 and
inoculated with one of three pathogeRsexpansum, B. cinerea or M. piriformis and one
of five bacterial control isolates. One way ANOVwere computed to determine if
there were significant effects of the biologicahttol agents on infection severities
within each field.

For Jonagold apples grown in Field 3 and inocdlaigh P. expansum there was
a significant reduction in IS in apples treatedwsolates 4-6 and 6-25 compared to the
non-inoculated control (Figure 18a; Appendix, TahB&6). For Gala apples grown in
Field 12 and inoculated witR. expansum, there was a significant reduction in IS in
apples treated with isolates 1100-6, 2-28 and 6ebpared to the non-inoculated

control (Figure 19, Appendix, Table A36). In Joalaapples grown in Field 3 and Gala
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Figure 16. Effect of biological control isolates on natudéease incidence in Jonagold
apples grown in Field 3 (harvest 2008) and stooed 5 months in CA. IS means with
different letters are different at significanced&sp <0.05according to LSD test.
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Figure 17.Effect of biological control isolates on naturéehse incidence in Gala
apples grown in the Kiran orchard (harvest 2008) stored for 4.5 months in CA. IS
means with different letters are different at diigance levelp <0.05according to LSD
test.
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month at 1°C in air. IS means with different ledtare different at significance levels
<0.05according to LSD test.

71



apples grown in Field 12 and inoculated with eitBetinerea (Figures 18b and 19b;
Appendix, Table A37) oM. piriformis (Figures 18c and 19c; Appendix, Table A38)
there was a significant reduction in IS in appteated with all isolates, 1100-6, 1-112,
2-28, 4-6 and 6-25.

Table 8 summarizes all biological control treatisen 2007 and 2008 and
indicates the percent decrease (or increase) BiGAs. Overall, results obtained from
two years of experimental trials indicated thatllaeterial isolate that provided
significant control in the greatest number of tneats wasSerratia plymuthica isolate
6-25 (51.7%) followed b¥. fluorescens isolates 4-6 (41.4%), 1100-6 (37.9%), 1-112
(34.5%) and 2-28 (31%). The bacterial isolate fravided the greatest reduction in
infection severity, in cases where significant cohivas exhibited, was isolate 1-112
followed by isolates 1100-6, 4-6, 6-25 and 2-28eif respective average reduction in IS
was 75.8%, 61%, 59%, 57.6% and 56.4%. In 200Tats®1100-6, 1-112 and 6-25
provided significant control of both. expansum andB. cinerea. Isolate 4-6 provided
significant control oP. expansum, only. Isolate 2-28 was the only bacterial sttain
provide significant control dfA. piriformis. In 2008, isolates 1100-6, 2-28, 4-6 and 6-25
provided significant control of all pathoges,expansum, B. cinerea andM. piriformis.
Isolate 1-112 provided significant control of béthexpansum andB. cinerea (Table 8).

All bacterial antagonists provided greater than 3@#itrol in at least two experiments

(Table 8).
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Table 8. Summary of antagonist efficacy experiments fowbasr 2007 and 2008.

Percent disease decrease or (increase)®

Storage
Experiment® 10728 iy Apple Time  1-MCP+/-  1100-6 1-112 2-28 4-6 6-25
Type Variety
(months)

Harvest 2007

NDI + bc 1C air 3 Jonagold 3 MCP + NS NS NS NS NS
1C air 3 Jonagold 3 MCP - NS NS NS NS NS

NDI + bc 1C air 12 Gala 3 MCP + NS NS NS NS NS
1C air 12 Gala 3 MCP - NS 82.1 NS 49.2 39.9

Pex + bc 1C air 3 Jonagold 3 MCP + 78.7 94.3 NS 97.3 53.2
1C air 3 Jonagold 3 MCP - 58.6 94.1 NS 96.9 96.2
1C air 12 Gala 3 MCP+&- NS NS NS 7.8 5.7

Bcin + bc 1C air 3 Jonagold 3 MCP + 94.7 98.1 NS NS 96.1
1C air 3 Jonagold 3 MCP - NS NS NS NS NS

Mpir + bc 1C air 3 Jonagold 3 MCP + NS NS NS NS NS
1C air 3 Jonagold 3 MCP - NS NS NS (98.1) NS
1C air 12 Gala 3 MCP + NS NS 91.6 NS NS
1C air 12 Gala 3 MCP - NS NS NS NS NS

Harvest 2008

NDI + bc 1C air 3 Jonagold 2 N/A (69.6) NS NS NS NS
1C air 3 Jonagold 4 N/A NS NS NS NS (52.9)
1C air 3 Jonagold 6 N/A NS NS 47.4 NS 67.5
1C air 12 Gala 2 N/A 74.7 88.3 NS 70.4 80.8
1C air 12 Gala 4 N/A NS NS NS NS NS
1C air 12 Gala 6 N/A NS NS NS NS NS
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Percent disease decrease or (increase)®

Storage
Experiment® 10728 oy Apple Time  1-MCP+/-  1100-6 1-112 228 4-6 6-25
Type Variety
(months)
Harvest 2008
NDI + bc CA 3 Jonagold 4.5 N/A 94.9 83.8 43.0 63.9 45.5
CA 12 Gala 4.5 N/A NS NS NS NS NS
CA Kiran Gala 4.5 N/A 100 NS 100 100 81.1
CA Reekie Red 4.5 N/A NS NS NS NS NS
Delicious
Pex + bc 1C air 3 Jonagold 2 N/A NS (26.0) NS 32.8 33.9
1C air 12 Gala 2 N/A 26.7 NS 20.0 NS 26.7
Bcin + bc 1C air 3 Jonagold 2 N/A 57.4 38.1 56.8 33.1 37.1
1C air 12 Gala 2 N/A 26.9 28.6 18.3 22.3 33.9
Mpir + bc 1C air 3 Jonagold 1 N/A 65.4 62.8 39.0 45.0 74.6
1C air 12 Gala 1 N/A 93.0 87.6 91.8 90.0 85.0

a. Percentages indicate a decrease in IS; perceritabesckets indicate an increase in IS; NS = ngrtificant
b. NDI = natural disease incidence; bc = biocontreix B P. expansum; Bcin =B. cinerea; Mpir = M. piriformis
c. CA = controlled atmosphere
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3.6 Bacterial survival on apple using GFP

3.6.1 Plasmid confirmation

E. coli S-17A pir containing thefp-plasmid, pAG408, grew on LB agar without
antibiotics and LB agar supplemented with eithep§0ml kan or 30 pg/ml gen or both
antibiotics combined. Alternatively, the bactergdlates 1100-6, 1-112, 2-28, 4-6 and 6-
25 only grew on agar plates that were not suppléedenith antibiotics.

When pAG408 was digested withndlll, the plasmid was cut into two fragments
which measured approximately 2.1 and 3.6 kb (Fi@e These fragments
approximated the total plasmid size of 5.7 kb (8mnat al. 1997). The undigested

plasmid migrated to approximately 10 kb due tesitpercoiled conformation

3.6.2 Confirmation of gfp transformation

After transformation of genetic material from tiast (E. coli S-17 pir) into the
donor (isolate 4-6), transconjugants were amplifigdPCR using gfp-specific primers.
Successful gfp amplification was observed whenrallveas present around 714 bp
(Figure 21). The absence of banding suggestedsuncaessful transformation.
Confirmation ofgfp transformation was additionally confirmed by flascence

microscopyin vitro (Figure 22) andn vivo (Figure 23).

3.6.3 Plasmid stability

After four successive days of sub-culturing analhgh in the absence of
antibiotic selection, 80.3 = 6.8% of the transfode fluorescens isolate 4-6 (4-Gyfp)
retained kanamycin and gentamicin resistance. elfeslts, in combination with prior

biological control experimental results, indicatkdt 4-6¢gfp was an appropriate tool for
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Figure 20.Hindlll restriction digest ofjfp-containing plasmid, pAG408. Lane 1: 1 kb
ladder (New England Biolabs, Ipswich, MA); Laneartl 4: undigested pAG408; Lanes
3 and 5: digested pAG408.
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«— gfp~714 bp

Figure 21 PCR amplification o§fp in P. fluorescens isolate 4-6 transformed with
pAG408 usingfp-specific primers. Sample were loaded on a 1% Tg& @se gel and
stained with Sybr Safe (Invitrogen, Carlsbad, CAane 1) Low DNA Mass Ladder
(Invitrogen, Carlsbad, CA); 2) negative control K36); 3) extracted plasmid, pAG408;
4 and 5)gfp transconjugant of bacterial isolate 4-6.
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Figure 22.Fluorescence microscopy Bf fluorescens isolate 4-6 transformed with
pAG408 exhibiting green fluorescence in ¥2 TSB sep@nted with 50 pg/ml kan and
30ug/ml gen.
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Figure 23. Fluorescence microscopy of an apple wound indedlaith P. fluorescens
isolate 4-6gfp. AP = apple peel; AW = apple wound; PP=fluorescens isolate 4-6gfp;
R = receptacle or fruit flesh.
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studying bacterial survival on apples in the absasf@ntibiotic selection.

3.6.4 P. fluorescens 4-6-gfp fithess analysis
There was no significant difference between thevgnoates (i) (Figure 24;
Appendix, Table A39) oP. fluorescens isolate 4-6-wild-type (0.71 + 0.04/h) and 4t

(0.75 £ 0.06/h) and sole source carbon utilizapatterns (Table 9).

Table 9. Sole carbon source utilization Byfluorescens isolates 4-6-wild-type and 4-6-
ofp as indicated by Biolog Phenotye MicroArrays™ (Bl Inc., Hayward, CA) for
sugars and organic acids commonly found in appée j(Eisele and Drake 2005).

Apple Carbon Bacterial Isolate

Sources
4-6-wild-type 4-6gfp

Fructose + +
Sucrose + +
Glucose + +
Sorbito + +
L-Malic Acid + +
Quinic Acid + +
Citric Acid + +
Fumaric Acid + +

3.6.5 Bacterial survival on apple

For standard bacterial suspensions ofgfg-there was a strong linear
relationship between CFU/ml and relative fluoresaamts (RFU) ( = 0.999) (Figure
25). The fluorescent values obtained by direchsitay of inoculated apple samples
(Figure 26) were too low to extrapolate to cell sigas from the formula y = 1.8041x +

6.5652 (Figure 25). However, trends could be dise# based on RFUs (Figure 26).
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Figure 24. Growth characteristics &. fluorescens 4-6-wild-type andP. fluorescens 4-6-
ofp in half-strength TSB at 28°C for 24 h. Error beggresent standard error of the mean

(n =3).
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Figure 26.Bacterial survival of 4-&fp (¢), P. expansum (e) andP. expansum + 4-6gfp
(m) on Gala apples stored for 55 d at 1°C in air usiiregdirect scanning method. Error
bars represent standard error of the mean (n = 4).
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Isolate 4-6¢gfp alone increased during 20 d in storage then dsedeafter 30 d in
storage, followed by an increase at 55 d in star&yexpansum alone followed the same
trend; however, the overall RFUs were higher. Ri&Js obtained for 4-§fp in the
presence oP. expansum initially decreased in the first 10 d of storagel amcreased until
45 d in storage, followed by a decrease at 55atarage.

The selective growth medium, PF agar supplementgd50 pg/ml kan and 30
ng/ml gen, was effective in isolating 4gf and no other resident bacteria on the apple
surface were detected. Over 55 d of dilutions@atings, there was no bacterial growth
on the plates with extracted material from the estied andP. expansum only-inoculated
apples.

A two-way ANOVA indicated a significant interactidoetween bacterial strain,
4-6-wild-type and 4-@fp, and time (Appendix, Table A40). One-way ANOVAs
revealed no significant differences in cell demsitbetween apples inoculated with 4-6-
gfp + P. expansum and apples inoculated solely with 43 up to 20 d in 4°C storage
(Figure 27; Appendix, Table A41). From 30 to 56fcstorage, populations of 4¢p in
the presence &. expansum differed significantly from populations of 4¢p alone.
When challenged with the pathogen, bacterial pdjuia remained constant until lesions
developed after 30 d, after which populations riypiegclined. When 4-@fp was
unchallenged with the pathogen, its populationaased from 20 — 30 d in storage then
declined to slightly greater than its populationimte 0. From 0 to 40 d in storage, 4-6-
ofp significantly reduced IS compared to the con{Rolexpansum alone) (Table 10;

Appendix, Table A42). There was no significantueitbn in IS of apples treated with 4-
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6-gfp in the presence #. expansum after 40 d in storage (Table 10; Appendix, Table

A42).

Table 10.Effect of biological control isolate 4-@fp on infection severity in Gala apples
inoculated with and withowR. expansum and stored for 55 days at 1°C in air.

IS means with different letters within columns dierent at significant levels $0.05
according to the least significant difference (LS€xt.

Treatments Days in storage

10 20 30 40 45 55
Untreated 0.0 0.0 0.0 0.0 0.0 0.0
4-6-gfp alone 0.0 0.0 0.0 0.0 0.0 0.0
P. expansum alone 0.0 0.0 2.7a 78a 115a 196a
4-6-gfp + P. expansum 0.0 0.0 0.0b 3.0b 84a 169a
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Figure 27.Bacterial survival of 4-&fp (¢) and 4-6¢gfp + P. expansum (e) on Gala
apples stored for 55 d at 1°C in air using thetatituplating method CFU/ml means with
different letters within sampling times are diffetat significance levelg<0.05
according to LSD test (n = 4).
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CHAPTER 4: DISCUSSION

4.1 DNA macroarray for post-harvest apple pathogens

4.1.1 DNA macroarray quantification

In the current study, it was hypothesized thatnmacay technology would
accurately identify and quantify post-harvest ag@a&éhogens throughout the growing
season and that the frequency of pathogen detegtioid correlate with disease
incidence post-harvest. This study reports that-parvest pathogen quantification can
be accomplished using DNA macroarray technologythatiapple post-harvest
pathogens can be detected throughout the appldrgg@sason. Although many studies
have used macroarray technology to detect andifgesatrious plant pathogens and
biological control microorganisms (Fessehaie e2@03; 1zzo and Mazzola 2009; Le
Floch et al. 2007; Levesque et al. 1998; Lievers.e2003; Robideau et al. 2008;
Sholberg et al. 2005a; Tambong et al. 2006), feve ltuantified macroarray
hybridization signal intensity (Lievens et al. 20Q%vens et al. 2007; Sholberg et al.
2006) as we have done in this study.

Pathogen DNA was quantified by hybridizing 0 — 1@0of pure culture DNA
extracts ofP. expansum, B. cinerea andM. piriformisto the macroarray. The detector
probes or oligonucleotide sequences had varyingl$esf hybridization signal intensity.
As found by Sholberg et al. (2006) who correlatezlygcale value and cell density, a
linear relationship was found between greyscalaezahd DNA concentration.
However, in this study, the hybridization signagxéme saturated outside of the linear
range at >3 ng foP. expansum, >12 ng forB. cinerea and >0.5 ng foM. piriformis (data

not shown). Lievens et al. (2005), who quantifi¥dA concentrations of
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phytopathogenic fungVerticillium albo-atrum, Verticillium dahlia, Fusarium
oxysporum, Fusarium solani, Pythium ultimum andRhizoctonia solani, also reported a
linear relationship between signal intensity andAddncentration. Linearity was
established when 0.5 fmol of detector probe wastsp@mn a membrane and template
concentrations ranged from 0.25 pg to 2.5 ng whiahk in the same range or somewhat
lower than the linear range in the present stugiglow and above 0.5 fmol, the curves
deviated from linearity. Lievens et al. (2007)aatsported that hybridization signals
between 0.25 to 25 pg (0.00025 to 0.025 ng), tetaadTrichoderma spp. and
Trichoderma hamatum, a disease suppressive organism, resulted inaaifbmic
relationship between signal intensity and templetA concentration. This was lower
than the linear range reported in the present stédove 25 pg, the standard curves
deviated from linearity.

Although a range of detector probe concentratwoeie not tested within this
study, Lievens et al. (2005) noted that alterirgamount of oligonucleotide spotted on
the membrane can affect the range of DNA conceabsidetected by a specific
macroarray probe. Once a greater knowledge bases ébout the level of post-harvest
pathogenic DNA found throughout a crop’s growingse and its correlation with
disease manifestation, the DNA oligonucleotide cieteprobe concentrations can be
altered to detect ranges typically found in fietohditions. This will allow for more
accurate DNA guantification and disease managentemt.enhanced and more precise
quantification, it would be advantageous to simnétausly employ hybridization signal

analysis with real-time PCR. The ability to acdahaquantify a pathogen is useful in

88



plant disease management as information can betasesess potential risk and disease

development (Lievens and Thomma 2005).

4.1.2 Field monitoring of apple post-harvest pathogns

The current study was the first of its kind to ntonpost-harvest pathogen
presence via molecular technologies prior to concrakstorage and disease
development. Of the samples collected in each®three growing season sampling
periods, there was a tendency to detect total pdipualks of all three post-harvest fungi
more frequently in the early and mid-growing seasoii?2007 (56.6% - early; 60% -
mid; 33.3% - late) and 2008 (67.6% - early; 63.264id; 34% - late). This tendency to
detect lower pathogen levels from air and plarsiugssamples in the late growing season
corresponds with the lower pathogen levels deteatedhole apples collected at harvest
(Table 4). In addition, the increase in early sedsingal detection corresponds with
results obtained by Teixid6 et al. (1999) who obsdrtotal bacterial, yeast and
filamentous fungal populations on Golden Deliciapples. However, they found an
even greater increase in microorganisms at theedppl stage followed by a decrease in
populations at blossom. It was suggested thatids form blossoms, there is a loss of
external structure due to blossom drop, which actfor the reported decrease in
microorganisms after the apple budding stage hérncurrent investigation, samples were
not collected at the apple bud stage. The rigetal fungal propagules may therefore
correspond with precipitation events in the midvgrg season of 2007 and the early and
mid-growing season of 2008 (Figure 1).

Of the three major post-harvest pathogéhsxpansum, on average, was detected

most frequently (27.4. £ 3.4%) and was found thiaug the growing season. In 2008 in
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Fields 3 and 12 there was an increased deteceguéncy at the end of the growing
season (Table 3). The abundanc®.a#xpansum found within this study contradicts
results of Amiri and Bompeix (2005) and Teixid@ét(1999) who reported low levels
of Penicillium inoculum within the orchard atmosphere. Howetlez,aerial sampling
period of Amiri and Bompeix (2005) was between Jang September which excludes
the early growing season.

In contrast tdP. expansum, B. cinerea was detected the least number of times (6.2
+ 1.4%) and found throughout the growing seaso200f7 and 2008. The most
important infective units dB. cinerea are the conidia produced in late winter and early
spring from over-wintering mycelia and/or scleratiahost tissue or soil surfaces (Elad
et al. 2007); grey mold is rarely seen in the fi@dsenberger 1990). The low levels of
B. cinerea as indicated by the macroarray correspond witheesults.

M. piriformis was detected the second most frequently (19.2%)and found
most frequently in the mid-growing season of 200d the early to mid-growing season
of 2008 in DNA isolated from plant tissue samplésese findings support Guo et al.
(1999) who found an increasehh piriformis populations within orchard soil from
December to March and April, followed by a decreaf$erwards. It was suggested that
the increase iM. piriformis corresponds with apples left on the orchard faat cool
weather. Alternatively, these results contradiosse found by Dobson and Spotts (1988)
who recovered nM. piriformis from orchard air but found an abundanc@&ofinerea
andP. expansum. Sporangiospores . piriformis are soilborne (Michailides and
Spotts 1986); greater than 75% are found in thetom of the soil profile and are

dispersed primarily by rain splash and insects @dolband Spotts 1988). The detection
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of an abundance &f. piriformisin this study may correspond to precipitation bairs
found in both 2007 and 2008 (Figure 9). Sporanmposs may be aerosolized by the
falling rain and then trapped by the aerial spamgler.

Earlier studies, as mentioned above, that detdateghl abundance throughout
the orchard growing season utilized culturing mdghfor fungal detection and
identification (Amiri and Bompeix 2005; Dobson aBfotts 1988; Teixidé et al. 1999).
In the case of. expansum andM. piriformis, the macroarray detected the presence of
pathogens not commonly found within the orchardlt@ing methodologies for
detection and relative quantification may undenaate fungal abundance, thus showing
the power of macroarray technology.

Data obtained using the macroarray may be usefigéwueloping a disease
forecasting model such as that presented by Seio#ls (2009). For future experiments,
it would be beneficial to correlate pathogen firgdinhroughout the growing season with
species-specific identification of natural diseamedence found within the
packinghouse. In this study, a positive correlati@as only evident between natural
disease incidence and percent pathogens detectied late-growing season for aerial
and plant tissue samples analyzed togettel0(79) and for aerial samplas<0.74)
when analysed separately from plant tissue samfles finding corresponds with
Lennox et al. (2003) who observed a significantelation between the density Bf
cinerea conidia on the pear fruit surface and grey mosedse incidence in cold storage.
In addition, Walter et al. (1997) found a strongretation betweeiB. cinerea berry fruit
contamination and latent boysenberry infection ewNZealand. Given the cost and time

involved in collecting and analyzing DNA for macroay identification and
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guantification, the majority of samples could bdexied, for example, near the end of
the growing season. It should be noted, howehat,$potts et al. (2009) found that in
creating an at-harvest prediction model for greydmisk in pears, surface DNA was the
least important predictor in the model as opposeant¢hard rating and fungicide
applications. Also of note, within this study, thevas a negative correlation between
percent pathogens detected in the early-growingoseand natural disease incidence
when plant tissue samples were analysed sepafedatyaerial samples € -0.79). This
data suggests that perhaps plant tissue samplestedlin the early-growing season are
not optimal predictors for natural disease incidgrbereby supporting the correlations
mentioned above. More work is required in ordedetermine the relatedness between
growing season pathogen levels and post-harvesasksprevalence.

The variability in the results of this study suggdakat a multitude of factors
contribute to disease incidence found post-harv€siey-Smith et al. (1980) proposed
that disease outbursts may be a result of complexactions between the production and
dispersal of various inocula, infection pathogesigsathogen survival along with
temperature, rainfall, humidity and crop protectioatrition and phenology. Variability
may also be explained by the application of prexbsirfungicides and their effect on
resident microflora. According to Sholberg and Bo{2008), the application of Nova®,
a fungicide used to control powdery mildew, reduapgdle leaf and fruit microflora in
two years of study. In the current study, Nova&\applied to Field 12 on May 15,
2007 which may help to explain the reduced pathdgads when compared to the 2008

results (Figure 6). It should not be forgottert th& majority of post-harvest diseases are
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a result of pathogens entering the fruit via wouyrdisof which should be considered in

accurate disease forecasting models.

4.2 Biological control of post-harvest pathogens

Five putative bacterial control agents were appitedpples harvested from
commercial and experimental orchards in the Okam&gdley, BC. It was hypothesized
that one or more of the bacterial antagonists wpubdide significant pathogen control
in semi-commercial and commercial storage conditiofhis study showed that the four
P. fluorescens isolates and on8. plymuthica isolate exhibited some control and
antagonistic efficacy against post-harvest appleqegens (Table 8). As indicated,
Serratia plymuthica isolate 6-25 provided significant control in thregtest number of
treatments (57.6%) (Table 8). These results sughasthis bacterium may provide
control against a variety of post-harvest diseaselsstorage conditions and its use may
be applied to other crops. UsiBgplymuthica as a BCA, however, is a challenging
endeavour as concerns surround its biosafety, armapsideration when selecting an
antagonist (Droby et al. 2009%erratia plymuthica belongs to the family
Enterobacteriaceae. Members of this family, siedBsaherichia coli strain O157:H7,
have been known to cause human infections (Heatite€&ion Agency 2007). Although
opportunistic pathogenic strains @fplymuthica have been isolated (Carrero et al. 1995;
Clark and Janda 1985; Domingo et al. 1994) infecisorare compared to other members
of the genusSerratia, or of the family, Enterobacteriaceae.

Despite concerns surrounding its use as a biolbgargrol agentS. plymuthica
isolate 6-25 provided significant control in thisdy, against apple post-harvest

pathogensP. expansum, B. cinerea andM. piriformis. S plymuthica biological control
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efficacy has also been demonstrated by other resgaoups, although not on post-
harvest apple pathogenS. plymuthica strain HRO-C48 has been studied to control
Verticilliumdahliae, the causal agent of Verticillum wilt in oil-seezpe (Miller and

Berg 2008). HRO-C48 also suppressed growiii. aiahliae andPhytophthora cactorum

in strawberries (Kurze et al. 2001) and a commeépraduct based on strain HRO-C48
has been developed, RhizoStge@nema GmbH, Raisdorf, Germany) (Muller and Berg
2008). S. plymuthica strain 5-6 also showed significant control of doyof potato

caused byrusarium sambucinum (Gould et al. 2008). The post-harvest biological
control provided bys. plymuthica isolate 6-25 of this study should not be disregarae
the potential exists, as evident by other stud@s;ommercial application.

This study also showed that pseudomonads, spdbjfieafluorescens, are also
capable of providing control against post-harveghpgens. According to Stockwell and
Stack (2007)Pseudomonas spp., have been studied for decades as model srgaifior
biological control of plant diseases. In this sttide greatest reduction in IS, in cases
where significant control was exhibited, was witHluorescensisolate 1-112 followed
by 1100-6 (Table 8). Other pseudomonads are @&swmlstudied for their efficacy
against post-harvest pathogens. Mikani et al. §20€ported significant control of
Botrytis mali, formerly thought of aB. cinerea and recently revived by O’Gorman et al.
(2008), using 10 strains &f fluorescens isolated from leaf surfaces and apple fruit.
Similar to the level of control found in this stydkie results of Mikani et al. (2008),
reported approximately 34.9% to 95.8omali inhibition on Golden Delicious apples
after 25 d at 5°C. In addition, Zhou et al. (208tL)died four strains d?seudomonas

syringae that were isolated from the phyllosphere of appdes and controlled blue
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mold, following inoculation by pipette, by 64 — 7Q864°C after 28 d. The bacterial
isolates also controlled grey mold, but to a legs¢ent. Similar to methods used in this
study, Zhou et al. (2001) also inoculated appledipping and found thatR. syringae
isolate controlled blue mold by 93% after 133 A& in air, with the overall incidence

of blue mold at 30%. In many cases, (Figure 1Ba)oacterial isolates used in the
present study exhibited similar and greater legélsontrol than those reported by

Mikani et al. (2008) and Zhou et al. (2001). The&iveness of these isolates may be
due to the unique environment in which they weodated. Many BCAs are found on

the fruit surface or directly within a wound. Timcrobial agents used in this study,
however, were isolated from the rhizosphere of hegsi grown in cold Saskatchewan
soils and may be more adapted to cold storage tonsli Droby et al. (2009) outlined
the importance of antagonist selection and theofisevariety of screening procedures in
finding effective BCAs. An assortment of selecttenhniques would increase biocontrol
species diversity and therefore the potential feuecessful product. These experiments
illustrate the potential d& plymuthica andP. fluorescens isolates for biological control

application and commercialization.

4.2.1 Bacterial antagonists and CA storage

One type of commercial storage application usadisstudy was controlled
atmosphere (CA). This research confirmed the Hgmis that one or more antagonists
would provide control in commercial conditions. dihexperiments, the lowest disease
levels were found in apples stored in CA storagelf6 months following harvest in
2008. Many suggestions have been made regardengetlction criteria for potential

BCAs (Wilson and Wisniewski 1989). One such ciateris the ability of the antagonist
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to be compatible with current post-harvest comna¢mmiocessing procedures such as CA
(Janisiewicz and Korsten 2002; Wilson and Wisniavi§i89). This current study
indicated that the selected antagonists were cobipatith CA storage practices and
may actually extend apple storage time due to es#thpathogen suppression when
compared to storage at 1°C. For example, the bighisease incidence recorded in CA
was in Jonagold apples which reached an average18.39 + 1.6 after 4.5 months in
storage (Figure 10). The biological antagonista/joled significant control against
naturally occurring diseases in all orchards betd=12 and the Reekie orchard (data not
shown). In comparison, for Jonagold and Gala apgtewn in Fields 3 and 12 then
stored at 1°C in air for 4 months, non-inoculatedtmls had IS levels of 15.65 £ 5.0
(Figure 16b) and 19.90 + 4.8 (Figure 16e), respelti These values were almost
double the infection severities found in CA. Irthbdonagold and Gala apples harvested
from Fields 3 and 12, respectively, the bactenhgonists did not provide a significant
reduction in IS after 4 months in storage (Figusb &nd e). However, isolate 6-25
reduced IS in Jonagold apples grown in Field 3r&teonths in storage (Figure 16c).
The decrease in apple disease supports the findinfgsiock (1979) as CA effectively
delayed the onset of storage decay.

In the CA-stored apples, natural disease inciderazvery low even after 4.5
months of storage, except in the case of Jonaggtea from Field 3 which appeared to
be due primarily td”. expansum (based on phenotypic observation). The gas
composition of a packinghouse can directly or iadity suppress fungal decay. Direct
inhibition affects mycelium development and spogengination of resident pathogens.

Alternatively, storage conditions also affect seeese and ripening of hosts, which, in
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turn, affects their ability to resist infectionegteby indirectly controlling fungal decay
(Barkai-Golan 2001). The implementation of CA isadance between and CQ
concentrations. General recommendations includ@ % Q and 0.5 — 2% C®
Concentrations outside of these ranges may le&ditanjury which can affect fruit
flavour and appearance (Kupferman 2003). Howey@st-harvest pathogens are only
strikingly suppressed after,@oncentrations have been lowered to less thanf&&)
concentrations increased to greater than 10% (BIF&w and Sommer 1981). The CA
storage conditions in this study were approximatebfo Q and 1.5% CQ a range in
which, if the conditions were right, may lead te fiangal outbreak that was observed in
the Jonagold apples.

In the current study, the antagonistic effectsheflbacterial isolates were difficult
to observe because there was little natural dige@sent; if little disease was present,
then there was little disease to control. Howetrer,outbreak in Jonagold apples from
Field 3 demonstrated the antagonistic potentighefbacteria because significant disease
was present. While all of the antagonists dematexdrsignificant control, isolate 1100-6
and 1-112 were particularly effective, providing®% and 83.8% reduction in disease
symptoms in Jonagold apples from Field 3 (Figure BMthough not directly inoculated
with a pathogen, these BCAs performed better tharcommercially registered BCA,
Bio-Save 10 LPY, in studies conducted by Janisiewicz and Jeffe987) and Zhou et al.
(2001). Using Bio-SaV& during 133 and 123 days in CA storage, Zhou €28i01)
reported a 57% and a 73% reduction of blue moHBnpire and Delicious apples,
respectively. It would be beneficial to test tligcacy of the bacterial antagonists

against artificially inoculated pathogens under €é&ditions as in Conway et al. (2007),
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Janisiewicz et al. (2008) and Tian et al. (2002pwever, during the present study,

permission for pathogen inoculation within a comera@rstorage facility was not given.

4.2.2 Bacterial antagonists and 1-MCP

Another type of commercial storage applicationgdsh this study was the use of
1-MCP. This research confirmed the hypothesisdhator more antagonists would
provide control in commercial conditions, althougha lesser extent. 1-MCP was
applied to Jonagold apples grown in Field 3 anca@ables grown in Field 12 in the
biological control experiments using apples from 2007 harvest. It was postulated that
the application of 1-MCP would result in a decreiaséisease incidence and severity of
non-inoculated wounded apples or apples inoculatddputative biological control
agents and/or post-harvest pathogens. Howeven Wieeoverall effect of 1-MCP was
examined, a reduction in infection severity occdrireonly 14% of the experimental
treatments. For example, 1-MCP application reduSechused by natural disease
incidence in Jonagold apples from Field 3 (Tableyb1.8% and in Gala apples from
Field 12 (Figure 11) by 67.1%. Variable leveloftrol confirm findings of Saftner et
al. (2003) who studied the effects of pre-storaggt hCA storage and pre- and post-
application of MCP on inhibition of fungal decaydamaintenance of Golden Delicious
fruit quality. Pre-storage treatment of MCP redutasion size (mm) of fruit inoculated
with B. cinerea andP. expansum by 34% and 17.9%, respectively. Post-storage
application of MCP had no effect on reducing lesicameter. Variable responses to 1-
MCP application are not uncommon. Watkins (2008)dated that the apple is a fruit
with many cultivars that differ in their ripeningtes, harvest criteria, post-harvest

handling practices and storage periods in air aAd B addition, time between harvest
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and 1-MCP treatment and repeated application hasiahle effects in disease resistance
responses. In the current study, when a decraeaséection severity was observed, it
appeared to be primarily in experiments where thexe no artificial inoculation d?.
expansum, B. cinerea or M. piriformis; the only pathogens present were those that
occurred naturally.

Contradictory to the intended outcome of 1-MCP magpilon, some treatments in
the present study resulted in an increase in illeceverity of apples treated with 1-
MCP, especially those apples inoculated \itlesinerea (Figure 12b). An increase in
decay after 1-MCP application was also observeddysiewicz et al. (2003) and
Leverentz et al. (2003) on Golden Delicious appl& find by Bedford et al. (2002) who
reported an increase B cinerea decay when apples were fumigated with 1-MCP.
Commercial application of 1-MCP as SmartFresh@aight to delay apple ripening by
preventing ethylene production via preferentialdiong to the ethylene receptor site and
extending the action of natural defence mechandumesto delayed ripening
(Blankenship and Dole 2003). However, the reveras observed in some cases as 1-
MCP appeared to hinder plant defence mechanisnssording to Marcos et al. (2005),
endogenous ethylene may be an important compongaint resistance and defence
gene regulation; the application of 1-MCP may tfe@eecompromise a plant’s defence
response system (Jiang et al. 2001).

Despite the controversy surrounding chemical cémtgents, fungicides still
remain the preferred choice for the preventionastgharvest diseases. Although
fungicide-resistant pathogens have increased witi@rpopulation, chemical control

provides a consistent and effective reduction gedse. Within the agricultural
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community, there is a relatively high level of steism surrounding the use of biological
control products (Droby et al. 2009). Commerciatgeptable decay levels are
generally below 5% (Janisiewicz and Korsten 200%) laecause of the inconsistency and
variability of biofungicides, the packinghouse isthy will often choose the most
economically viable option that consistently recics.

Disease control was exhibited by the bacterialgorissts in this study, but
efficacy was highly variable, as observed by otlesearchers. The tritrophic interaction
between host, pathogen and antagonist is a higimhptex one that demands a more
sound and fundamental understanding. In addibaxploring the mechanism(s) of
action for fungal suppression, combination andra#teve treatments for enhanced
efficacy should be explored. Such alternate bittobtreatments, outlined by Sharma et
al. (2009) include, for example, the addition oildoses of fungicides, salt additives, or
nutrients and plant products, as well as the useixéd cultures or manipulation of the
physical environment. Rapid antagonist colonizatdfruit wounds is critical to
controlling decay; therefore, enhancements leatingnproved wound colonization

should be further explored (Janisiewicz and Kor&@o2).

4.3 Bacterial survival on apple

Acquiring basic knowledge about potential antagtsnwill provide a greater
understanding into the mechanisms of actions, wimdhin turn, offer insight into
means for achieving more consistent control. Bisgaevention relies on a quantitative
relationship between antagonist and pathogen (éancz 1988) and knowledge of
antagonist cell number during time in storage asiist in enhanced disease suppression

(Etebarian and Sholberg 2005). In the presentysimbudomonas fluorescens isolate 4-
100



6 was tagged with GFP to determine the survivataittaristics of this antagonist alone
and when challenged wifh expansum. It was hypothesized that green fluorescent
protein would facilitate visualization of bacter@dlonization and survival on apple
surfaces. In this studgfp did facilitate bacterial visualization, but inditly as pAG408
provided antibiotic resistance of isolate 4-6 whparmitted selective plating that
excluded other organisms during survival analysis.

Bacterial concentrations were determined usingctiseanning and colony
counts. There was a strong linear relationshipvéen fluorescent intensity and cell
density (Figure 26). These results correspondéil tose found by Etebarian and
Sholberg (2005) who studied population level®ofiuorescens isolate 1100-6 labelled
with GFP using direct scanning, cell counts andrasicopy. This and the current study
illustrated that measuring fluorescent intensityaaseans of estimating cell
concentration was an effective method of populasisgessment. The initial inoculation
concentration of 4-@fp (16® CFU/mI), however, combined with the method of ey,
resulted in fluorescent readings that were not leighugh to quantify using the linear
equation y = 1.8041x + 6.5652 (Figure 26). Usirigpat Prep machine for tissue
maceration as in Etebarian and Sholberg (2005) &tebarian et al. (2005) may
overcome issues incurred by extraction.

Despite low values, the raw microplate data weragared to plate counting
data. Relative fluorescent units (RFUs) (Figure &1J cell densities (CFU/mI) (Figure
28) of isolate 4-Gyfp followed similar patterns; when cell counts ince@, so did RFUs.
However, there was an inverse relationship betvieds and CFU/ml for 4-@fp

inoculated in the presence Rfexpansum; RFUs increased while cell counts decreased.
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Two possible explanations are tifatexpansum auto-fluoresces or that the decayed apple
tissue auto-fluoresces. The latter explanationesponds with the formation of lesions

at 30 d (Table 10). Increased antagonist populatadter 30 d of storage were also found
by Janisiewicz and Marchi (1992) who reported a1@O0 fold increase in populations

of Pseudomonas syringae inoculated on pears stored at 1°C. EtebarianShadberg

(2005) also found an increaseHnfluorescens isolate 1100-6 GFP on apples after 35
days in 5°C storage. However, unlike the surveredracteristics of 4-Gfp + P.

expansumin this study, 1100-6 GFP R. expansum maintained as high or higher cell
numbers than 1100-6 GFP alone. Low cell counts &sion development may be
attributed to difficulties in extracting apple cergom completely decayed tissue. Even
so, after 30 d at 1°C in air storage, 4fp-appeared to lose some of its antagonistic
capabilities (Table 10). Information such as 8hisuld be considered when

implementing control strategies for optimal posiviest disease management.
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CHAPTER 5: CONCLUSIONS

This thesis built upon preliminary research andresised the following three
objectives: 1) to validate the performance of DNAamarrays under field conditions; 2)
to assess bacterial antagonist performance undercgenmercial and commercial
conditions and; 3) to determine how long and in idagpacity a selected antagonist will
colonize the fruit surface.

The first hypothesis addressed the first objective stated that macroarray
technology would accurately identify and quantifspharvest apple pathogens
throughout the growing season and that diseasalemee would correlate with disease
incidence post-harvest. Results confirmed thawvmyears of field trials, the DNA
macroarray is a fast and easy technique capaluletetting apple post-harvest pathogens
throughout the apple growing season (Table 3). @ernial application of this
diagnostic and quantitative technique would proadeurate information to assist
growers and field personnel in crop managemenpogitive correlation existed between
pathogen detection at the end of the growing seasdmatural disease incidence found
post-harvest. More work is required to obtain infation about the importance of
monitoring pre-harvest pathogen loads and theitrimrtion to post-harvest disease.

The second hypothesis addressed the second objectivstated that one or more
of the bacterial antagonists would provide sigaifitpathogen control in semi-
commercial and commercial storage conditions. Regwlicated that despite variability
between years, variety and biological control eifi, the potential BCAs demonstrated
control at 1°C in air and particularly in CA stoeaJrable 8). Biocontrol efficacy in

combination with 1-MCP was less effective and tpgligation of 1-MCP greatly
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increased disease levels wihcinerea artificial inoculation (Figure 12b). Combining
some or all of the bacterial control agents usethiisstudy in conjunction with other
organic amendments such as salts (ie. sodium lmnate) or manipulating the physical
environment (ie. heat treatment) may provide caesty in control which the industry
demands.

The third hypothesis addressed the third objeae stated that the use of green
fluorescent protein would facilitate visualizatiohbacterial colonization and survival on
apple surfaces. Results indicated that greendkaant protein was an effective
technigue to monitor population levels as gfigmarked strain behaved similarly to the
wild-type strain (Figure 25; Table 9). The fluaceace levels obtained by direct
scanning, however, were not sufficient to distisgud-6gfp from background auto-
fluorescence. The presence of ¢fig-containing plasmid withi. fluorescens isolate 4-
6 therefore provided an indirect method of monrgrpopulation levels as pAG408
contained antibiotic resistant genes that allovegdstrain-specific isolation from an
inoculated apple wound. Bacterial populations weusd to initially increase then
decrease within an apple wound during 55 d in get 1°C (Figure 28). In the
presence oP. expansum, 4-6-gfp populations declined, which coincided wigh
expansum lesion development. The information obtained imithis study will assist the
fruit industry in detecting, quantifying and biologlly controlling post-harvest

pathogens of pome fruit.
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APPENDIX

Appendix A

Table Al.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod samples as indicated by DNA
macroarrays in the early, mid or late growing seaa@®007 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value
P. expansum 2 2628.336 4.585 0.0619
B. cinerea 2 384.596 1.857 0.2357
M. piriformis 2 573.896 0.429 0.6697

Table A2.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from plant tissue samples as indicateldNb
macroarrays in the early, mid or late growing seaa®007 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value

P. expansum 2 327.860 0.134 0.8766

B. cinerea 2 66.667 1.0 0.4053

M. piriformis 2 5625.402 28.266 0.0001***

Table A3.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in the early, mid or late growimgson in 2007 for Fields 3, 12 and
the Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value
P. expansum 2 741.125 1.119 0.3681
B. cinerea 2 55.512 0.567 0.5863
M. piriformis 2 683.272 1.018 0.3994
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Table A4.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod samples as indicated by DNA
macroarrays in the early, mid or late growing seae®008 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value
P. expansum 2 75.335 0.034 0.9668
B. cinerea 2 488.562 0.579 0.5800
M. piriformis 2 203.247 0.438 0.6583

Table A5. Key data extracted from the one-way ANOVA tablestfe %P. expansum,
B. cinerea or M. piriformis detected from plant tissue samples as indicateldNb
macroarrays in the early, mid or late growing seaa@008 for Fields 3, 12 and the
Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type lll SS F-value p-value

P. expansum 2 1702.334 4.590 0.0533
B. cinerea 2 148.328 12.683 0.0047**
M. piriformis 2 1336.256 4.316 0.0601

Table A6.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in the early, mid or late growimgson in 2008 for Fields 3, 12 and
the Kiran and Reekie orchards.

Main Effect

Growing season section (early, mid, late)

Category DF Type Il SS F-value p-value
P. expansum 2 182.052 0.171 0.8461
B. cinerea 2 76.432 0.262 0.7753
M. piriformis 2 503.152 1.681 0.2398
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Table A7.Key data extracted from the one-way ANOVA tablesthe %P. expansum,
B. cinerea or M. piriformis detected from I-rod and plant tissue samplesdisated by
DNA macroarrays in all growing season sectiondetds 3, 12 and the Kiran and
Reekie orchards.

Main Effect

Detected pathogenP.(expansum, B. cinerea or M. piriformis)

Category DF Type lll SS F-value p-value
2007 growing season 2 896.063 4,116 0.0538
2008 growing season 2 1022.252 3.222 0.0880
2007/08 growing season 2 454.769 19.248 0.0194*

Table A8. Key data extracted from the two-way ANOVA table iiafection severity data
collected from Jonagold apples grown in Field 3 andlyzed for natural disease
incidence after harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Incubation Period 1 3639.591 13.081 0.0004***
1-MCP+/- 1 3260.433 11.718 0.0008***
Interaction
Incubation period x MCP+/-1 1008.275 3.624 0.0584

Table A9.Key data extracted from the two-way ANOVA table iofection severity data
collected from Gala apples grown in Field 12 anatyfor natural disease incidence after
harvest in 2007.

DF Type lll SS F-value p-value
Main Effects
Incubation Period 1 13.767 36.073 0.0000***
1-MCP+/- 1 0.175 0.458 0.4995
Interaction
Incubation period x MCP+/-1 0.286 0.750 0.3876
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Table A10.The effect of incubation period (1, 2, 4 and 6 rhehion natural disease
incidence and the resulting key data extracted fiteerone-way ANOVA results. Data
are from IS results collected from Jonagold apglesvn in Field 3, Gala apples grown
in Field 12 and Kiran and Red Delicious apples granvReekie and analyzed for natural
disease incidence from harvest after 2008. Indalidme-way ANOVAs were
determined for each category and combined intogleitable.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value

Field 3 3 61.3201 74.6611 0.0000***
Field 12 3 79.6754 276.1476  0.0000***
Kiran 3 0.8366 3.2372 0.0268*
Reekie 3 11.1988 17.9952 0.0000***

Table A11l.Key data extracted from the one-way ANOVA tablestancted from
infection severity data collected from Fields 3, Ktan and Reekie analyzed for natural
disease incidence for apples stored in CA storagd.6 months from harvest 2008.
Individual one-way ANOVAs were determined for eacttegory and combined into a
single table.

Category DF Type Ill SS F-value p-value

1 month storage 3 0.9484 1.5636 0.1195

2 months storage 3 10.0842 7.1456 0.0001***
4 months storage 3 8863.9197 27.1892 0.0000***
6 months storage 3 40909.7401 48.0806 0.0000***

Table A12.Key data extracted from the one-way ANOVA tablestaincted from
infection severity data collected from Fields 3, Kitan and Reekie analyzed for natural
disease incidence for apples stored in CA storagé.b months from harvest 2008.

Category DF Type Il SS F-value p-value

Field 3 29.2208 55.0013 0.0000***
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Table A13.Key data extracted from the two-way ANOVA table fiofection severity
data collected from Jonagold apples grown in Fsetohalyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2007..

DF Type lll SS F-value p-value
Main Effects
Biological Control 1 0.900 1.192 0.3182
1-MCP+/- 1 0.342 2.262 0.1355
Interaction
Biological Control x MCP+/-5 0.332 0.439 0.8202

Table Al4.Key data extracted from the two-way ANOVA table fiofection severity
data collected from Gala apples grown in Field 4@ analyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2007..

DF Type lll SS F-value p-value
Main Effects
Biological Control 1 3039.868 5.773 0.0001***
1-MCP+/- 1 3435.342 32.620 0.0000***
Interaction
Biological Control x MCP+/-5 2779.181 0.439 0.0002***

Table A15.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAuIts. Data are from IS results
collected from Gala apples grown in Field 12 andlyred for natural disease incidence
in combination with bacterial isolates from harve807. Individual one-way ANOVAs
were determined for each category and combinedamsiogle table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 2310.748 18.214 0.0005***
1100-6 1 1674.926 11.450 0.0033**
1-112 1 7.358 0.243 0.6279
2-28 1 1542.633 26.057 0.0001***
4-6 1 0.020 1.49e-4 0.9904
6-25 1 130.302 0.966 0.3387
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Table A16.The effect of the biological control treatmentswo categories, 1-MCP+

and 1-MCP- and the resulting key data extracteuwh fitte one-way ANOVA results.

Data are constructed from IS results collected fFoehd 12 Gala apples and analyzed for
natural disease incidence in combination with béadtesolates from harvest 2007.

Main Effect
Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 624.112 1.329 0.2659
1-MCP- 5 5194.937 8.902 0.0000***

Table A17.Key data extracted from the two-way ANOVA tablerfrinfection severity
data collected from Jonagold apples grown in Fsetohd inoculated witR. expansum
after harvest in 2007.

DF Type lll SS F-value p-value
Main Effects
Biological Control 5 32.862 61.071 0.0000***
1-MCP+/- 1 0.015 0.413 0.7077
Interaction
Biological Control x MCP+/-5 5.626 1.125 0.0000***

Table A18.The effect of 1-MCP in six separate biological cohtategories and the
resulting key data extracted from the one-way ANOMAuIlts. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for disease incidence when
inoculated withP. expansum and bacterial isolates after harvest in 2007. lioldial one-
way ANOVAs were determined for each category andlmoed into a single table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 0.0420 1.775 0.1994
1100-6 1 1.4724 7.422 0.0139*
1-112 1 0.0425 0.215 0.6482
2-28 1 0.0872 2.057 0.1687
4-6 1 0.0329 0.302 0.5893
6-25 1 3.9641 52.958 0.0000***
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Table A19.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteunh fitte one-way ANOVA results.
Data are constructed from infection severity resadillected from Jonagold grown in
Field 3 analyzed for disease incidence when indedlavithP. expansum and bacterial
isolates from harvest in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 16.7121 31.798 0.0000***
1-MCP- 5 21.7763 39.548 0.0000***

Table A20.Key data extracted from the two-way ANOVA tablenfrinfection severity
data collected from Jonagold apples grown in Fsedohd inoculated witB. cinerea after
harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 21.222 20.760 0.0000***
1-MCP+/- 1 15.998 78.249 0.0000***
Interaction
Biological Control x MCP+/-5 13.841 13.534 0.0000***

Table A21.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for disease incidence when
inoculated withB. cinerea and bacterial isolates after harvest in 20077 viddial one-

way ANOVAs were determined for each category andlmoed into a single table.

Main Effect

1-MCP+/-

Category DF Type lIl SS F-value p-value

No biocontrol 1 9.706 45,191 0.0000***
1100-6 1 0.3931 1.793 0.1973
1-112 1 0.2607 1.060 0.3169
2-28 1 13.3139 80.502 0.0000***
4-6 1 5.9336 29.726 0.0000***
6-25 1 0.2310 1.271 0.2743
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Table A22.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteuoh fitte one-way ANOVA results.

Data are from IS results collected from Jonagoldegpgrown in Field 3 and analyzed
for disease incidence when inoculated vidtitinerea and bacterial isolates after harvest

in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 33.7372 53.215 0.0000
1-MCP- 5 1.3253 0.940 0.4630

Table A23.Key data extracted from the two-way ANOVA table stvacted from
infection severity data collected from Jonogoldlapgrown in Field 3 and inoculated
with M. piriformis after harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 14.346 10.660 0.0000***
1-MCP+/- 1 0.784 2.913 0.0908
Interaction
Biological Control x MCP+/-5 7.164 5.323 0.0002***

Table A24.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAults. Data is are from IS
results collected from Jonagold apples grown ind=3eand analyzed for disease
incidence when inoculated wit. piriformis and bacterial isolates after harvest in 2007.
Individual one-way ANOVAs were determined for eaettegory and combined into a

single table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 0.0020 0.0181 0.8943
1100-6 1 0.6318 1.3963 0.2527
1-112 1 0.0194 0.0729 0.7902
2-28 1 0.6870 4.3055 0.0526
4-6 1 6.5402 13.1253 0.0019**
6-25 1 0.0677 0.5298 0.4761
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Table A25.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteunh fitte one-way ANOVA results.
Data are from IS results collected from Jonagoldegpgrown in Field 3 and analyzed
for disease incidence when inoculated viithpiriformis and bacterial isolates after
harvest in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 1.1507 0.9683 0.4455
1-MCP- 5 20.3591 13.5439 0.0000

Table A26.Key data extracted from the two-way ANOVA table stvacted from
infection severity data collected from Gala apgtesn Field 12 and inoculated with
expansum after harvest in 2007.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 192.271 1.940 0.0936
1-MCP+/- 1 182.887 9.226 0.0030**
Interaction
Biological Control x MCP+/-5 164.951 1.664 0.1494

Table A27.Key data extracted from the two-way ANOVA tablenfrinfection severity
data collected from Gala apples grown in Field 4@ moculated withM. piriformis after
harvest in 2007.

DF Type lll SS F-value p-value
Main Effects
Biological Control 4 3.015 1.729 0.1505
1-MCP+/- 1 6.578 1.508e-5 0.9969
Interaction
Biological Control x MCP+/-4 8.469 4.856 0.0014***
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Table A28.The effect of 1-MCP in six separate biological eohtreatments and the
resulting key data extracted from the one-way ANOMAuIlts. Data are from IS results
collected from Gala apples grown in Field 12 andlyred for disease incidence when
inoculated withM. piriformis and bacterial isolates after harvest in 2007. loldial one-
way ANOVAs were determined for each category andlmoed into a single table.

Main Effect

1-MCP+/-

Category DF Type lll SS F-value p-value

No biocontrol 1 0.0242 0.0487 0.8278
1-112 1 1.9035 4.7987 0.0419*
2-28 1 6.0306 14.5425 0.0013**
4-6 1 0.4423 1.1814 0.2914
6-25 1 0.0683 0.1370 0.7156

Table A29.The effect of the biological control treatmentswo categories, 1-MCP+
and 1-MCP- and the resulting key data extracteuoh fitte one-way ANOVA results.
Data are from IS results collected from Gala apglesvn in Field 12 and analyzed for
disease incidence when inoculated wWithpiriformis and bacterial isolates after harvest

in 2007.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
1-MCP+ 5 7.0326 3.9878 0.0075**
1-MCP- 5 4.4516 2.5814 0.0498*

Table A30.Key data extracted from the two-way ANOVA tablenfrinfection severity
data collected from Jonagold apples grown in Feetohd analyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2008.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 1.2214 0.8840 0.4926
Incubation Period 3 105.9743 127.8366  0.0000***
Interaction
Biological Control x 15 14.3647 3.4656 0.0000***

Incubation Period
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Table A31.Key data extracted from the two-way ANOVA tablerfrinfection severity
data collected from Gala apples grown in Field 4@ analyzed for natural disease
incidence in combination with bacterial isolateeaharvest in 2008.

DF Type Il SS F-value p-value
Main Effects
Biological Control 5 0.5763 0.8804 0.4950
Incubation Period 3 149.6138 380.9182  0.0000***
Interaction
Biological Control x 15 3.6138 1.8400 0.0309*

Incubation Period

Table A32. The effect of the incubation period on biologicahtrol treatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Jonagold apples grown in Field 3 andlyzed for natural disease
incidence when inoculated the bacterial isolatesr &farvest in 2008. Individual one-way
ANOVAs were determined for each category and coebinto a single table.

Main Effect
Biological Control

Category DF Type lll SS F-value p-value

2 months 5 5.5753 4.3605 0.0021**
4 months 5 5067.4972 3.9609 0.0039**
6 months 5 15646.1017 5.2559 0.0005***

Table A33. The effect of the incubation period on biologicahtrol treatments and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Gala apples grown in Field 12 andlyzed for natural disease incidence
when inoculated the bacterial isolates after hanve2008. Individual one-way
ANOVAs were determined for each category and coebinto a single table.

Main Effect
Biological Control

Category DF Type lll SS F-value p-value

2 months 5 2.1850 2.8870 0.0221*
4 months 5 1876.4999 2.5715 0.0370*
6 months 5 743.3109 0.7762 0.5782
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Table A34.Key data extracted from the two-way ANOVA tablerfrinfection severity
data collected from Jonagold (Field 3), Gala (FS€l@ and Kiran) and Red Delicious
(Reekie) apples after 4.5 months in CA storageaaradyzed for natural disease
incidence following inoculation with bacterial istés after harvest in 2008.

DF Type lll SS F-value p-value
Main Effects
Biological Control 5 3.3247 5.4749 0.00021***
Field 3 12.3636 33.9323 0.0000***
Interaction
Biological Control x Field 15 5.8261 3.1980 0.0080*

Table A35. The effect of the biological control treatmentsiofection severity and the
resulting key data extracted from the one-way ANOMAults. Data are from IS results
collected from Jonagold apples grown in Field 3la&gples grown in Field 12 and

Kiran and Red Delicious apples grown in Reekierafté months in CA stroage and
analyzed for natural disease incidence when intedldne bacterial isolates after harvest
in 2008. Individual one-way ANOVAs were determirfedeach category and combined
into a single table.

Main Effect

Biological Control Treatment

Category DF Type lll SS F-value p-value
Field 3 5 7.7543 4.8907 0.0009***
Field 12 5 0.1933 1.1827 0.3298
Kiran 5 0.1136 2.2402 0.0633
Reekie 5 1.0897 1.7312 0.1432

Table A36.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and sétirgy key data extracted from the
one-way ANOVA results. Data are from IS resultBezxted from apples analyzed for
disease incidence when inoculated viRttexpansum and bacterial isolates after harvest
in 2008. Individual one-way ANOVAs were determirfedeach category and combined
into a single table.

Main Effect

Biological Control

Category DF Type lll SS F-value p-value

Field 3, Jonagold 5 3041.4892 6.8050 0.0001***
Field 12, Gala 5 401.2654 3.1239 0.0151*
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Table A37.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and sdtirgy key data extracted from the
one-way ANOVA results. Data are from IS resultBezxted from apples analyzed for
disease incidence when inoculated vdtttinerea and bacterial isolates after harvest in
2008. Individual one-way ANOVAs were determined éaich category and combined
into a single table.

Main Effect

Biological Control

Category DF Type lll SS F-value p-value

Field 3, Jonagold 5 5981.4974 4.9960 0.0008***
Field 12, Gala 5 1962.7067 6.4391 0.0001***

Table A38.The effect of the biological control treatmentswo categories, Field 3
Jonagold apples and Field 12 Gala apples and sétirgy key data extracted from the
one-way ANOVA results. Data are from IS resultBezted from apples analyzed for
disease incidence when inoculated wWithpiriformis and bacterial isolates after harvest
in 2008. Individual one-way ANOVAs were determirfedeach category and combined
into a single table.

Main Effect

Biological Control

Category DF Type lll SS F-value p-value

Field 3, Jonagold 5 2115.5372 4.7271 0.0012**
Field 12, Gala 5 3.0721 4.1326 0.0030**

Table A39.Growth rate (1) comparisons Bf fluorescens isolates 4-6-wild-type and 4-
6-gfp and the resulting key data extracted from thewag-ANOVA table.

Main Effect
Bacterial Isolate 4-6-wt vs 4-§fp

Category DF Type Il SS F-value p-value

Growth Rate (1) 1 0.0022 0.6492 0.4656
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Table A40.Key data extracted from the two-way ANOVA table stacted from cell

densities (CFU/mI) oP. fluorescens isolates 4-6-wild-type and 4-@fp stored for 55 d at
1°Cin air.

DF Type Il SS F-value p-value
Main Effects
Bacterial strain 1 50.5367 670.6401  0.0000***
Time 5 72.3075 191.9023  0.0000***
Interaction
Bacterial strain x Time 5 72.7250 171.9775  0.0060**

Table A41.Cell density comparisons determined by dilutiortiptamethod of.
fluorescens isolates 4-G3fp and 4-6¢gfp + P. expansum stored for 55 d at 1°C in air and
the resulting key data extracted from the one-wB§OAA table. Individual one-way
ANOVAs were determined for each category and coebinto a single table.

Main Effect

Bacterial Isolate 4-@fp vs 4-6-gfp + P. expansum

Category DF Type lll SS F-value p-value

0 d storage 1 0.1061 2.3329 0.1610
10 d storage 1 8.4137e-4 0.0157 0.9024
20 d storage 1 0.5121 4.0261 0.0758
30 d storage 1 2.3762 36.5429 0.0005***
45 d storage 1 16.6408 120.1450  0.0000***
55 d storage 1 4.418e13 8.8646 0.0206*

Table A42.Infection severity comparisons Bf fluorescens isolates 4-6-wild-type and
4-6-gfp stored for 55 d at 1°C in air and the resulting #ata extracted from the one-way
ANOVA table. Individual one-way ANOVAs were detemed for each category and
combined into a single table.

Main Effect

Bacterial Isolate 4-@fp vs 4-6-gfp + P. expansum

Category DF Type lll SS F-value p-value

30 d storage 1 21.6680 7.6629 0.0040**
40 d storage 1 46.8838 14.1739 0.0093**
45 d storage 1 18.9113 1.3841 0.2840
55 d storage 1 13.9568 0.5615 0.4820
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