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Abstract

Sclerotinia sclerotiorums a devastating pathogen causing stem rd@rassica
napus (canola). Microarray analysis was performed teestigate pathogen-
induced transcript profilingn B. napusresponses t&. sclerotiorum Several
genes were identified, which included defensingséhencoding proteins involved
in oxidative burst, the biosynthesis of jasmonicida¢JA), and several
transcription factors (TFs), but not salicylic a¢tlA)-related genes. To further
characterize the roles of SA, JA and ethylene (RThe response @&. napusand
Brassica carinata(tolerant species) t&. sclerotiorumthe expression of five
genes known to respond to these phytohormonesimeasstigated. We observed
that S. sclerotiorumtriggered JA/ET signaling iB. napus Furthermore, the
heterologous expression of 1-aminocyclopropane- arbaxylate (ACC)
deaminase, which reduced ET levels, enhanced gtegtibility ofB. napugo S.
sclerotiorum Our microarray analysis also revealed the ingya of TFs in
mediating responses Bf napusto S. sclerotiorum To probe the involvement of
one such TF family irB. napus the WRKYSs, public sequence databases were
mined. Three groups &. napusWRKYs were indentified from a phylogenetic
tree and four selected ones were shown to locatizéne nucleus using GFP
fusions. Sclerotinia sclerotiorunand Alternaria brassicaganother necrotrophic
pathogen affecting canola) and phytohormone-induceglpression of
representative WRKYs from each clade was also tigeged using quantitative
real-time PCR. In another aspect of our study, tewombinant single chain

variable fragment (ScFvs) antibodies specific fo6.asclerotiorumendopoly-



galacturonase (SSPG1d) were isolated and chamederiOur results indicated
that these antibodies may have utility in the d#tecof this pathogen when used
with otherS. sclerotiorunspecific antibodies in a panel format assay. 3ganic
Arabidopsis expressing the ScFvs were evaluatetbferance tds. sclerotiorum
and it was observed that the heterologous expressiche cDNAs encoding
these ScFvs did not enhance the tolerance of Aopbid. However, additional
research aimed at stabilization of the ScFvs anthierr localization must be
conducted together with research into their use&dnn imparting tolerance B
napusto this pathogen, since the observed effectsiggecies may be different

from A. thaliana
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Chapter 1 Literature Review

Introduction
Using plant breeding techniques, Canadian scisnksith Downey and Baldur

Stefansson developed canoBrgssica napud..) in the 1970s by lowering the
two harmful substances, erucic acid and glucosieslavhich were abundant in
rapeseed oil (Snowden et al. 2007; Stefansson 198&)ola oil contains only 0.5
to 1% erucic acid, which is well below the 2 petcémit set by the USDA
(Snowdon et al. 2007). Erucic acid has been thowghbe responsible for
contributing to oil rancidity and is also believéd be carcinogenic, whereas
glucosinalates cause the damage to the vital organgell as interference with
metabolic processes, which is a sulphur-contaisiegpndary metabolite§-D-
thiolglucose group, a sulfonated oxime moiety aifigiebnt sides chains of amino
acids) (Beare et al. 1963; Tripathi and Mishra 2@B&ser et al. 2000). Canola is
a major edible oilseed crop in Canada becauseeddite of the area of adaptation
and the development of varieties with improved iqyal Canola production
contributes over $13 billion to the Canadian ecoponper year
(http://www.canola-council.org/industhytml). In 2000, canola was the third
major source of vegetable oil in the world afteyls®an and palm oil, and was the
second leading source of protein meal followinglbs@an (Snowdon et al. 2007).
In 2008, harvested canola seed production was drdub million tonnes in
Canada (http://www.canola-council.org/acreageyiakisx).

Canola yield is affected by both abiotic and biotactors including
temperature extremes, weeds and diseases (httpvlbawvola-
council.org/contents10c.aspx). For example, camiid@ases include bacterial
diseases (bacterial black rot, bacterial leaf dpatterial soft rot and scab), fungal
diseases (Alternaria black spot, blackleg, Sclem@tstem rot and clubroot), viral
diseases (cauliffower mosaic virus, beet Westerrllows virus), and
phytoplasmal disease (Aster yellows). Among tleeases affecting canola, those

caused by fungal-like pathogen/fungal pathogensudieg clubroot, blackleg,



Sclerotinia stem rot, Alternaria black spot andochot have the potential to cause
devastating crop losses (http://www.canola-counigj/chapter10c.aspx).

In general, fungal pathogens can cause significaop losses in most
commodities due to the unusual capability of bregkhe intact surfaces of host
(Egan and Talbot 2008). Fungal pathogens deveifgetion structures such as
appressoria to penetrate plant cells and lateritertdnutrients to their own
growth and also to secrete effector proteins (Aatgins) for the suppression of
plant defense mechanisms (Egan and Talbot 206G®)ngal pathogens can be
divided into three classes: necrotrophs, biotragis, more rarely, hemibiotrophs
based on the mechanism of infecti@liver and Ipcho 2004) In brief, those
fungal pathogens that derive energy from livingscate biotrophs and those that
extract energy from dead cells are referred to esratrophs (Lewis 1973).
Hemibiotrophy is defined as an early period of tmphy followed by growth of
“necrotrophic hyphae” (Perfect and Green 2001).

Mechanisms of fungal infection
Studies on the strategies of fungal infection hagen recently reviewed (Egan

and Talbot 2008). Related functional studies opregsoria in the rice blast
pathogen Magnaporthe griseaobserved that generated reactive oxygen
intermediates (ROIs), NADPH oxidase, the GTPBMgRho3 and mitosis are
necessary for the function and/or development pregsoria (Egan et al. 2007).
Also, the role of cell wall degrading cutinases waedl studied (Egan and Talbot
2008). For exampleCUT], a cutin-degrading enzyme, was observed to be
required for the pathogenicity in the rice blashdgus (Sweigard, et al. 1992),
whereasCUT2 was upregulated during penetrationvivo (Skamnioti and Gurr
2007). Moreover, once fungus successfully peregrathe multilayered plant
defense response needs be overcomed for the ftmgo$onize host tissue (Egan
and Talbot 2008). For instance, the detoxificatodrH,O, in Ustilago maydis
was mediated by yeast AP-1-liRéap) (Molina and Kahmann 2007) while the
induction of host defense was preventhdugh SSD1imediated interference

assembly of the fungal cell wall (Tanaka et al. 200



The mechanisms of host manipulation by fungal pghe include: to
perceive pit field sites at which the contact fadethe two primary walls are
unusually thin and plasmodesmata occur in highitefisankanala et al. 2007);
to constrict plasmodesmata by the fungal hypha Keaala et al. 2007); to
manipulate host cytoskeleton and lead to the isgwasof pathogens (Schmidt
and Panstruga 2007); to secrete fungal effect@msnéial for the advance of fungi
within host tissue (Chisholm et al. 2006). Effeqbooteins are delivered directly
into plant cells were supported by the recognitbmavirulence (Avr) proteins by
the intracellular host resistance (R) proteins é3omand Dangl 2006). For
example, a P-type ATPase-encoding gevlgAPT2 in M. griseg has provided
some insights into the mechanisms by which plarthqgenic fungi deliver
effector proteins into plant cells (Gilbert et 2006). Analyzing the genome of
pathogenic fungi for functional analysis of thesengs have the potential to
elucidate more effector proteins (Egan and Talb@®8). So far, genomic,
transcriptomic, proteomic, and metabolomic stutli@ge been used to investigate
the mechanisms by plant pathogens to infect anonce hosts (Allwood et al.
2007; Cao et al. 2009; Li et al. 2004a; Tyler et24l06; Yajima et al. 2008).
These studies of pathogenicity and virulence factoe important because they
help to explain disease processes and the idehfifietors can be targeted for
chemical control (Torto-Alalibo, et al. 2007).

Understanding the evolution of virulence and pa#imigty factors is a
major goal of plant pathologists (Sacristan andc@afrenal 2008). Virulence
factor is the degree of damage caused in the hat pathogenecity is the ability
of a pathogen to cause disease as defined by theriéan Phytopathological
Society (APS) (Sacristan and Garcia-Arenal 2008 ference therein). Both
virulence factor and pathogenecity factors are ghoto be negatively associated
with host fithess (D’Arcy et al. 2001). To undewsd the evolution of virulence
factors, it is necessary to explain the relatiopsbetween parasite fitness
(multiplication of pathogens within host cells,rtsaission within hosts) and its
virulence; the relationship between virulence addpsation of parasites to hosts

(Sacristan and Garcia-Arenal 2008). Based onrtuetoff hypothesis, the traits



of parasite fitness and virulence of parasites @ositively correlated to the
evolution of the pathogens (Frank 1996). Howeweose traits should also be
considered, including genotypes of host and pathdgaembrechts et al. 2006;
Restif and Koella 2003), the diversity of pathodiés cycles, the specificities of
host—pathogen interactions (Bull 1994; Ebert andl BO03), and saprophytic
stages of the parasite (Abang et al. 2006). QhthHest range is predicted to be a
major factor in the evolution of virulence (Fran®96). Two models have been
proposed to elucidate the evolution of pathogeyiaine is the gene-for-gene
(GFG) model and the other is and the matchingeall®lA) model (Sacristan and
Garcia-Arenal 2008). For the GFG model, co-evolutbf host and pathogen will
lead pathogens to alter their Avr factors by avwdR-dependant recognition
while correspondingly the hosts evolving new sped# proteins to identify the
Avr factors (Sacristan and Garcia-Arenal 2008).férsthe MA model, derived
from the self-non-self recognition in inverterbgtehe infection requires a
specific match between hosts and parasite genesiga and Garcia-Arenal
2008). It may be worthwhile to apply current knedde on the mechanisms of
plant—parasite interactions to test hypothesespaedictions on the evolution of

virulence and pathogenicity (Sacristan and Garcienal 2008).

Plant defense systems
Upon pathogen attack, plants respond with a complea integrated set of

defense responses that are both constitutive ashgcéa; the former includes
constitutive barriers, including wax layers, presfied antimicrobial enzymes,
secondary metabolites and toxic compounds andjatiter, systemic acquired
resistance (SAR) and induced systemic resistan8®)(l(Dong 1998). The
resistance of plants to pathogens has been cksifto three categories: non-
host resistance, also called species-level resstaonstitutive barriers; and race-
specific resistance, which is better known as dengene resistance (Liu, et al.
2007).

In all three types of resistance, plant cell walts as physical barriers
against pathogens (Swain 1977). Hence, as thé defemse in plants, resistance
to penetration of epidermal cells by pathogensnsimaportant component of
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defense reactions (McDowell and Dangl 2000). Aentcstudy about the
interaction between plants and pathogens obsehatdhe central feature of the
physical barriers-cell wall apoposition (CWA) cantify cell walls at the sites of
penetration, and this process involvesOb callose, phytoalexin, phenolic
compounds, silicon, peroxidase and enzyme inhii{etardham, et al. 2007).
Both rapid reorganization of actin microfilamentsdaactin-dependent transport
of secretory products also contribute to CWA (Okia¢d al. 2005; Schutz, et al.
2006). Moreover, other proteins involved in peagbn resistance such as
solubleN-ethylmaleimide-sensitive factor attachment proteiceptors(SNARE)
proteins including AtSYP121/PEN1 were found to ciimite CWA (Assaad, et
al. 2004; Bhat, et al. 2005; Collins, et al. 2008WA can arrest the formation of
the penetration peg if it is effective; otherwiskgwnstream defense response
including hypersensitive response (HR) will be iked to inhibit further infection
(Aist 1976; An et al. 2006; Schmelzer 2002; Zeyenle2002). Furthermore, in
plant-pathogen interactions, programmed cell de@D) is a universal
consequence of cell death (Glazebrook 2005; Gregnaed Yao 2004). To
biotrophic pathogens, it may act as a formidablegiéawnhile to necrotrophic
organisms, PCD may accelerate disease (Gijzen antbErger 2006; Greenberg
and Yao 2004). Therefore, it is obvious that pleegponses to pathogens are
extremely complex and the important results froomsaf the research into the

molecular events in plants are discussed below.

Molecular events triggered in plants during infecton
Two generalized modes of detection of harmful nmbe by plants have been

proposed as following: the first one is the penmept(at the cell surface) of
pathogen- or microbe-associated molecular pattéPAVIPs/MAMPS), which

then initiates basal resistance or PAMP-triggenechunity (PTI) in both non-host
and host plants (Gomez-Gomez et al. 2001; Zipfal.€2006; Zipfel et al. 2004).
The second one is effector-triggered immunity (Em)olving the recognition of
Avr by R gene products inside the cell if the first barrgeebroken by the invading
pathogen (Dangl and McDowell 2006; Hammond-Kosackli &arker 2003;
Rosebrock et al. 2007). As we mentioned, raceipeesistance is better
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known as gene for gene resistance (Liu et al. 200Fant defense responses
could be triggered through the recognition of athBsgene product by a
pathogen’'sAvr gene product, which includes defense signalingnisyethe
expression of pathogenesis-relateBR( genes, SAR in plants and more
importantly the incompatibility of host-pathogentaractions (between the
avirulent pathogen and the resistant plant) (Dureaxdt Dong 2004; Flor 1971).
However, absence of such a specific recognitiodde¢a a compatible interaction,
in which the pathogen is said to be virulent, tlsthsusceptible, and disease
ensues (Flor 1971). Significant progress in utdeaingR genes andR gene-
mediated signaling pathways has been made durengdhkt decades and they are
the identification of structure, functional chaexzation, mechanism dR-Avr
recognition and the evolutionary mechanisnRajenes (Liu et al. 2007). Basal
resistance induced by PAMPs is not as specifi@apidras those mediated By
Avr gene recognition (Jones and Dangl 2006). Howewy do share some
common features: generation of ROIs, depositioncallose, activation of
calcium-dependent protein kinases (CDPKs) and raitegctivated protein
kinases (MAPKSs), and transcription of numerous deéegenes (Navarro et al.
2004; Tsuda, et al. 2008) whereas the type of P@R lme different (Qutob, et al.
2006). For example, for necrosis and ethylenedémdypeptide 1 (Nepl)-like
proteins (NLPs)-induced PCD needs active plant badtem and light, which is
also required in AVR effector-mediated hypersewusitiesponse (HR) PCD, FB1
or ToxA toxin- or thaxtomin-induced PCD (Chivasa&,at 2005; Duval, et al.
2005; Manning and Ciuffetti 2005; Qutob, et al. @00 Unlike NLP-triggerred
PCD, AVR effector or toxin FB1 requires plant defefrelated hormones such as
salicylic acid (SA), jasmonic acid (JA), and etmge(ET) (Asai, et al. 2000;
Pieterse and Van Loon 2004).

Signal transduction in plant defense
Whether pathogens are detected through aviruleatsrrdinantor PAMPS, the

triggered signaling events converge into a limiednber of interacting pathways
or networks that rely on secondary messengers-SAh BWET (Hammond-

Kosack and Parker 2003; Thomma, et al. 2001). Kewehe associated specific

6



signaling events i\vr-R gene or PAMP-mediated defense responses miglet diff
(Zipfel et al. 2006; Zipfel et al. 2004).

SA, JA and ET are the main molecules signalingaittevation of defense
genes and the role of SA is well-known in mediatnegistance to biotrophic
pathogens whereas JA/ET is mainly associated wébratrophic pathogens
(Thomma et al. 2001). Downstream to these signapathways is the vital
transcriptional control of the expression of stre=sponsive genes as revealed by
several large-scale transcription profiling studi€sen and Chen 2002; Durrant
et al. 2000; Maleck et al. 2000; Mysore et al. 2000f these stress-responsive
genes, members of many transcription factors (Tiduding ethylene response
factor (ERF)/APETALA2(AP2)-domain, homeodomain, icaseucine zipper
(bZIP), Myb, WRKY families and many other zinc-fexgfactors were observed
to be up-regulated during the multiple compatibhel éncompatible interactions
(Rushton and Somssich, 1998; Riechmann and Ratcl00; Singh et al. 2002).
These defense-associated TFs can bind to pronuftelefense-related genes and
play a role in their regulation (Eulgem et al. 1988rfhage et al. 1994; Rushton
et al. 1996; Zhou et al. 1997). Specific aspettignaling processes in response

to SA, JA and ET are discussed in the following-sattions.

SA-dependent signaling

Several studies have demonstrated that SA is rdjfor SAR and it is associated
with the accumulation of PR proteins, contributitagresistance (Durrant and
Dong 2004). Non-Expresser of PR genesl (NPR1)acéisated by SA and ,
moves to the cellular nucleus to interact with T@#@nscription factors for further
activating transcription of downstream defense geleading to SAR (Durrant
and Dong 2004). TGA factors are a class of bZIB @fd they have a ability to
bind to the SA-, JA-, and auxin-inducibleti@ating sequence-1(as-1) element

found in the cauliflower mosaic virus 35S (CaMV 338omoter or the related
ocselement in the octopine synthase promoter (Jaketogl. 2002). Some of the
TGA factors have been identified in a recent stoflyArabidopsisTGA TFs,

which revealed that three related genE&A2 TGAS andTGAH was required



for PR gene expression and disease resistance (Zhand, 20G8). Other
molecular events contributing to SAR also require induction of SA as well as
changes in redox status besides the above mentitmethduction of defense
gene expression (Durrant and Dong 2004). Not anlthe site of infection but
also in remote tissues, the recognition of the dimvg pathogen causes these
changes (Durrant and Dong 2004). Induction of S#Rapplication of BTH
(benzothiadiazole S-methyl ester) or by overexjpoessf NPR1can protect crop
plants from pathogens (Durrant and Dong 2004).

Biotic stresses are major external factors influgpdahe expression of
WRKY genes (Eulgem et al. 2000; Ryu et al. 2006; Utkest Somssich 2004).
Also, WRKY transcription factors were reported tct as regulators oNPR1
expression and as potential mediators of the NRégiabng pathway (Eulgem
2005; Pan 2004; Spoel et al. 2003; Yu et al. 2004nabidopsis WRKY70wvas
identified as a common regulatory component of 84d JA- dependent defense
responses, mediating cross-talk between antagorpstihways downstream of
NPR1 (Li et al. 2004). It has also been proposad WRKY gene expression is
activated by SA-induced protein kinase (SIPK)/wdagdnduced protein kinase
(WIPK) and also that the W-box-binding activityircreased as well as further
activation of downstream defense genes (Kim anchg2004). Hence, WRKY
transcription factors are known to be implicated plant defense responses
(Eulgem et al. 2000; Eulgem and Somssich 2007).

JA-dependent signaling
JA and MeJA are signaling molecules and they aportant for initiating and/or

maintaining developmental processes and defengmnsss in various plants
(Wasternack and Hause 2002). The JA-responsivesgand genes involved in
JA biosynthesis are described in Chapter 4. Initiatigd plant defensin 1.2
(PDF1.2 is also induced by JA and is oftesed as a marker for JA signaling in
Arabidopsis(Fobert, 2007) even though it is known to be iretlby ET as well
(Chen and Bleecker 1995; Penninckx et al. 1996predver, TFs involved in JA
signaling have also been identified. For examplgbidopsisWRKY70 was

identified as a common regulatory component of b®#fk and JA-dependent
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defense responses (Li et al. 2004) and WRKY62 n&aynibolved in the SA-

mediated suppression of JA signaling (Mao et a0720 Hence, JA-dependent
signaling and related up- or down-stream componplag an important role in

plant defense response to pathogens.

ET-dependent signaling
The role of ET in plant defense is well-known, heer ET plays a dual role in

the interaction between plants and pathogens anddimplex roles played by this
hormone have been reviewed (van Loon et al. 2006)om the plant’s
perspective, increased production of ET, as ary.eactive reaction of plants to
the presence of pathogens is coupled to the ioitiaif defense responses (Boller
1991). From the perspective of the pathogen, EVeseas a virulence factor to
improve the colonization of plant tissue (Arshadl &rankenberger 1992). In
addition, the timing of exposure to ET might decrdeether resistance is induced
or inhibited; the mechanisms used by the pathogesvércome the influence of
ET and the speed of the pathogen to colonize iefetissues may contribute to
the dual roles of ET (van Loon et al. 2006).

Many ET-related genes have been characterizedexample, it has been
observed tha€Coronatine insensitive {COI1) andethylene-insensitive EIN2,
via JA and ET) control necrotrophic pathogens (HamdiKosack and Parker
2003). The ET-responsive genes and genes involved in gifaktranduction are
described in Chapter 4. Moreover, the rice ERF RESBEP1 is a plant TF
implicated in mediating defense gene expression llag been shown to be
phosphorylated by a MAPK (Cheong et al. 2003).

One of strategies to study the role of ET is to olatd the production of
ET and it includes the introduction of ACC-deamm&m bacteria into plants
(Honma and Shimomura 1978). This enzyme competéis ACC oxidase to
metabolize ACC into ketobutyrate and ammonia, awllts in the reduction of
ethylene (Honma and Shimomura 1978). Plants iefedty plant growth-
promoting rhizobacteria (PGPR) containing ACC dewsé can promote plant
growth due to decreased levels of ET, and planerdlegously expressing ACC

deaminase to modulate ET levels exhibited delayad fipening (Klee et al.
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1991) and tolerance to heavy metals (Grichko 2@00), diseases (Robison et al.
2001), flooding (Grichko and Glick 2001a and b) aadinity stresses (Sergeeva
et al. 2006). In general, systematic testing wesa phytosystems using different
accessions and various lines of Arabidopsis inteatith a necrotrophic or a
hemi-necrotrophic pathogen revealed that ET wasidoio reduce symptoms,
whereas for biotrophic pathogens, SA was found dmhlmt the infection by
pathogens (Thomma et al. 2001; Ton et al. 2002).

MAPK was observed to be involved in defense siggapathways after
the recognition of pathogens or elicitors (Asaakt2002; Ichimura et al. 2002;
Jonak et al. 2002; Tena et al. 2001; Zhang and2Didl) and it is a conserved
signal transduction molecule gukaryotes (Chang and Karin 2001; Ichimura et
al. 2002). MAPK cascades involves three protemages: a MAPK kinase kinase
(MAPKKK) activates a cognate MAPK kinase (MAPKK) Iphosphorylating
specific serine/threonine residues; the MAPKK imtactivates a specific MAPK
by phosphorylating specific tyrosine and threoniasidues (Cobb et al. 1996;
Marshall 1994). It has been reported that activatf SA-mediated defense was
observed in an Arabidopsimapk4 mutant (Petersen et al. 2000). However,
repression of JA/ET pathways, which enhances esgisttoward the biotrophic
pathogensPsudomonas syringaand Peronospora parasiticaleads to greater
susceptibility to the necrotrophic pathogknbrassicicola(Brodersen et al. 2006;
Petersen et al. 2000). A similar study in tobacemndnstrated that MPK4 is
involved in JA signaling-mediated defense (Gomakt2005; Wu et al. 2007).
Other studies performed in oilseed rape also obsethat overexpression of
Brassica napudVPK4 resulted in enhanced resistance to anotherotrephic
pathogen,Sclerotinia sclerotiorum(Wang et al. 2009). Unlike MPK4, other
MAPKs can activate HR and SAR as well (Wang et28l09). For example,
MPK3 and MPK6 were reported to be involved in baatderived flagellin-
triggered resistance activation (Asai et al. 20@2nke et al. 2004; Romeis et al.
1999); the presence of MPK7 results in the accutimmnaf SA and constitutive
expression of a PR gene, which increases the amesisttoP. syringaeand

Hyaloperonospora parasiticéZhang et al. 2007). MAPK cascades are also
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observed to be induced by the phytohormones MeJh Eh (Menges et al.
2008). Two WRKY factors (WKRY22 and WRKY29) wereentified as

downstream components of a MAPK signaling cascadefecring basal

resistance to bacterial and fungal pathogenérabidopsis(Asai et al. 2002).

MAPK cascades involved in signal transduction @ayimportant role in plants
despite the differences between MAPK component#tiegsin these cascades
(Pedley and Martin 2005).

Other defense mechanisms of plants
The generation of reactive oxygen species (ROS8)uding HO,, O, and OH

defends plants from pathogens by 1) acting as &rbinal agents, 2) mediating
the oxidative cross-linking of cell walls, and 3jtiag as signaling molecules to
induce defense genes and hypersensitive resporiRg (Elusters et al. 2004).
Chloroplasts, mitochondria or microbodies, and pejjas with high metabolic
activities or with intense rates of electron flowe amajor sources of ROS
production in plant cells and of them, chloroplaated peroxisomes are also
thought to be two major contributors to the oxigatload in plant cells during
abiotic stresses (Mittler et al. 2004). It hasrbsaggested that in addition to the
aforementioned roles in JA/ET and SA signaling, mera of the WRKY
transcription factor gene family play key roles time response of plants to
oxidative stress (Davletova et al. 2005; Eulgem &adhssich 2007; Gadjev et al.
2006; Lee et al. 2007; Li et al. 2004, Ulker andnSeich 2004; Vandenabeele et
al. 2004; Vanderauwera et al. 2005). For examplabidopsisWRKY6and
WRKY75were among the 27 transcripts elevated at leastfdild in six of the
eight data sets from oxidative stress experimefdadfev et al. 2006) and
WRKY 25responds to oxidative stress as well as to wogndieat and osmotic
stresses (Miller et al. 2008). These studiestiiiie the importance of the WRKY
group of TFs in mediating plant responses to pahostress through various
signaling pathways including ROS.

Enzyme-inhibitor interactions have also been oleete be important at
plant-pathogen interfaces (Misas-Villamil and vaer ¢Hoorn 2008). Cell-wall-

degrading enzymes and other hydrolases can heétpget establish colonization
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(Collmer and Keen 1986). Plants produce the inbiibi and PR protein to
suppress these enzymes and also as a counter tttpathogens and as a result,
pathogens have also evolved to produce inhibitgangt this counter attack
(Collmer and Keen 1986). It is the co-evolutionta living organisms that
make this whole process complicated (Misas-Villaantl van der Hoorn 2008).
The structure and function of some of the plantibitbrs have been well-
characterized and for examplgiticum aestivumxylanase inhibitor (TAX1),
xylanase inhibitor protein (XIP), polygalacturonasdibiting protein (PGIP),
glucanase and protease and they can be recogmzenhactivated by pathogen
enzymes glucanase inhibitor protein-1 (GIP1), Kdikal inhibitors (EIP1) and
AVR2 (Misas-Villamil and van der Hoorn 2008 andemdnce therein). Further
studies through genomics, structural biology andaaded proteomics will
facilitate the identification of more enzyme-inhdi interactions (Misas-Villamil
and van der Hoorn 2008).

Fungal pathogens of canola

Canola fungal like/fungal diseases include clubroamtised byPlasmodiophora
brassicae blackleg caused byeptosphaeria maculansAlternaria black spot
caused byAlternaria brassicae, Alternaria brassicicola, Aftaria japonica
Fusarium wilt caused blusarium oxysporum f.sp. conglutinaassd Sclerotinia
stem rot caused byclerotinia sclerotiorum among others (Kharbanda and
Tewari 1996; Strelkov et al. 2006). Clubroot, dddag, Sclerotinia stem rot,
Alternaria black spot and clubroot are the majmsedses affecting canola in
Canada (http://www.canola-council.org/chapterlquxas In this thesis project,
we are focused on two fungal pathogeBssclerotiorumand A. brassicaeand

specific aspects of these two pathogens are disdusshe following sections.

Sclerotinia sclerotiorum
Kingdom: Fungi

Phylum: Ascomycota
Class:Discomycetes

Order: Helotiales
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Family: Sclerotiniaceae
Genus:Sclerotinia

S. sclerotiorum(Lib.) de Bary is a necrotrophic and non-host-§pec
fungus capable of infecting at least 400 primadigotyledonous plant species,
including canola, with a wide geographical disttibn (Boland and Hall 1994;
Bom and Boland 2000)S. sclerotiorunhas the potential to significantly decrease
canola yields (Bom and Boland 2000). Yield reduttfor canola has been
reported to be 5 to 100% in Western Canada (Maaiffriculture 2002while
an factor contributing to yield loss is the shattgrof immature siliques caused
by S. sclerotiorum(Morrall and Dueck 1983). Details about the arigind
taxonomic history of this fungus have been reviewed relatively recent article
(Bolton, et al. 2006).

This fungus can overwinter as sclerotia within atéel tissues or in the
soil, and as mycelium in dead or living plants (#grl997). Sclerotia are hyphal
aggregates and are long-term survival structurés;hwcan survive in soil for at
least 5 years (Lu 2003). When the environmentabitmns are optimal in the
spring or early summer, the sclerotia germinate pnofduce slender stalks
terminating at a small, disk- or cup-shaped apatime¢5 to 15 mm in diameter),
which produce asci (Agrios 1997). A large numbleascospores are released in
the spring or early summer from these asci (Agd@897). The apothecium
produces asci and a large number of ascospores aoyariod of 2-3 weeks
(Agrios 1997). In addition to ascospores, sclaraan also produce mycelia
directly (Bolton, et al. 2006). Mycelia can intgapenetration under the help of
enzymes and mechanical force through appressaniagten 1979; Lumsden and
Dow 1973) and from there the fungus initiates depelent through the leaf
tissue and proceeds to other parts of the planttdBoet al. 2006). The
ascospores favour senescent plant parts such asladsoms to germinate and
start infection (Hegedus and Rimmer 2005). In &oldj sclerotia can germinate
as mycelium to attack and infect young stems direabder moist conditions
(Agrios 1997).
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Two distinct types of disease symptoms are causpdrdling on the type
of sclerotial germination (Bardin and Huang 2001Ascospores can infect
aboveground tissues later and can lead to sterhtpbbBtplk rot, head rot (Huang
1983; Mundel, et al. 1985), pod rot (Huang and KnHI©92), white mold and
blossom blight of plants (Bardin and Huang 200Mycelia directly cause carrots
crown rot/root rot (Finlayson et al. 1989) and fsmmer basal stalk rot/wilt
(Huang and Dueck 1980). For stem lesion, afterctiienization by fungus, pale
brown to gray-brown lesion appear and later oneitame water-soaked lesion
due to the severe degradation (Agrios 1997). Usuas the lesion age, necrosis
appears and subsequently tissue became bleacheshesdtlered (Bolton et al.
2006). Finally, sclerotia may form on either sudaf tissues or inside infected
tissue (Agrios 1997). Infection can be spreadeglamts nearby through direct
contact part (Bolton et al. 2006).

Recent progress in the studySfsclerotiorun{development and infection cycle)
The key components involved in the sclerotial depeient and infection cycle

have been well studied. It was observed that cyBMP (CAMP) plays an

important role in controlling the switch between galal growth and sclerotial
differentiation and biosynthesis of oxalic acid (JO{Rollins and Dickman 1998).
Addition of cAMP inhibited both sclerotial developmt and the activation of
SMK1, an ERK-type MAPK required for the developmaenit sclerotia in S.

sclerotiorum (Chen et al. 2004). Moreover, detptihe single copy adenylate
cyclase (AC) sacl gene from S. sclerotiorum leadgréat reduction of cyclic
AMP levels (Jurick and Rollins 2007) (Figure 1-1Another refulatory cue is
ambient pH involved in the events of developmentlence and pathogenicity
(Rollins and Dickman 2001) (Figure 1-1). Pacl Isvearalleled increases in

ambient pH, hence, it indicated that this gene
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Figure 1-1 Interactions betweef. sclerotiorumand host plants. Cell wall

degrading enzymes (CWDESs) secretedShyclerotiorumOA and other cellular

products assist in the infection of plants. Pldefense systems including JA/ET

signaling pathway, ROS and enzymes/proteins ino&GIP or oxalate oxidase

are activated to defend against the invading pahog(Bolton, et al. 2006;

Hegedus and Rimmer 2005). In the development amitbewvice ofS. sclerotiorum

pH signaling mediated through PAC1, cAMP signalihgough glucose, and

PKA, CRE1, SAC

and SMK signaling are very important
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might contribute in a molecular signaling pathwagulating the expression of
gene in response to ambient pH (Rollins and Dick@@01) (Figure 1-1). Fungal
acid protease (ACP1) was observed to be dependemt ©yclic AMP/Protein

kinase A (PKA) signalling pathway (Girard, et a0(02) (Figure 1-1). Lowering
the ambient pH by OA production would also indilgd¢avour the production of
lytic enzymes such as Acph planta (Girard, et al. 2004) (Figure 1-1). Low
glucose levels facilate the accumulation of cAMRnde, results in the de-
repression of polygalacturonase (PG) and this tevaray be triggered by a
protein kinase A (PKA)-dependent inactivation of EER(Figure 1-1) (Hegedus
and Rimmer 2005; Jurick et al. 2004; Vautard, et18199). These factors
essential for growth or survival &. sclerotiorumcould be targets for blocking
disease development in this broad-host-range pfmthogen (Rollins and
Dickman 2001) (Figure 1-1).

Virulence factors of5. sclerotiorumare essential for optimal infection of
susceptible hosts and hence could also be tarfetevo strategies of blocking
disease development (Bolton et al. 2006). Of the# secreted by this pathogen
is very important (Godoy et al. 1990; Guimaraes &totz 2004). Firstly, it
possiblychelate calcium ions bound to pectins and henceenth& cell wall
expoused to cell-wall degrading enzymes (Guimaeaebs Stotz 2004). At the
same time, the expression of the cell wall-degmdémzymes, including the
family of PGs are activated because of the acidibiant pH cause by by OA (Li
et al. 2004b). In addition, Cessna et al. (2003eoved that OA can restrain the
occurrence of defense-relatexidative burst in both soybean and tobacco cells
(Cessna et al. 2000). Moreover, OA may causengilof plants through either
increasing osmotic pressure because of starch dweak and the increase of
potassium ions, or by inhibiting abscisic acid @Bnediated stomatal closure
(Guimaraes and Stotz 2004). However, in a studgsnigating the production of
phytotoxins byS. sclerotiorumsclerin (a component of sclerotia) not OA was
observed to cause severe necrosis and chlorodeaves of susceptible species:
B. napusB. juncea andS. alba(Pedras and Ahiahonu 2004). In the same study,

oleic acid also was found to be toxic to brineirsprlarvae A. saling and it is
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one of the major fatty acid extracted from sclexaii S. sclerotiorun{Pedras and
Ahiahonu 2004). Besides, other dicarboxylic orgaacids (succinic, malic,
fumaric and glycolic) secreted I8/ sclerotiorunmay contribute to the toxcity of
S. sclerotiorum however, further investigation égjuired to eluciate the exact
roles (Vega et al. 1970).

Besides organic acidsS. sclerotiorum secretes multiple cell wall
degrading enzymes, which facilitate pathogens toefrate, colonize, and
macerate plant tissues (Kasza et al. 2004, Li.2G04b; Yajima and Kav 2006).
More importantly, the acidic conditions caused by @ctivate a range of
isoforms of endo-/exo-polygalacturonase (endoPG/&oand pectin methyl
esterase (PME), members of cell wall degrading sy (Li et al. 2004Db).
Moreover, PGs are encoded by multigene families tarsigrants the different
specificities, which can confer the adaptative ifddity to pathogens when
infecting different hosts or plant organs (De e et al. 2001) (Figure 1-1).
Besides, the multiplicity of PGs is further strdmgted by base substitutions
(Fraissinet-Tachet et al. 1995; Li et al. 2004k post translational modifications
including glycosylation, proteolytic modificationEarpita and Gibeaut 1993;
Hegedus and Rimmer 2005). Polygalacturonasesesult in the maceration of
tissue because they degrade the middle lamelleeAssvprimary cell wall homo-
galacturonans through the hydrolyzation of internél-4) glycosidic bonds
(Zuppini et al. 2005). Li et al (2004b) identifiédur genes encoding endoPGs
(SSPG1ld SSPG3 SSPG5 and SSPGH and two genes encoding
exopolygalacturonaseS$XPGlandSSXPGR2 Among these PGs, SSPG1d was
detected in the early stagesSfsclerotiorunpathogenesis (Li et al. 2004b). The
function of PGs during infection was demonstratgdtdrgeted mutagenesis in
many fungal pathogens, includingspergillus flavus(Shieh et al. 1997)B.
cinerea(ten Have et al. 1998Renicillium alsonii(Wagner et al. 2000) ané.
oxysporum(Garcia-Maceira, et al. 2001). Furthermore, mamudies observed
that the PGs are activated by pectin or galactaranid while they are repressed
simple sugars (Fraissinet-Tachet et al. 1995; Lalet2004b). However, the
importance and the specific roles of these multid&s isoforms, as factors in
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pathogen virulence, need to be elucidated latgi_-bet al. 2004b). For example,
the necrotizing activity of five endoPGs Bf cinerea which is similar toS.
sclerotiorumunder the same genusas investigated on tomato, broad bean and
Arabidopsis (Kars et al. 2005). In this study, B&was observed to be an
important virulence factor fd8. cinerea(Kars et al. 2005). It has also been found
that endoPG 08. sclerotioruntan induce calcium-mediated signaling as well as
programmed cell death (PCD) in soybean (Zuppimi.€2005), whereas this PCD
response in host cells for necrotrophic pathogernsally help the infection of
such pathogen (Dickman et al. 2001; Govrin and me\2000). Also, this PG-
induced PCD may inhibit plant PGIP and hence isteriwith plant resistance
(Zuppini et al. 2005). PGs produced early duringnp infection by S.
sclerotiorum may also be targeted by recombinant antibody tdolggoto

neutralize their activities and lead to durabletahce to this pathogen.

Alternaria brassicadBerk.) Sacc
Kingdom: Fungi

Phylum: Ascomycota
Class: Ascomycetes
Sub-class: Dothideomycetes
Order: Pleosporales (anamorph Bipolaris, Curvu)aria
Family: Isotomoidea
GenusAlternaria

Dark leaf and pod spot, caused Aiternaria brassicae((Berk.) Sacc.
1880) is an important disease of Brassaaps world-wide (Saharan 1993A.
brassicaecan affect host species at all stages of growttiuding seeds (Agrios
1997). In oilseed rape, dark leaf spot generalgsthot affect the yield, but when
this disease spreads extensiveyo pods leading to dark pod spot, it ézad to
severe losses in yield and quality (Awasthi and t&al989). The survival
structures ofA. brassicaeconsist of microsclerotia and chlamydospores &érgis
on partially decayed infected leaves (Tripathi afalishik 1984). Alternaria
brassicae after sporulation, may produce up to ten confdian conidiophores
(Rangel 1945; Sharma et al. 2007).
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After germination, A. brassicaeproduces at least one germ tube to
penetrate stomata, cuticle and wounds (Rotem 199d&d production is affected
by A. brassicaeand two otheAlternaria speciesA. brassicicolaandA. raphan)
through shriveling of seeds within the pods anditing the pod stalks before
seed formation, which also help bacteria to efterstem and finally results in the
death of plants (Chupp and Sherf 1960). Mycelighed pathogen living within
the seed or the spores existing on the seed coaélltawv for the spread of the
disease and lead to a loss of seedlings (Rangé)1%hen it causes leaf spot, it
exists in the center of the lesion which is enemncby a chlorotic halo (Agrios
1997).

Recent progress on the studyfofbrassicae
Athough our understanding of Alternargathogenesis mechanisms is limited

(Lawrence, et al. 2008), Alternaria species possgesmain features: one is the
production of melanin and the other is the produrctof host-selective toxins
(Thomma 2003). Melanins are pigments that profiectgi against harsh
conditions like UV radiation and extreme temperasu(Kawamura et al. 1999;
Lockwood 1960; Rehnstrom and Free 1996) and arg weportant in both
conidial development and virulence (Kawamura et ¥99). The toxins
produced byA. brassicaeinclude destruxin B and homodestruxin B (Ayer and
Penarodriguez 1987; Bains and Tewari 1987; Buchveald Jensen 1991; Tewari
and Bains 1997). Destruxin B produced Adybrassicaehas been well-studied
(Cal, et al. 1998; Gupta, et al. 1989; Sharma aeafi 1996). It was observed
that the symptoms caused By brassicaeand destruxin B are similar, which
further confirmed the role for this toxin in thetpagenicity of this organism
(Shivanna and Sawhney 1993). It opened a field ifrestigation into
resistant/susceptible plants based on these t¢Redras et al. 2000). Destruxin
B was first characterized as a host-specific t¢iains and Tewari 1987), while
more recent studies observed that it is not a $pstific toxin even though toxin
sensitivity decreases in non-host species (Buchveald Green 1992; Parada et
al. 2007). Like other necrotrophic pathogeflernaria species can also secrete

CWDEs, which play important roles during the infent process (Eshel et al.
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2002). In summary, even though the details reggrtie mechanisms underlying
infection and disease progression may be lackiogsiderable progress has been
made in understanding the roles of toxins and s@WeéDEs in this case
(Lawrence et al. 2008). With the completion of #e brassicicolagenome
sequencing project, it is only a matter of timedoefadditional genes involved in

pathogenesis are identified and characterized (&aee et al. 2008).

Traditional approaches to managing the two fungi
A combination of cultural and chemical means can used to controlS.

sclerotiorum (Agrios 1997). Crop rotation is important praetito reduce the
sclerotial population in the soil (Agrios 1997). u® to the long survival of
sclerotia, the use of deep plowing is questionedrigs 1997). Also, drip
irrigation was found to be able to dramaticallyueel the incidence of sclerotinia
disease (http://cesantabarbara.ucdavis.edu/ipmpR.hBimological control has also
been investigated over the last few decades becHusereasing concerns over
the use of chemical pesticides (Bardin and Huaril R0Many biological agents
are potential to control this disease and aredigteTable 1-1. The biocontrol
agents most widely studied are mycoparasitic fuhgpovirulent strains of.
sclerotiorum bacteria and insects (Bardin and Huang 2001) |€Tab1).
Applying organic and inorganic materials or formath compounds have also
been shown to suppreSs sclerotiorun{Huang and Huang 1998).

Few genetic sources of resistance to the pathogeavailable to breeders
(Liu, et al. 2005) and this has resulted in theligppon of fungicides being a
major control method for Sclerotinia disease (Bamnd Huang 2001; Steadman
1979). This method has been used successfully conamercial scale with
soybean, dry bean, oilseed rape and some vege(@&@adsy, et al. 2000; Budge
and Whipps 2001; del Rio, et al. 2004; Twengstremal. 1998). Benomyl,

thiophanate-methyl, vinclozolin and Tebuconazotesame of the fungicides that

20



Table 1-1 Chemical and biological control of twau

S. sclerotiorum A. brassicae
Benomyl, Thiophanate- Dithane M-45 (Mancozeb), Dithane Z-78
methyl, Vinclozolin, (Zineb), ziram, Difolatan-80, Blitox-50, Benlate
. Tebuconazole (Mueller, et (Ansari, et al. 1990); Iprodione, fenpropimorph
fungicide al. 2002). (Maude, et al. 1984); Thiram (Valkonen and
Koponen 1990)
Gliocladium catenulatum  Actinomycete fungusStreptomyces arabicus
(Gilman and Abbott, 1927); (Sharma, et al. 1984; Sharma, et al. 1985).
Trichoderma viridePers.
Ex Fr (Bardin and Huang
2001) ;Coniothyrium
biological ~ minitansandTalaromyces
control flavus(Klécker) Stolk and

Samson (Huang and
Erickson 2000).
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were able to control Sclerotinia stem rot on soybi@athe greenhouse (Mueller,
et al. 2002). However, how to achieve a good spoaerage is interfered by the
number of blossoms within canopy and density oingslaand how to spray
fungicide timely needs an effective a forecastiagl {Morton and Hall 1989).

More importantly, the development of resistancefuagicides threatens the
continued effectiveness of this mode of diseasérab{Morton and Hall 1989).

Different forecasting systems are employed besidegine chemical
control, and include a petal testing method to hpkdict Sclerotinia in canola
(Turkington, et al. 1991). This prediction metheds developed based on the
relationship between disease incidence and thé déwefestation of petals by the
pathogen at early bloom (Turkington, et al. 1991A risk-point table was
developed but the forecast based on risk map wasasiaccurate for different
fields (Bom and Boland 2000a). Use both petalstafgon and enzyme-linked
immunosorbent assay (ELISA) can reduce some ofstt@tcomings of each
forecast method as assessment tools for risk of st& on canola (Bom and
Boland 2000b). Forecast maps of riskSofsclerotiorunon canola are currently
available to growers in both Manitoba for canola @he northern midwestern
United States for white mold of bean (McLaren et 2004). However, it is
region-based and is not accurate for individuahdhcLaren et al. 2004). All of
these methods have their own inherent shortconaaggluded to earlier.

The detailed review for control of. brassicaehas been provided
previously (Sharma 2008). Basically, rotation witbn-cruciferous crops and
eradication of cruciferous weed hosts can helprobAt brassicagHumpherson-
Jones 1989). Since spores can survive on leafetifsr 8 to 12 weeks and on
stem tissue for up to 23 weeks, fields that aréargpd soon after harvest often
coincide with a large amount of inocula, which ikely to effect the crop's
emergence and early growth stages (Humpherson-1&883. To both minimize
the risk of severe losses and the unnecessaryf isegicide, forecast systems for
dark pod spot epidemics on oilseed rape are negthran 1992; Verma and
Saharan 1994).
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Current studies on plant responses t&. sclerotiorum
Activation of plant defense systems against negpdiic pathogens is complex

because HR-PCD triggered by the pathogen and etdsleath pathway provides
the necrotic tissue and nutrients that these foegiire to grow (Dickman et al.
2001; Govrin and Levine 2000). Although it has beeported that a JA/ET-
dependent pathway is involved in the plant respdaseecrotrophic pathogens,
the specific signal transduction pathways assatiaith S. sclerotiorumnfection
have not been reported. Additionally, three knophmytoalexins have been
isolated from leaves oErucastrum gallicum(resistant toS. sclerotiorurh and
these phytoalexins may become useful markers faistece againstS.
sclerotiorum (Pedras, et al. 2004). Current approaches that amdyin the
engineering of plants with tolerance/resistancé tesclerotiorumare described

below.

Interaction of OA and oxalate oxidase (OXO)
OA is a pathogenicity factor secreted By sclerotiorum(Godoy et al. 1990;

Guimaraes and Stotz 2004) (Figure 1-1). Henceradigng the secreted OA is an
obvious approach to alleviate this disease (Lu 200Bhree catabolic enzymes
can metabolize OA and they are OXO, oxalate desgthse and oxalyl-CoA
decarboxylase (Lane et al. 1991; Mehta and Daf@i@11Lung et al. 1994; Lu
2003). Of them, OXO has been well studied in ttostext (Lane et al. 1993;
Kotsira and Clonis, 1997). This enzyme can rel€&a®gand HO, from O, and
OA without any toxic effects on plants. OXO waslaed firstly from barley and
wheat (Kotsira and Clonis 1997; Lane et al. 1998) & also named wheat
germin (Dunwell et al. 2000; Lane 2000). Moreovgermins from monocot
such as wheat, barley, maize, oat, rice, rye amé pxhibited OXO activity
(Dunwell, et al. 2000; Lane 2000). Transgenic saybwith a wheat OXO gene
was developed and showed greatly reduced diseageepsion and lesion length
following cotyledon and stem inoculation wigh sclerotiorum(Donaldson et al.
2001). The heteologous expression of OXO in baijbean and sunflower
exhibited enhanced resistance aga#issclerotiorum(Lu 2003; Hu et al. 2003).
Recently, transgenic oilseed rape constitutivelgregsing wheat OXO has been
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shown to have significantly greater OXO activityddrigher resistance to OA and
S. sclerotiorumcompared to untransformed control plants (Liu ket 28905).
Beside its function of degrading OA, OXO also ¢lithe defense-inducing
molecule HO,, SA and defense gene expressing and these dwed mobke
combating Sclerotinia disease more promising (LOR2Mu et al. 2003)Hence,
the strategy to comb&. sclerotiorunthrough degrading the secreted OA shows

promise as a means to genefatsclerotiorunmresistant canola.

Interaction of PGs and polygalacturonase-inhibitingproteins (PGIPS)
Biochemical evidence suggests that PGIPs are impofor plant defense both

vitro (Lafitte et al. 1984) andh vivo (Bailey et al. 1992; Ferrari et al. 2003;
Powell et al. 2000; Salvi et al. 1990). PGIPs kécine-rich repeat (LRR)
glycoproteins associated with the cell wall of batitonocots and dicots (De
Lorenzo et al. 2001; De Lorenzo and Ferrari 200®2) eounteract the action of
fungal PGs. It interfered the degradation of hoatacturonan by PGs through
slowing the hydrolytic activity of endoPGs and lead to the increase of
oligogalacturonides (OGs), which are elicitors ofaiety of defense responses
(D'Ovidio et al. 2004). But PGIPs have not showhibitory activities against
other pectic enzymes either of microbial or plarigio (Cervone et al. 1990).
There are distinct classes BGIP genes based on differences in structure and in
function and it is this multiplicity that confer @hspecific recognition between
PGIPs and fungal secreted PGs (D'Ovidio et al. ROGdowever, future studies
about the interaction and specificity between PG#Pgl PGs remain to be
elucidated and may have a possible applicatiomap protection (D'Ovidio et al.
2004). More importantly, over-expression of PGI&s tbeen considered as a
possible strategy to increase plant resistancestasdes (Favaron et al. 2004).

Current studies on responses in plants té. brassicae
Plants species such @annabis sativa, Capsella bursapastoasd Sinapis alba

are resistant tA. brassicaeand their defense mechanisms are elucidated by
Pedras (1998). In resistant lines ©f sativaand C. bursapastoriscamalexin

(phytoalexin) can inhibit the production of destiruB (Pedras 1998). Also, in
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Sinapis albait is hydroxylation of destruxins that make the plantsiétoxify the
toxin from A. brassicagPedras et al. 2001). Hence, characterizatigdhefene
encoding destruxin B hydroxylase may have potenf@ plant genetic
engineering again®. BrassicagPedras et al. 2001).

A proteomic study on the mechanism underlying the
incompatible/compatible interaction of the pathésys has been reported
(Sharma et al. 2007). They observed that planisatefrom cross-hybridization
of B. napusandB. carinatashowed tolerance tA. brassicaeand some proteins
involved in ROS detoxification were induced in tfaderant lines together with
Nucleoside diphosphate kinase, playing role in aligmansduction pathway
(NDPK; Sharma et al. 2007). The defense system.dbrassicicolaresistant
Arabidopsis inoculated witA. brassicicolahas also been well studied (Lawrence
et al. 2008). A. brassicicola which belongs to the same genusfadrassicag
can also cause black spot Bnnapus(Agrios 1997). A response similar to that
of Arabidopsis toA. brassicicola,which involved JA-mediated defense but not
SA-mediated defense, has also been observed im pléwets when challenged
with necrotrophic fungi such asRythiumspeciesandBotrytis cinereg Staswick
et al. 1998; Vijayan et al. 1998). It is believeétt the JA-mediated defense
response is important for resistance (Thomma et948). It is also known that
the phytoalexin camalexin is important for the semice of Arabidopsis té.
brassicicolabased on the observation that gal-3mutant which is deficient in
camalexin biosynthesis, is more susceptibleAtobrassicicolathan wild-type
plants (Thomma et al. 1999; Zhou et al. 1999). ddwer, some transcription
factors such as R2R3-MYB (Mengiste, et al. 2003 apecific WRKY
transcription factors (Li et al. 2006; Zheng et24l06) also appear to be important
in Arabidopsis responses té. brassicicola This valuable pathosystem
(ArabidopsisA. brassicicold may also contribute to our understanding of the
canolaA. brassicaanteraction (Lawrence et al. 2008). .

Recombinant antibodies and their application in plat pathology
Many kinds of antibody fragments, produced throwgbombinant technology,

retain the antigen specificity of the whole immulodiglins, which are including

25



variable fragments (Fv), disulfide-stabilized Fagments (dsFv), Fab fragments,
and single chain variable fragments (ScFv) (Dubatl &ontermann 2001).
Briefly, cDNA encoding these fragments are isoldredn B-cells of either non-
immunized or immunized animals and later on theegeswre amplified through
PCR using degenerate primers (Dubel and Konterr@@0id). The use of phage
display techniques to isolate recombinant antitetes the potential to reduce or
eliminate the need for animals in antibody productand also to eliminate
expensive hybridoma technology used in the prodoaif monoclonal antibodies
(Chen et al. 2006; Das et al. 2004; Padiolleauirefect al. 2007). Phage
displaying antibodies on their coat proteins alsotain the corresponding genetic
information encoding the antibodies (McCaffertyabt 1990) and up to 1x10
different antibodies clones can be isolated froragehdisplay library (Dubel and
Kontermann 2001).

The antibody-based strategy has benefited fronptbgress made in our
understanding of plant diseases and the charaatienzof many proteins that are
critical to pathogen infection, replication andesut (Schillberg et al. 2001). For
example, the application of polyclonal antibodiasyéeting specific pathogenicity
and virulence factors has been shown to protecarnmnmango, and avocado
from Colletotrichum gloesporioides(Wattad et al. 1997). Recombinant
antibodies, especially of the single chain variddgment (ScFv) type produced
using phage display techniques, have also beenfoséde diagnosis of disease
as well as for engineering disease tolerance (Qogutal. 2009; Conrad and
Fiedler 1998; Nolke et al. 2009; Schillberg et 2001). ScFvs consist of one
variable heavy (M) and one variable light (Y chain of a whole antibody linked
by a short polypeptide (Burmester and Plcikthun1200ScFv fragments have
either equivalent or lower binding specificitieschase of the fact that both
variable domains are present in a single polypep{fichillberg et al. 2001).
Therefore, ScFv antibodies remain the most prdcties to engineer a stable,
minimal binding domain from a parental full-sizetibndy, making them very
attractive for antibody-based plant genetic engingegNolke et al. 2006). ScFvs

have been developed for applications in diagngdtint pathology (Cogotzi et al.
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2009; Yajima et al. 2008) as well as for other apions in plant science
including for the neutralization of mycotoxins inimal feedgYuan et al. 2000),
creating gibberellin-deficient plants (Suzuki, et. £2008) and vaccines
(McCormick, et al. 2008).

In the past, conventional breeding based on crgsssereening and
backcrossing were used to generate plant linestagsi to viral, bacterial or
fungal pathogens (Melchers and Stuiver 2000). Readvances in molecular
biotechnology have made it possible to obtain aratlify genes that may be
useful for generating disease tolerant/resistasjiand include the expression of
pathogen-derived sequences or anti-pathogenic ag&atillberg et al. 2001).
One approach has involved the expression of angkBodr antibody fragments
that target and inactivate plant pathogens or emcé factors produced by the
pathogen (Tavladoraki et al. 1993). For exampkdgenic plants expressing
ScFvs targeted against the viral coat protein efatiichoke mottled crinkle virus
(AMCV) demonstrated increased tolerance againsip#tbogen (Tavladoraki et
al. 1993). Similarly, recombinant antibodies proeld in plants have been
demonstrated to interact with and inactivate inmgdiungal pathogens, thereby
generating fungus-resistant plants (Boonrod e2@0b4; Nolke et al. 2004). An
example of resistance to fungal pathogens mediayetecombinant antibodies
linked to an antifungal peptide is the generatibriransgenic Arabidopsis with
high levels of resistance to the phytopathogenigfis, Fusarium oxysporunf.
sp. matthiolae (Peschen et al. 2004). However, due to the raeduconditions
and the nature of the ScFv itself, these antibogeeerally accumulate too low or
undetectable levels in the cytosol (Schillberg le2801). Many methods have
been developed to stabilize the ScFv and hencetteadproved production of
these antibodies in plants (Schouten et al. 196[@p&en et al. 1996; Sunilkumar
et al. 2008). Nevertheless, it is clear that gsidin the applications of antibodies
to engineer plants with tolerance/resistance tbquens are producing promising

results.
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Objectives and significance of this research
Although a considerable amount of information oruldnce factors, including

OA, secreted byS. sclerotiorumis available, very little is known about the
molecular events that occur in canola upon infechy this pathogen.

(1) Gene expression profiling has the potential identify novel
regulatory gene networks involved in mediating plagsponses to pathogen
infection and may contribute to an integrated usideding of complex plant-
pathogen interactions (Maleck et al. 2000). Mosidigts are focused on the
incompatible interactions on host and non-hoststasce to avirulent pathogens,
while the understanding of compatible interactiorsains relatively limited
(Kazan et al. 2001). In order to understand théeoudar events in canola upon
infection byS. sclerotiorumwe first used microarray technology to invesegat
the transcript changes of genes in canola infebie8. sclerotiorumat various
time points.

(2) Based on the information gleaned from our nacray analysis and to
further investigate the signaling pathways involviedtwo pathosystemsB(
napusS. sclerotiorumand B. carinataS. sclerotiorurjy we selected five
orthologs as a set of representative genes ofAl€lJand SA signaling pathways
for further study. It remains unknown whether @ased ET levels can influence
the BrassicaS. sclerotiorumhence, we characterized the response of trartsgeni
aminocyclopropane-1-carboxylate (ACC)-deaminas®leato S. sclerotiorunto
further elucidate the role of ET as a signaling ecale in plant defense against
this pathogen.

(3) Despite the previously mentioned importanceVORKY TFs in
pathogen responses and hormone signaling in Arpbiglorice and many other
plants, there are no reports describing WRKY TFsdnola and their role(s) in
mediating responses to the two fungal pathogens. ortder to identify and
characterize WRKY TFs involved in the interactidnwo pathosystems (canola-
S. sclerotiorumand canol&\. brassicag we mined public databases to identify
WRKY TF genes and investigated their evolutionamiationships with

counterparts from Arabidopsis and rice. We exanhirtbe sub-cellular
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localization of four BN WRKY proteins using greemudtescent protein (GFP).
Subsequently, we studied the responses of repegsenimembers of distinct
WRKY clades to two fungal pathogerfs. (sclerotiorumandA. brassicagas well
as to five plant hormones in order to gain furtimsights into their roles in canola
defense responses.

(4) To explore the use of ScFv antibody fragmengtsrestS. sclerotiorum
infection, we isolated two ScFv antibodies agal®SPG1d, which is one of the
virulence factors ofS. sclerotiorum and characterized these two ScFvs. We
hypothesized that by specific recognition of SSP@&trdugh ScFv-SSPG1d or
ScFv-3796 together with othé. sclerotiorunspecific antibodies, it might be
possible to develop a new diagnostic assay to atayrand quickly detect the
presence of this fungus in canola fields.

(5) We hypothesized that by inhibiting selectedulence factors
including endoPG by ScFv antibodies, we might bk db prevent or delay
infection of canola bys. sclerotiorum To test the hypothesis, one peptide from
SSPG1d and whole SSPG1d (recombinant protein esguesnd purified fronk.
coli) were used to isolate ScFv antibodies using pliig@ay technology. The
ScFv genes were introduced itothalianaand canola to test the ability of these
ScFvs to protect plants againSt sclerotioruminfection. Hopefully, the
economic losses in canola production cause8.sclerotiorunmay be alleviated
through our efforts and this work will ultimatelemhefit farmers by avoiding the
use of potentially environmentally unsafe chemicatgl by helping breeders
decrease the time needed to cultivate new varietiesingal disease-resistant

crops.

29



References
Abang M.M., Baum M., Ceccarelli S., Grando S., Lin@ C.C., Yahyaoui A.,

Zhan J.S., McDonald B.A. (2006) Differential selection on
Rhynchosporium secaliduring parasitic and saprophytic phases in the
barley scald disease cyckhytopathologyp6, 1214-1222.

Agrios. (1997). Plant pathology, 4th edition, 357.

Aist J.R. (1976) Cytology of penetration and infeeébn-fungi. In Encyclopedia
of Plant Physiology New Series, Heitefuss, R.; Widims, P.H. Physiol
Plant Pathol4, 197-221.

Allwood J., Ellis D.I., Goodacre R.(2007) Metabolomic technologies and their
application to the study of plants and plant—-ho&tractionsPhysiologia
Plantarum132 117-135.

An Q.L., Huckelhoven R., Kogel K.H., Van Bel A.J.E.(2006) Multivesicular
bodies participate in a cell wall-associated dedenesponse in barley
leaves attacked by the pathogenic powdery mildengids. Cellular
Microbiology8, 1009-1019.

Ansari N.A., Khan M.W., Muheet A. (1990) Evaluation of some fungicides for
seed treatment and foliar application in managenoérdamping-off of
seedlings and blight of rapeseed caused Alternaria brassicae
Mycopathologial 10, 163-167.

Arshad M., Frankenberger W. (1992) Microbial production of plant growth
regulators. In Soil Microbial Ecology, 307-347.

Asai T., Stone J.M., Heard J.E., Kovtun Y., YorgeyP., Sheen J., Ausubel
F.M. (2000) Fumonisin Bl-induced cell death in Arabisispgprotoplasts
requires jasmonate-, ethylene-, and salicylateudp® signaling
pathwaysPlant Cell12, 1823-1835.

Asai T., Tena G., Plotnikova J., Willmann M.R., Chu W.L., Gomez-Gomez
L., Boller T., Ausubel F.M., Sheen J.(2002) MAP kinase signalling
cascade in Arabidopsis innate immunitiature415 977-83.

Assaad F.F., Qiu J.L., Youngs H., Ehrhardt D., Zimnerli L., Kalde M.,
Wanner G., Peck S.C., Edwards H., Ramonell K., Somélle C.R.,

30



Thordal-Christensen H. (2004) The PEN1 syntaxin defines a novel
cellular compartment upon fungal attack and is iregufor the timely
assembly of papillaévol Biol Cell 15, 5118-5129.

Awasthi R.P., Kolte S.J.(1989) Effect of some epidemiological factors on
occurrence and severity oi Alternaria blight ofeaped and mustard. Oil
crops: Proceedings of the three meetings held attnBgar and
Hyderabad, India. 4-17

Ayer W.A., Penarodriguez L.M. (1987) M Metabolites produced by alternaria-
Brassicae, the black spot pathogen of cardoat Prods0, 408-417.

Bailey J.A., O'Connell R.J., Pring R.J., Nash C(1992) Infection strategies of
Colletotrichum species, in: J.A. Bailey, A. Jegédg.), Colletotrichum
Biology, Pathology and Control, 88-120.

Bailey K.L., Johnston A.M., Kutcher H.R., Gossen H)., Morrall R.A.A.
(2000) Managing crop losses from foliar diseasesh wilngicides,
rotation, and tillage in the Saskatchewan Parkl&@ah J Plant ScBO0,
169-175.

Bains P.S., Tewari J.P(1987) Purification, chemical characterisation &odt-
specificity of the toxin produced bklternaria brassicae Physiol Mol
Plant Pathol.30, 259-271.

Bardin S.D., Huang H.C.(2001) Research on biology and control of Sclerati
diseases in Canada@an J Plant PathoR3, 88-98.

Beare J.L., Craig B.M., Youngs C.G., Campbell J.A.(1963) Effects of
Saturated Fat in Rats Fed Rapeseed@idh J Biochem Physidll, 605-

&.

Bhat R.A., Miklis M., Schmelzer E., Schulze-LefertP., Panstruga R.(2005)
Recruitment and interaction dynamics of plant pexiein resistance
components in a plasma membrane microdont&ioc Natl Acad Sci U S
A 102 3135-3140.

Boland G.J., Hall R. (1994) Index of Plant Hosts @&clerotinia sclerotiorum
Can J Plant Pathol6, 93-108.

31



Boller T. (1991) Ethylene in pathogenesis and disease resestén AK Matoo,
JC Suttle, edsThe Plant Hormone Ethylen293-314.

Bolton M.D., Thomma B., Nelson B.D(2006)Sclerotinia sclerotiorungLib.) de
Bary, biology and molecular traits of a cosmoguolipathogenMol Plant
Pathol 7, 1-16.

Bom M., Boland G.J. (2000a) Evaluation of disease forecasting varmtbe
sclerotinia stem rotSclerotinia sclerotiorutnof canola.Can J Plant Sci
80, 889-898.

Bom M., Boland G.J. (2000b) Evaluation of polyclonal-antibody-based
immunoassays for detection 8tlerotinia sclerotiorunon canola petals,
and prediction of stem ro€an J Microbiol46:723-729

Boonrod K.J., Galetzka D., Nagy P.D., Conrad U., Kezal G. (2004) Single-
chain antibodies against a plant viral RNA-depehd@NA polymerase
confer virus resistancélat BiotechnoP?2, 856-862.

Brodersen P., Petersen M., Nielsen H.B., Zhu S.JNewman M.A., Shokat
K.M., Rietz S., Parker J., Mundy J.(2006) Arabidopsis MAP kinase 4
regulates salicylic acid- and jasmonic acid/ethgldependent responses
via EDS1 and PAD#lant J47, 532-546.

Buchwaldt L., Jensen J.S(1991) HPLC purification of destruxins produced by
Alternaria brassicae in culture and leaves Bfassica napus
Phytochemistr302311-2316.

Buchwaldt L., Green H. (1992) P Phytotoxicity of destruxin-B and its pbs
role in the pathogenesis of Alternaria-Brassi¢dant Pathol41, 55-63.

Budge S.P., Whipps J.M.(2001) Potential for integrated control $€lerotinia
sclerotiorum in glasshouse lettuce using Coniothyrium minitaarsd
reduced fungicide applicatioRhytopathologyl, 221-227.

Bull J.J. (1994) Perspective - VirulencBvolution48, 1423-1437.

Burmester J., Plcikthun A. (2001) Im: Antibody Engineering. R. Kontermann
and S. Dubel, Eds., 19-40.

Cai P., Smith D., Katz B., Pearce C., Venables Dand Houck, David. (1998)
Destruxin-A4 chlorohydrin, a novel destruxin fromnfjus OS-F68576:

32



isolation, structure determination, and biologiaativity as an inducer of
erythropoietinJ Nat Prod61, 290-293.

Cao T., Kim Y., Kav N.N., Strelkov S.E.(2009) A proteomic evaluation of
Pyrenophora tritici-repentiscausal agent of tan spot of wheat, reveals
major differences between virulent and avirulemmiates.Proteomics9,
1177-1196.

Carpita N.C., Gibeaut D.M. (1993) Structural models of primary-cell walls in
flowering plants-consistency of molecular-structuwéh the physical-
properties of the walls during growtRlant J3, 1-30.

Cervone F., Delorenzo G., Pressey R., Darvill A.GAlbersheim P.(1990) Can
phaseolus Pgip inhibit pectic enzymes from microlzesl plants.
Phytochemistry9, 447-449.

Cessna S.G., Sears V.E., Dickman M.B., Low P.$%2000) Oxalic acid, a
pathogenicity factor for Sclerotinia sclerotiorusuppresses the oxidative
burst of the host planRlant Cell12, 2191-2199.

Chang L.F., Karin M. (2001) Mammalian MAP kinase signalling cascades.
Nature410, 37-40.

Chen C.B., Dickman M.B.(2005) cAMP blocks MAPK activation and sclerotial
development via Rap-1 in a PKA-independent manmneSdlerotinia
sclerotiorum Mol Microbiol 55, 299-311.

Chen C.B., Harel A., Gorovoits R., Yarden O., Dickman M.B. (2004) MAPK
regulation of sclerotial development 8tlerotinia sclerotiorums linked
with pH and cAMP sensind/ol Plant-Microbe Interact17, 404-413.

Chen C.H., Chen Z.X.(2002) Potentiation of developmentally regulatéanp
defense response by AtWRKY18, a pathogen-inducedbidopsis
transcription factorPlant Physioll29 706-716.

Chen L.H., Huang Q.A., Wan L., Zeng L.Y., Li S.F.,Li Y.P., Lu X.F., Cheng
J.Q. (2006) Expression, purification, and in vitro reliag of a humanized
single-chain Fv antibody against human CTLA4 (CD1%Zotein Expr
Purif 46, 495-502.

33



Chen Q.H.G., Bleecker A.B.(1995) Analysis of ethylene signal-transduction
kinetics associated with seedling-growth respomgkchitinase induction
in wild-type and mutant arabidopsiBlant Physioll08 597-607.

Cheong Y.H., Moon B.C., Kim J.K., Kim C.Y., Kim M.C., Kim I.H., Park
C.Y., Kim J.C., Park B.O., Koo S.C., Yoon H.W., Chmg W.S., Lim
C.0., Lee S.Y., Cho M.J.(2003) BWMK1, a rice mitogen-activated
protein kinase, locates in the nucleus and mediaé¢isogenesis-related
gene expression by activation of a transcriptiandia Plant Physiol132,
1961-1972.

Chisholm S.T., Coaker G., Day B., Staskawicz B.J(2006) Host-microbe
interactions: Shaping the evolution of the plantmume responseCell
124, 803-814.

Chivasa S., Ndimba B.K., Simon W.J., Lindsey K., @bas A.R. (2005)
Extracellular ATP functions as an endogenous eatemmetabolite
regulating plant cell viabilityPlant Cell17, 3019-3034.

Chupp C., Sherf A.F.(1960) Vegetable diseases and their control. Theakio
Press Company. New York.:267-269.

Cobb M.H., Xu S., Cheng M., Ebert D., Robbins D., Gldsmith E. (1996)
Structural analysis of the MAP kinase ERK2 and igtsidf MAP kinase
regulatory pathway#\dvPharmacol36, 49-65.

Cogotzi L., Giampetruzzi A., Nolke G., Orecchia M.,Elicio V., Castellano
M.A., Martelli G.P., Fischer R., Schillberg S., Salarelli P. (2009) An
assay for the detection of grapevine leafroll-asged virus 3 using a
single-chain fragment variable antibodych Virol 154, 19-26.

Collins N.C., Thordal-Christensen H., Lipka V., BauS., Kombrink E., Qiu
J.L., Huckelhoven R., Stein M., Freialdenhoven A.Somerville S.C.,
Schulze-Lefert P.(2003) SNARE-protein-mediated disease resistahce a
the plant cell wallNature425 973-977.

Collmer A., Keen N.T. (1986) The role of pectic enzymes in plant patheges.
AnnuRev Phytopathd?4, 383-4009.

34



Conrad U., Fiedler U. (1998) Compartment-specific accumulation of
recombinant immunoglobulins in plant cells: an esisétool for antibody
production and immunomodulation of physiologicalndtions and
pathogen activityPlant Mol Biol38, 101-109.

Custers J., Harrison S.J., Sela-Buurlage M.B., vabeventer E., Lageweg W.,
Howe P.W., van der Meijs P.J., Ponstein A.S., SimerB.H., Melchers
L.S., Stuiver M.H. (2004) Isolation and characterisation of a claks o
carbohydrate oxidases from higher plants, with la no active defence.
Plant J39, 147-160.

D'Ovidio R., Mattei B., Roberti S., Bellincampi D.(2004) Polygalacturonases,
polygalacturonase-inhibiting proteins and pectiegahers in plant-
pathogen interaction8iochim Biophys Actdl696 237-244.

D’Arcy C.J., Eastburn D.M., Schumann G.L. (2001) Illustrated glossary of
plant pathology.The Plant Health InstructoDOI: doi: 10.1094/phi-1-
2001-0219-01.

Dangl J.L., McDowell J.M. (2006) Two modes of pathogen recognition by
plants.Proc Natl Acad Sci U S.A03 8575-8576.

Das D., Kriangkum J., Nagata L.P., Fulton R.E., Suesh M.R. (2004)
Development of a biotin mimic tagged ScFv antibafjainst western
equine encephalitis virus: bacterial expression asfdlding. J Virol
Methodsl17, 169-177.

Davletova S., Rizhsky L., Liang H.J., Zhong S.Q., ver D.J., Coutu J.,
Shulaev V., Schlauch K., Mittler R. (2005) Cytosolic ascorbate
peroxidase 1 is a central component of the reactkygen gene network
of ArabidopsisPlant Cell17, 268-281.

De Lorenzo G., Ferrari S. (2002) Polygalacturonase-inhibiting proteins in
defense against phytopathogenic ful@irr Opin Plant Biol5, 295-299.

De Lorenzo G., D'Ovidio R., Cervone F(2001) The role of polygalacturonase-
inhibiting proteins (PGIPs) in defense against pgémic fungi.Annu Rev
Phytopathol39, 313-35.

35



del Rio L.E., Venette J.R., Lamey H.A.(2004) Impact of white mold incidence
on dry bean yield under nonirrigated conditioRtant Disease38, 1352-
1356.

Dickman M.B., Park Y.K., Oltersdorf T., Li W., Clemente T., French R.
(2001) Abrogation of disease development in plaxpressing animal
antiapoptotic gene®roc Natl Acad Sci U S 88, 6957-6962.

Donaldson P.A., Anderson T., Lane B.G., Davidson A., Simmonds D.H.
(2001) Soybean plants expressing an active oligmneealate oxidase
from the wheat gf-2.8 (germin) gene are resistarthé oxalate-secreting
pathogen Sclerotina sclerotioruRhysid Mol Plant Pathols9, 297-307.

Dong X. (1998) SA, JA, ethylene, and disease resistangdaints. Curr Opin
Plant Biol1, 316-23.

Dubel S., Kontermann R.(2001) Recombinant antibodies. In: Kontermann, R
and Duel S (eds), Antibody Engineering 3-16.

Dunwell J.M., Khuri S., Gane P.J. (2000) Microbial relatives of the seed
storage proteins of higher plants: Conservation sbfucture and
diversification of function during evolution of theupin superfamily.
Microbiol Mol Biol Rev64, 153-+.

Durrant W., Rowland O., Piedras P., Hammond-Kossak<., Jones J.(2000)
cDNA-AFLP reveales a striking overlap in the rapedfic resistance and
wound response expression profilekant Cell12, 963-77.

Durrant W.E., Dong X. (2004) Systemic acquired resistancd®nnu Rev
Phytopathok2, 185-209.

Duval I., Brochu V., Simard M., Beaulieu C., Beaudm N. (2005) Thaxtomin
A induces programmed cell death Arabidopsis thalianasuspension-
cultured cellsPlanta222 820-831.

Ebert D., Bull J.J. (2003) Challenging the trade-off model for the lation of
virulence: is virulence management feasibleénds Microbioll1, 15-20.

Egan M.J., Talbot N.J. (2008) Genomes, free radicals and plant cell ilvas
recent developments in plant pathogenic fu@yirr Opin Plant Biol11,
367-372.

36



Egan M.J., Wang Z.Y., Jones M.A., Smirnoff N., Tallmt N.J. (2007)
Generation of reactive oxygen species by fungal RADoxidases is
required for rice blast diseaseroc Natl Acad Sci U S A04, 11772-
11777.

Eshel D., Lichter A., Dinoor A., Prusky D. (2002) Characterization of
Alternaria alternata glucanase genes expressed during infection of
resistant and susceptible persimmon frivs! Plant Pathol3, 347-358.

Eulgem T. (2005) Regulation of the Arabidopsis defense tapsme.Trends
Plant Scil0, 71-78.

Eulgem T., Somssich I.E(2007) Networks of WRKY transcription factors in
defense signalingCurr Opin in Plant Biol10, 366-371.

Eulgem T., Rushton P.J., Robatzek S., Somssich I.E2000) The WRKY
superfamily of plant transcription factor&ends in Plant Sé, 199-206.

Eulgem T., Rushton P.J., Schmelzer E., Hahlbrock K.Somssich 1.E.(1999)
Early nuclear events in plant defence signallirsguidt gene activation by
WRKY transcription factorsEmbo J18, 4689-4699.

Favaron F., Sella L., D'Ovidio R. (2004) Relationships among endo-
polygalacturonase, oxalate, pH, and plant polygatanase-inhibiting
protein (PGIP) in the interaction between Scleiatiaclerotiorum and
soybeanMol Plant-Microbe Interactl7, 1402-14009.

Ferrari S., Vairo D., Ausubel F.M., Cervone F., DelLorenzo G. (2003)
Tandemly duplicated arabidopsis genes that encadggglacturonase-
inhibiting proteins are regulated coordinately byffedent signal
transduction pathways in response to fungal indect’lant Cell 15, 93-
106.

Flor H.H. (1971) Current status of gene-for-gene concépiu Rev Phytopathol
9, 275-296

Fraissinet-Tachet L., Reymond-Cotton R., Fevre M.(1995) Characterization
of a multigene family encoding an endopolygalaatase inSclerotinia
sclerotiorum Curr Genet29, 96-100.

Frank S.A. (1996) Models of parasite virulend@.Rev Biol.71, 37-78.

37



Gadjev I, Vanderauwera S., Gechev T.S., Laloi CMinkov I.N., Shulaev V.,
Apel K., Inze D., Mittler R., Van Breusegem F.(2006) Transcriptomic
footprints disclose specificity of reactive oxygepecies signaling in
ArabidopsisPlant Physioll41, 436-445.

Garcia-Maceira F.l., Di Pietro A., Huertas-Gonzalez M.D., Ruiz-Roldan
M.C., Roncero M.l.G. (2001) Molecular characterization of an
endopolygalacturonase froRusarium oxysporunexpressed during early
stages of infectiomAppl Environ Microbiol67, 2191-2196.

Gijzen M., Nurnberger T. (2006) Nepl-like proteins from plant pathogens:
Recruitment and diversification of the NPP1 domaoross taxa.
Phytochemistry7, 1800-1807.

Gilbert M.J., Thornton C.R., Wakley G.E., Talbot N.J. (2006) A P-type
ATPase required for rice blast disease and indoatibhost resistance.
Nature440, 535-539.

Girard V., Fevre M., Bruel C. (2004) Involvement of cyclic AMP in the
production of the acid protease Acpl by Sclerotsgkerotiorum.FEMS
Microbiol Lett237, 227-233.

Glazebrook J.(2005) Contrasting mechanisms of defense againgtolpihic and
necrotrophic pathogenannu Rev Phytopathdi3, 205-227.

Godoy G., Steadman J.R., Dickman M.B., Dam R(1990) Use of Mutants to
Demonstrate the Role of Oxalic-Acid in Pathogeniaitf Sclerotinia
sclerotiorumon Phaseolus vulgarisPhysiol Mol Plant PathoB7, 179-
191.

Gomez-Gomez L., Bauer Z., Boller T(2001) Both the extracellular leucine-rich
repeat domain and the kinase activity of FLS2 aauired for flagellin
binding and signaling in arabidopsi@ant Cell13, 1155-1163.

Gomi K., Ogawa D., Katou S., Kamada H., Nakajima N.Saji H., Soyano T.,
Sasabe M., Machida Y., Mitsuhara I., Ohashi Y., Se®. (2005) A
mitogen-activated protein kinase NtMPK4 activatgdPKK is required
for jasmonic acid signaling and involved in ozooktance via stomatal
movement in tobacc®lant Cell Physiod6, 1902-1914.

38



Govrin E.M., Levine A. (2000) The hypersensitive response facilitatestpla
infection by the necrotrophic pathogen Botrytisetaga. Curr Biol 10,
751-757.

Graser G, Schneider B, Oldham NJ, Gershenzon {§2000) The methionine
chain elongation pathway in the biosynthesis oftghinolates in Eruca
sativa (Brassicaceaddrch Biochem Bioph$78 411-419

Greenberg J.T., Yao N.(2004) The role and regulation of programmed cell
death in plant-pathogen interactio@=ll Microbiol 6, 201-211.

Grichko V.P., Glick B.R. (2001a) Flooding tolerance of transgenic tomatatgla
expressing the bacterial enzyme ACC deaminase allmutrby the 35S,
rolD or PRB-1b promotePlant Physiol Biocher39, 19-25.

Grichko V.P., Glick B.R. (2001b) Amelioration of flooding stress by ACC
deaminase-containing plant growth-promoting baateRlant Physiol
Biochem39, 11-17.

Grichko V.P., Filby B., Glick B.R. (2000) Increased ability of transgenic plants
expressing the bacterial enzyme ACC deaminase donadate Cd, Co,
Cu, Ni, Pb, and ZnJ Biotech81, 45-53.

Guimaraes R.L., Stotz H.U. (2004) Oxalate production bySclerotinia
sclerotiorumderegulates guard cells during infectiéttant Physiol136,
3703-3711.

Gupta S., D.W.; R., JJAA. R.(1989) Insecticidal cyclodepsipeptides from
Metarhizium anisopaligeJ Chem Soc Perkin Trais 2347-2357.

Hammond-Kosack K.E., Parker J.E. (2003) Deciphering plant-pathogen
communication: fresh perspectives for moleculaistasce breedingCurr
Opin Biotechnoll4, 177-193.

Hardham A.R., Jones D.A., Takemoto D.(2007) Cytoskeleton and cell wall
function in penetration resistancgurr Opin Plant Biol 10, 342-348.
Hegedus D.D., Rimmer S.R(2005) Sclerotinia sclerotiorum: when “to be or not

to be” a pathogenPEMS Microbiol Lett251, 177-184.

Honma M., Shimomura T. (1978) Metabolism of 1-aminocyclopropane-1-

carboxylic acid.Agric Biolo Chemt2, 1825-1831.

39



Hu X., Bidney D.L., Yalpani N., Duvick J.P., CrastaO., Folkerts O., Lu G.H.
(2003) Overexpression of a gene encoding hydrogeoxjme-generating
oxalate oxidase evokes defense responses in surflBlant Physioll33
170-181.

Huang C.H., Erickson R.S.(2000) Soil treatment with fungal agents for cohtr
of apothecia of Sclerotinia sclerotiorum in beard grea cropsPlant
pathol Bull9, 53-58

Huang H.C. (1983) Sclerotinia wilt and head rot of sunfloweégriculture
Canada, Ont., Cana@82 145.

Huang H.C., Dueck J.(1980) Wilt of sunflower from infectionby mycelal
germinating sclerotia of Sclerotinia sclerotioru@an J Plant PathoR,
47-52.

Huang H.C., Kokko E.G. (1992) Pod Rot of Dry Peas Due to Infection by
Ascospores of Sclerotinia-SclerotioruRlant Diseas&’ 6, 597-600.

Huang H.C., Huang J.W. (1998) Prospects fro control of soilborne plant
pathogens by soil treatme@urr Top Bot Reg, 223-235.

Humpherson-Jones F.M.(1989) Survival of Alternaria brassicae and Altera
brassicicola on crop debris of oilseed rape andagd.Ann Appl Biol
115 45-50.

Ichimura K., Shinozaki K., Tena G., Sheen J., Henryy., Champion A., Kreis
M., Zhang S.Q., Hirt H., Wilson C., Heberle-Bors E, Ellis B.E.,
Morris P.C., Innes R.W., Ecker J.R., Scheel D., Kkesig D.F., Machida
Y., Mundy J., Ohashi Y., Walker J.C., Grp M. (2002) Mitogen-
activated protein kinase cascades in plants, ammwenclatureTrends
Plant Sci7, 301-308.

Jakoby M., Weisshaar B., Droge-Laser W., Vicente-Gaajosa J., Tiedemann
J., Kroj T., Parcy F., b Z.1.P.R.G. (2002) bZIP transcription factors in
Arabidopsis.Trends Plant Scr, 106-111.

Jonak C., Okresz L., Bogre L., Hirt H. (2002) Complexity, cross talk and
integration of plant MAP kinase signallinGurr Opin Plant Biol 5, 415-
424,

40



Jones J.D.G., Dangl J.L(2006) The plant immune systeMature444, 323-329.

Jurick W.M., Rollins J.A. (2007) Deletion of the adenylate cyclase (saclkgen
affects multiple developmental pathways and pathogg in Sclerotinia
sclerotiorum Fungal Genet Bio#l4, 521-530.

Jurick W.M., Dickman M.B., Rollins J.A. (2004) Characterization and
functional analysis of a cAMP-dependent proteinakim A catalytic
subunit gene (pkal) i8clerotinia sclerotiorumPhysiol Mol Plant Pathol
64, 155-163.

Kankanala P., Czymmek K., Valent B.(2007) Roles for rice membrane
dynamics and plasmodesmata during biotrophic iovadly the blast
fungus.Plant Cell19, 706-724.

Kars I., Krooshof G.H., Wagemakers L., Joosten R.Benen J.A., van Kan
J.A.  (2005) Necrotizing activity of five Botrytis cinerea
endopolygalacturonases produced in Pichia pasklast J43, 213-25.

Kasza Z., Vagvolgyi C., Févre M., Cotton P(2004) Molecular characterization
and in planta detection &clerotinia sclerotiorunendopolygalacturonase
genesCurr Microbiol 48, 208-213.

Kawamura C., Tsujimoto T., Tsuge T.(1999) Targeted disruption of a melanin
biosynthesis gene affects conidial development @wdtolerance in the
Japanese pear pathotype Afternaria alternata Mol Plant-Microbe
Interact12, 59-63.

Kazan K., Schenk P., Wilson I., Manners J(2001) DNA microarrays: new
tools in the analysis of plant defence responks.Plant Pathol2, 177-
185.

Kim C.Y., Zhang S.Q. (2004) Activation of a mitogen-activated proteimdse
cascade induces WRKY family of transcription fastand defense genes
in tobaccoPlant J38, 142-151.

Klee H.J., Hayford M.B., Kretzmer K.A., Barry G.F., Kishore G.M. (1991)
Control of ethylene synthesis by expression of atdyal enzyme in
transgenic tomato plant8lant Cell3, 1187-1193.

41



Korfhage U., Trezzini G.F., Meier |., Hahlbrock K., Somssich I|.E.(1994)
Plant Homeodomain Protein Involved in TranscripgioRegulation of a
Pathogen Defense-Related GeRkant Cell6, 695-708.

Kotsira V.P., Clonis Y.D. (1997) Oxalate oxidase from barley roots: Puatiegn
to homogeneity and study of some molecular, catalyand binding
propertiesArch Biochem Biophy340, 239-249.

Kharbanda P.D. and Tewari J.P. (1996) Integrated management of canola
disease using cultural metho@an J Plant Pahtol8, 168-175

Lafitte C., Barthe J.P., Montillet J.L., Touze A. (1984) Glycoprotein inhibitors
of colletotrichum-lindemuthianurendopolygalacturonase in near isogenic
lines of phaseolus-vulgaris resistant and susdeptib anthracnose.
Physiol Plant Patho5, 39-53.

Lambrechts L., Fellous S., Koella J.C.(2006) Coevolutionary interactions
between host and parasite genotypgesnds ParasitoR2, 12-16.

Lane B.G.(2000) Oxalate oxidases and differentiating surfstoecture in wheat:
germins.Biochem B49 309-321.

Lane, B.G., Bernier, F., Dratewka-Kos, E., ShafaiR., Kennedy, TD, Pyne,
C., Munro, J.R., Vaughan, T., Walters, D., Altomare F. (1991).
Homologies between members of the germin gene yamilhexaploid
wheat and similarities between these wheat geramiscertairPhysarum
spherulinsJ Biol Chenm266, 10461-10469.

Lane B.G., Dunwell J.M., Ray J.A., Schmitt M.R., Cuning A.C. (1993)
Germin, a protein marker of early plant developmasat an oxalate
oxidaseJ Biol ChenR68 12239-12242.

Lawrence C.B., Mitchell T.K., Craven K.D., Cho Y.,Cramer R.A., Kim K.H.
(2008) At death's door: Alternaria pathogenicity chrenisms. Plant
Pathol J24, 101-111.

Lee B., Hong T., Byun S.J., Woo T., Choi Y.J(2007) ESTpass: a web-based
server for processing and annotating expressedesequtag (EST)
sequencesNucleic Acids Re85, W159-W162.

42



Lewis D.H. (1973) Concepts in fungal nutrition and originbadtrophy.Biol Rev
Camb Philos So48, 261-278.

Li J., Brader G., Palva E.T.(2004) The WRKY70 transcription factor: a node of
convergence for jasmonate-mediated and salicyladated signals in
plant defensePlant Cell16, 319-31.

Li J., Brader G., Kariola T., Palva E.T. (2006) WRKY70 modulates the
selection of signaling pathways in plant defefdant J46, 477-491.

Li R.G., Rimmer R., Buchwaldt L., Sharpe A.G., Segin-Swartz G., Coutu
C., Hegedus D.D.(2004a) Interaction o$clerotinia sclerotiorunwith a
resistant Brassica napuscultivar, expressed sequence tag analysis
identifies genes associated with fungal pathogen€&singal Genet Biol
41, 735-753.

Li R.G., Rimmer R., Buchwaldt L., Sharpe A.G., Segin-Swartz G., Hegedus
D.D. (2004b) Interaction o&clerotinia sclerotiorunwith Brassica napus
cloning and characterization of endo- and exo-palBgiuronases
expressed during saprophytic and parasitic mdéasgal Genet Bio#1,
754-765.

Liu J.L., Liu X.L., Dai L.Y., Wang G.L. (2007) Recent progress in elucidating
the structure, function and evolution of diseasgstance genes in plants.
J Genet Genomic34, 765-776.

Liu R.H., Zhao J.W., Xiao Y., Meng J.L. (2005) Identification of prior
candidate genes for Sclerotinia local resistancBrassica napusising
Arabidopsis cDNA microarray andBrassicaArabidopsis comparative
mapping.Sci China C Life S&8, 460-470.

Liu S., Wang H., Zhang J., Fitt B.D.L., Xu Z., Evars N., Liu Y., Yang W.,
Guo X. (2005) In vitro mutation and selection of doubled-haploid
Brassica napudéines with improved resistance $tlerotinia sclerotiorum
24 (3), 133-144

Lockwood J.L. (1960) Lysis of mycelium of plant-pathogenic furmy natural
soil. Phytopathology0, 787-789.

43



Lu G.H. (2003) Engineeringclerotinia sclerotioruntesistance in oilseed Crops.
African J. Biotech2, 509-516.

Lumsden R.D. (1979) Histology and physiology of pathogenesis piant-
diseases by Sclerotinia speciebytopathology9, 890-896.

Lumsden R.D., Dow R.L.(1973) Histology ofSclerotinia sclerotioruninfection
of beanPhytopathology3, 708-715.

Lung, H.Y., Baetz, A.L., Peck, A.B.(1994) Molecular cloning, DNA sequence,
and gene expression of the oxalyl-coenzyme A desgthse gene, oxc,
from the bacteriun®xalobacterformigenesJ Bacteriol176, 2468-2472.

Maleck K., Levine A., Eulgem T., Morgan A., Schmidl., Lawton K.A., Dangl
J.L., Dietrich R.A. (2000) The transcriptome dhrabidopsis thaliana
during systemic acquired resistansiat Gene6, 403-410.

Manning V.A., Ciuffetti L.M. (2005) Localization of Ptr ToxA produced by
Pyrenophora triticirepentis reveals protein import into wheat mestphy
cells.Plant Cell17, 3203-3212.

Manitoba Agriculture , FaRI 2002 Pest management-Plant disease Sclarotin
Available from
http://www.gov.mb.ca/agriculture/crops/diseasef7a00.html

Mao P., Duan M.R., Wei C.H., Li Y.(2007) WRKYG62 transcription factor acts
downstream of cytosolic NPR1 and negatively reg@slajasmonate-
responsive gene expressioRlant Cell Physiol 48, 833-842. DOI:
10.1093/pcp/pcm058.

Marshall C.J. (1994) Signal-transduction - hot lips and phosplatign of
protein-kinasedNature367, 686-686.

Maude R.B., Humpherson-Jones F.M., Shuring C.G(1984) Treatments to
control Phoma and Alternaria infections of BrasseadsPlant PatholJ
33, 525-535.

McCafferty J., Griffiths A.D., Winter G., Chiswell D.J. (1990) Phage
antibodies-filamentous phage displaying antibodyriale domains.
Nature348, 552-554.

44



McCormick A.A., Reddy S., Reinl S.J., Cameron T.l.,Czerwinkski D.K.,
Vojdani F., Hanley K.M., Garger S.J., White E.L., Novak J., Barrett
J., Holtz R.B., Tuse D., Levy R(2008) Plant-produced idiotype vaccines
for the treatment of non-Hodgkin's Iymphoma: Safetgnd
immunogenicity in a phase | clinical studroc Natl Acad Sci U S 205
10131-10136.

McDowell J.M., Dangl J.L. (2000) Signal transduction in the plant immune
responselrends Biochem S@b, 79-82.

McLaren D.L., Conner R.L., Platford R.G., Lamb J.L., Lamey H.A.,
Kutcher H.R. (2004) Predicting diseases caused Bglerotinia
sclerotiorumon canola and bean - a western Canadian perspecan J
Plant Pathol 26, 489-497.

Menges M., Doczi R., Okresz L., Morandini P., MizziL., Soloviev M.,
Murray J.A.H., Bogre L. (2008) Comprehensive gene expression atlas
for the Arabidopsis MAP kinase signalling pathwalew Phytologist
179 643-662.

Mengiste T., Chen X., Salmeron J., Dietrich R.(2003) The BOTRYTIS
SUSCEPTIBLE1 gene encodes an R2ZR3MYB transcrigactor protein
that is required for biotic and abiotic stress oeses in Arabidopsiflant
Cell 15, 2551-2565.

Melchers L.S., Stuiver M.H. (2000) Novel genes for disease-resistance breeding
Curr Opin Plant Biol3, 147-152.

Mehta, A., Datta, A. (1991) Oxalate decarboxylase froBollybia velutipes
Purification, chatracterization, and cDNA clonind. Biol Chem 266,
23548-23553.

Miller G., Shulaev V., Mittler R. (2008) Reactive oxygen signaling and abiotic
stressPhysiol Plant1333), 481-9.

Misas-Villamil J.C., van der Hoorn R.A.L. (2008) Enzyme-inhibitor
interactions at the plant-pathogen interfa@etr Opin Plant Biol 11, 380-
388.

45



Mittler R., Vanderauwera S., Gollery M., Van Breusggem F.(2004) Reactive
oxygen gene network of planterends Plant S, 490-8.

Molina L., Kahmann R. (2007) AnUstilago maydisgene involved in H202
detoxification is required for virulencPlant Cell19, 2293-23009.

Morrall R, Dueck J (1983) Sclerotinia stem rot of spring rapeseedvastern
Canada.Proceedings of the Sixth International Rapeseed f&ence
Paris 957-962.

Morrall R, Dueck J, McKenzie D, McGee D(1976) Some aspects $élerotinia
selerotiorumin Saskatchewan, 1970-197an Plant Dis Sur66:56-62.

Morton J.G., Hall R. (1989) Factors Determining the Efficacy of Chemical
Control of White Mold in White BearCan J Plant Pathol 1, 297-302.

Mueller D.S., Dorrance A.E., Derksen R.C., Ozkan EKurle J.E., Grau C.R.,
Gaska J.M., Hartman G.L., Bradley C.A., Pedersen WL. (2002)
Efficacy of fungicides orSclerotinia sclerotiorunand their potential for
control of Sclerotinia stem rot on soybeRtant Diseas&6, 26-31.

Mundel H.H., Huang H.C., Kozub G.C. (1985) Sclerotinia Head Rot in
Safflower - Assessment of Resistance and EffectsYmid and Oll
Content.Can J Plant Scb5, 259-265.

Mysore K., Crasta O., Tuori R., Folkerts O., Swirsky P., Martin G. (2002)
Comprehensive transcript polling of the PToandrRefdiated host defense
responses to infection lyseudomonas syringgev. tomato.Plant J 32,
299-316.

Navarro L., Zipfel C., Rowland O., Keller I., Robatzek S., Boller T., Jones
J.D.G. (2004) The transcriptional innate immune resporseflg22.
interplay and overlap with Avr gene-dependent deferesponses and
bacterial pathogenesBlant Physioll35 1113-1128.

Nolke G., Fischer R., Schillberg S(2004) Antibody-based pathogen resistance
in plants.J Plant PatholB6, 5-17.

Nolke G., Fischer R., Schillberg S.(2006) Antibody-based metabolic

engineering in plants, Elsevier Science Bv. pp.-233.

46



Nolke G., Cobanov P., Uhde-Holzem K., Reustle G.jd€her R., Schillberg S.
(2009) Grapevine fanleaf virus (GFLV)-specific &atilies confer GFLV
and Arabis mosaic virus (ArMV) resistance Micotiana benthamiana
Mol Plant Pathol10, 41-49.

Oliver R.P., Ipcho S.V.S.(2004) Arabidopsis pathology breathes new lif@ int
the necrotrophs-vs.-biotrophs classification of dgain pathogens.Mol
Plant Pathol5, 347-352.

Opalski K.S., Schultheiss H., Kogel K.H., Huckelhoen R. (2005) The
receptor-like MLO protein and the RAC/ROP family p@tein RACB
modulate actin reorganization in barley attacked thg biotrophic
powdery mildew funguBlumeria graminisf.sp hordei.Plant J41, 291-
303.

Padiolleau-Lefevre S., Alexandrenne C., Dkhissi FClement G., Essono S.,
Blache C., Couraud J.Y., Wijkhuisen A., Boquet D.(2007) Expression
and detection strategies for an scFv fragment meigithe same high
affinity than Fab and whole antibody: Implicatiofts therapeutic use in
prion diseasedVol Immunol44, 1888-1896.

Pan Y. (2004) Discovery of functional genes for systentgquared resistance in
Arabidopsis thalianahrough integrated data minind Bioinform Comput
Biol 2, 639.

Parada R.Y., Oka K., Yamagishi D., Kodama M., OtaniH. (2007) Destruxin
B produced byAlternaria brassicaedoes not induce accessibility of host
plants to fungal invasiori?hysiol Mol Plant Pathof 1, 48-54

Pedley K.F., Martin G.B. (2005) Role of mitogen-activated protein kinases in
plant immunity.Curr Opin Plant Biol 8, 541-547.

Pedras M.S.C.(1998) Phytoalexins from crucifers: Mimicking or em¢oming
plant chemical defense&&c Res Dev Phytochéin259-267.

Pedras M.S.C., Ahiahonu P.W.K. (2004) Phytotoxin production and
phytoalexin elicitation by the phytopathogenic fuag Sclerotinia
sclerotiorumJ Chem EcoB0, 2163-2179.

47



Pedras M.S.C., Ahiahonu P.W.K., Hossain M(2004) Detoxification of the
cruciferous phytoalexin brassinin Bclerotinia sclerotiorunrequires an
inducible glucosyltransferasBhytochemistrg5, 2685-2694.

Pedras M.S.C., Okanga F.l., Zaharia I.L., Khan A.Q.(2000) Phytoalexins
from crucifers: synthesis, biosynthesis, and brafarmation.
Phytochemistry3, 161-176.

Pedras M.S.C., Zaharia I.L., Gai Y., Zhou Y., WardD.E. (2001) In planta
sequential hydroxylation and glycosylation of a dah phytotoxin:
Avoiding cell death and overcoming the fungal inmadProc Natl Acad
SciU S A8, 747-752.

Penninckx I., Eggermont K., Terras F.R.G., Thomma B DeSamblanx G.W.,
Buchala A., Metraux J.P., Manners J.M., Broekaert WF. (1996)
Pathogen-induced systemic activation of a plantem&h gene in
Arabidopsis follows a salicylic acid-independenthpeay. Plant Cell 8,
2309-2323.

Perfect E.S., Green J.R.(2001) Infection structures of biotrophic and
hemibiotrophic fungal plant pathogemol Plant Pathol 2, 101-108.

Petersen M., Brodersen P., Naested H., Andreasson.,ELindhart U.,
Johansen B., Nielsen H.B., Lacy M., Austin M.J., R&er J.E., Sharma
S.B., Klessig D.F., Martienssen R., Mattsson O., dsen A.B., Mundy
J. (2000) Arabidopsis MAP kinase 4 negatively regesgatsystemic
acquired resistanc€ell 103 1111-1120.

Pieterse C.M., Van Loon L.(2004) NPR1: the spider in the web of induced
resistance signaling pathwayurr Opin Plant Biol7, 456-464.

Pieterse C.M.J., Van Pelt J.A., Verhagen B.W.M., Tio J., Van Wees S.C.M.,
Leon-Kloosterziel K.M., Van Loon L.C. (2003) Induced systemic
resistance by plant growth-promoting rhizobacte8ynbiosis35, 39-54.

Pieterse C.M.J., Van Pelt J.A., Ton J., Parchmann.SMueller M.J., Buchala
A.J., Metraux J.P., Van Loon L.C. (2000) Rhizobacteria-mediated

induced systemic resistance (ISR) in Arabidopsauires sensitivity to

48



jasmonate and ethylene but is not accompanied by@aease in their
production.Physiol Mol Plant Pathdb7, 123-134.

Powell A.L.T., van Kan J., ten Have A., Visser J.Greve L.C., Bennett A.B.,
Labavitch J.M. (2000) Transgenic expression of pear PGIP in tomato
limits fungal colonizationMol Plant-Microbe InteractL3, 942-950.

Quentin M., Allasia V., Pegard A., Allais F., Ducrd H.P., Favery B., Levis C.,
Martinet S., Masur C., Ponchet M., Roby D., Schlaie L.N., Jouanin
L., Keller H. (2009) Imbalanced lignin biosynthesis promotesgéeual
reproduction of homothallic oomycete pathogenBLoS Pathog
doi:10.1371/journal.ppat.1000264.

Qutob D., Kemmerling B., Brunner F., Kufner I., Engelhardt S., Gust A.A.,
Luberacki B., Seitz H.U., Stahl D., Rauhut T., Glawschnig E.,
Schween G., Lacombe B., Watanabe N., Lam E., ScHiiing R.,
Scheel D., Nau K., Dodt G., Hubert D., Gijzen M., Nrnberger T.
(2006) Phytotoxicity and innate immune responsesiéed by Nepl-like
proteins.Plant Cell18, 3721-3744.

Rangel J.F.(1945) Two Alternaria diseases of cruciferous daphytopathology
35, 1002-1007.

Rehnstrom A.L., Free S.J.(1996) The isolation and characterization of mielan
deficient mutants of Monilinia fructicola?hysiol Mol Plant Pathol9,
321-330.

Restif O., Koella J.C. (2003) Shared control of epidemiological traits an
coevolutionary model of host-parasite interactigxs. Nat1l61, 827-836.

Robison M.M., Shah S., Tamot B., Pauls K.P., MoffatB.A., Glick B.R.
(2001) Reduced symptoms of Verticillium wilt in migenic tomato
expressing a bacterial ACC deaminddel Plant Pathol J2, 135-145.

Rollins J.A., Dickman M.B. (1998) Increase in endogenous and exogenous
cyclic AMP levels inhibits sclerotial development iSclerotinia
sclerotiorum Appl Environ Microbiol 64, 2539-2544.

49



Rollins J.A., Dickman M.B. (2001) PH signaling in Sclerotinia sclerotiorum:
Identification of a pacC/RIM1 Homolodppl Environ Microbiol 67, 75-
81.

Rosebrock T.R., Zeng L.R., Brady J.J., AbramovitchR.B., Xiao F.M.,
Martin G.B. (2007) A bacterial E3 ubiquitin ligase targets atharotein
kinase to disrupt plant immunitilature448 370-374.

Rotem J. (1994) The Genus Alternaria: Biology, Epidemiologgnd
Pathogenicity. St Paul, MN, USA

Rushton P.J., Torres J.T., Parniske M., Wernert P.Hahlbrock K., Somssich
I.LE. (1996) Interaction of elicitor-induced DNA-bindingroteins with
elicitor response elements in the promoters ofleaBR1 genesEmbo J
15, 5690-5700.

Ryu H.S., Han M., Lee S.K., Cho J.l.,, Ryoo N., He®., Lee Y.H., Bhoo S.H.,
Wang G.L., Hahn T.R., Jeon J.S(2006) A comprehensive expression
analysis of the WRKY gene superfamily in rice ptamuring defense
responsePlant Cell Re®25, 836-847.

Sacristan S., Garcia-Arenal F. (2008) The evolution of virulence and
pathogenicity in plant pathogen populatioMol Plant Pathol 9, 369-
384.

Saharan G.S.(1992) Management of rapeseed and mustard diskad€umar
D, Rai M, edsAdvances in Oilseeds Reseal;ti52-88.

Saharan G.S.(1993) Disease resistance. K.S. Labana, S.S.B&\#a, Banga
(Eds.), Breeding Oilseed Brassicas Monographs omeofEtical and
Applied Genetic4d9, 181-205.

Salvi G., Giarrizzo F., Delorenzo G., Cervone F1990) A Polygalacturonase-
inhibiting protein in the flowers dPhaseolus-Vulgari&. J Plant Physiol
136, 513-518.

Schillberg S., Zimmermann S., Zhang M.Y., Fischer R (2001) Antibody-
based resistance to plant pathogdmansgenic Researdct?, 1-12.

Schmelzer E. (2002) Cell polarization, a crucial process in gah defence.
Trends Plant Sci, 411-415.

50



Schmidt S., Panstruga R.(2007) Cytoskeleton functions in plant-microbe
interactionsPhysiol Mol Plant Pathof1, 135-148.

Schouten A., Roosien J., deBoer J.M., Wilmink A., Bsso M.N., Bosch D.,
Stiekema W.J., Gommers F.J., Bakker J., Schots A1997) Improving
scFv antibody expression levels in the plant cytosebs Lett415 235-
241.

Schouten A., Roosien J., vanEngelen F.A., deJong AGM., BorstVrenssen
A.W.M., Zilverentant J.F., Bosch D., Stiekema W.J.Gommers F.J.,
Schots A., Bakker J.(1996) The C-terminal KDEL sequence increases
the expression level of a single-chain antibodyigies] to be targeted to
both the cytosol and the secretory pathway in geng tobaccoPlant
Mol Biol 30, 781-793.

Schutz, Gus-Mayer S., Schmelzer E(2006) Profilin and Rop GTPases are
localised at infection sites of plant celotoplasma227, 229-235.

Sergeeva E., Shah S., Glick B.R2006) Growth of transgenic canoRréssica
napus cv. Westar) expressing a bacteriall-aminocyclopnepl-
carboxylate (ACC) deaminase gene on high concémisabf salt.World
J Microb Biotech22, 277-282.

Sharma A.K., Gupta J.S., Maheshwari R.K. (1984) The relationship of
Streptomyces arabicus td\lternaria brassicae (Berk.) Sacc. and
Alternaria brassicicola(Schew.) Wiltshire on the leaf surface of yellow
sarson and taramir&eobios New Repor&

Sharma A.K., Gupta J.S., Singh S.P(1985) Effect of temperature on the
antifungal activity of Streptomyces arabicus agahiternaria brassicae
(Berk) Sacc. andA. brassicicola (Schew.) Wiltshire. Geobios New
Reportsl?, 168-169.

Sharma N. (2008) Studies on fungal disease resistance ialadBrassica napus
L.). Thesis, 31-41.

Sharma N., Rahman M.H., Strelkov S., Thiagarajah M. Bansal V.K., Kav

N.N.V. (2007) Proteome-level changes in tviRrassica napuslines

51



exhibiting differential responses to the fungal hoaen Alternaria
brassicaePlant Scil72 95-110.

Sharma T.R., Tewari J.P.(1996) Flow cytometric analysis &rassica juncea
cell and pollen cultures treated with destruxinatoxin produced by
Alternaria brassicaePhysiol Mol Plant Patho#8, 379-387.

Shivanna K.R., Sawhney V.K.(1993) Pollen selection for alternaria resistance
in oilseed Brassicas - responses of pollen gramddeaves to a toxin of a-
BrassicaeTheor Appl GeneB6, 339-344.

Skamnioti P., Gurr S.J. (2007) Magnaporthe grisea cutinase2 mediates
appressorium differentiation and host penetratiod s required for full
virulence.Plant Cell19, 2674-2689.

Spoel S.H., Koornneef A., Claessens S.M.C., Korzed J.P., Van Pelt J.A.,
Mueller M.J., Buchala A.J., Metraux J.P., Brown R.,Kazan K., Van
Loon L.C., Dong X.N., Pieterse C.M.J(2003) NPR1 modulates cross-
talk between salicylate- and jasmonate-dependeménsge pathways
through a novel function in the cytosBlant Cell15, 760-770.

Snowden R., Luhs W. and Friedt W.(2007) Oilseed rape. In:Kole C. (ed),
Genome mapping and molecular beeding in plait§5-115, Springer-
Verlag, Berlin, Germany

Staswick P.E., Yuen G.Y., Lehman C.C(1998) Jasmonate signaling mutants of
Arabidopsis are susceptible to the soil fungyshium irregulare Plant J
15, 747-754.

Steadman J.R.(1979) Control of plant-diseases caused by Sdteaospecies.
Phytopathology9, 904-907.

Stefansson B.R.(1983) In: Kramer J.K.G., Sauer F.D. and Pigded.Weds),
High and low erucic acid rapeseed oils, 143-160ad&enic Press, New
York, NY, USA

Strelkov S.E., Cao T., Manolii V.P., Lange R.M., Smh-Degenhardt E.,
Orchard D., and Tewari J.P.(2006) Incidence of clubroot on canola in
Alberta in 2005Can Plant Dis Survg6, 91-93

52



Sunilkumar G., Waghela S.D., Campbell L.M., Rathore K.S. (2008)
Expression of anti-K99 scFv in transgenic riceuess and its functional
characterizationTransgenic ReBOI: 10.1007/s11248-008-9223-2

Suzuki Y., Mizuno T., Urakami E., Yamaguchi ., Asami T. (2008)
Immunomodulation of bioactive gibberellin confenblgerellin-deficient
phenotypes in plant®lant Biotech 6, 355-367.

Swain T., 1977Ann Rev Plant Physio28,479-501

Sweigard J.A., Chumley F.G., Valent B(1992) Disruption of aMagnaporthe-
GriseaCutinase GenaMol Gen Gene232 183-190.

Talbot N.J. (2007) Plant pathology - Deadly special deliveriature450, 41-+.

Tanaka S., Yamada K., Yabumoto K., Fujii S., HuseA., Tsuji G., Koga H.,
Dohi K., Mori M., Shiraishi T., O'Connell R., Kubo Y. (2007)
Saccharomyces cerevisiaBSD1 orthologues are essential for host
infection by the ascomycete plant pathog@uiletotrichum lagenarium
andMagnaporthe griseaviol Microbiol 64, 1332-1349.

Tavladoraki P., Benvenuto E., Trinca S., Demartinid., Cattaneo A., Galeffi
P. (1993) Transgenic plants expressing a functionalyl&-chain Fv-
antibody are specifically protected from virus elttadNature366, 469-472.

ten Have A., Mulder W., Visser J., van Kan J.A.L. (1998) The
endopolygalacturonase gene Bcpgl is required fdr vimulence of
Botrytis cinereaMol Plant-Microbe Interacti1, 1009-1016.

Tena G., Asai T., Chiu W.L., Sheen J(2001) Plant mitogen-activated protein
kinase signaling cascad&3urr Opin Plant Biol4, 392-400.

Tewari JP, Bains PS. Phytotoxins produced by Alteraria brassicae and
bioassay of destruxin B.(1997) In: Rajeev K, Mukerji KG, editors.
Toxins in plant disease development and evolvigelshnology. Enfield:
Science Publisher; 21-35.

Thomma B., Nelissen I., Eggermont K., Broekaert W.F(1999) Deficiency in
phytoalexin production causes enhanced susceptitoli Arabidopsis

thaliana to the funguAlternaria brassicicolaPlant J19, 163-171.

53



Thomma B., Penninckx I., Broekaert W.F., Cammue B.FA. (2001) The
complexity of disease signaling in Arabidopsurr Opin Immunol 13,
63-68.

Thomma B., Eggermont K., Penninckx I., Mauch-Mani B, Vogelsang R.,
Cammue B.P.A., Broekaert W.F.(1998) Separate jasmonate-dependent
and salicylate-dependent defense-response pathiwagsabidopsis are
essential for resistance to distinct microbial pgdns.Proc Natl Acad
SciU S A5, 15107-15111.

Ton J., Van Pelt J.A., Van Loon L.C., Pieterse C.M. (2002) Differential
effectiveness of salicylate-dependent and jasméethtdene-dependent
induced resistance in Arabidopdidol Plant Microbe Interactl5, 27-34.

Torto-Alalibo T.A., Tripathy S., Smith B.M., Arredo ndo F.D., Zhou L.C., Li
H., Chibucos M.C., Qutob D., Gijzen M., Mao C.H., §bral B.W.S.,
Waugh M.E., Mitchell T.K., Dean R.A., Tyler B.M. (2007) Expressed
sequence tags from Phytophthora sojae reveal geapexific to
development and infectioMol Plant Microbe Interacf0, 781-793.

Tripathi N.N., Kaushik C.D. (1984) Studies on the survival dlternaria
brassicaethe causal organism of leaf spot of rapeseed ansdtaml
Madras Agric71, 237-241.

Tripathi MK, Mishra AS (2006) Glucosinolates in animal nutrition: a review
Anim Feed Sci Tech32:1-27

Tsuda K., Sato M., Glazebrook J., Cohen J.D., Katag F. (2008) Interplay
between MAMP-triggered and SA-mediated defense oresgs. Plant
Journal53, 763-775.

Turkington T.K., Morrall R.A.A., Rude S.V. (1991a) Use of petal infestation to
forecast Sclerotinia stem rot of canola - the inhmdciurnal and weather-
related inoculum fluctuation€an J Plant Pathol3, 347-355.

Turkington T.K., Morrall R.A.A., Gugel R.K. (1991b) Use of petal infestation
to forecast Sclerotinia stem rot of canola - eviuaof early bloom
sampling, 1985-90Can J Plant Pathol3, 50-59.

54



Twengstrom E., Sigvald R., Svensson C., Yuen J1998) Forecasting
Sclerotinia stem rot in spring sown oilseed rapep Protectionl7, 405-
411.

Tyler B.M., Tripathy S., Zhang X.M., Dehal P., Jiarg R.H.Y., Aerts A.,
Arredondo F.D., Baxter L., Bensasson D., Beynon J..Chapman J.,
Damasceno C.M.B., Dorrance A.E., Dou D.L., Dickerma A.W.,
Dubchak I.L., Garbelotto M., Gijzen M., Gordon S.G, Govers F.,
Grunwald N.J., Huang W., Ivors K.L., Jones R.W., Kanoun S.,
Krampis K., Lamour K.H., Lee M.K., McDonald W.H., M edina M.,
Meijer H.J.G., Nordberg E.K., Maclean D.J., OspinaGiraldo M.D.,
Morris P.F., Phuntumart V., Putnam N.H., Rash S., Rse J.K.C,,
Sakihama Y., Salamov A.A., Savidor A., Scheuring €., Smith B.M.,
Sobral B.W.S., Terry A., Torto-Alalibo T.A., Win J., Xu Z.Y., Zhang
H.B., Grigoriev L.V., Rokhsar D.S., Boore J.L.(2006) Phytophthora
genome sequences uncover evolutionary origins aedhamisms of
pathogenesisScience813 1261-1266.

Ulker B., Somssich I.E.(2004) WRKY transcription factors: from DNA binding
towards biological functionCurr Opin in Plant Biol7, 491-498.

Valkonen J., P. T.;, Koponen H.(1990) The seed-borne fungi of Chinese
cabbage Brassica pekinensjs their pathogenicity and controPlant
Pathol 39, 510-516.

van Loon L.C., Bakker P., Pieterse C.M.J(1998) Systemic resistance induced
by rhizosphere bacteriAnn Rev Phytopath@6, 453-483.

van Loon L.C., Geraats B.P.J., Linthorst H.J.M. (2006) Ethylene as a
modulator of disease resistance in plantends Plant Scl1, 184-191.

Vandenabeele S., Vanderauwera S., Vuylsteke M., Rdmauts S.,
Langebartels C., Seidlitz H.K., Zabeau M., Van Monagu M., Inze D.,
Van Breusegem F.(2004) Catalase deficiency drastically affects gene
expression induced by high light Arabidopsis thalianaPlant J39, 45-
58.

55



Vanderauwera S., Zimmermann P., Rombauts S., Vandameele S.,
Langebartels C., Gruissem W., Inze D., Van Breusege F. (2005)
Genome-wide analysis of hydrogen peroxide-regulgeste expression in
Arabidopsis reveals a high light-induced transaoipal cluster involved in
anthocyanin biosynthesiBlant Physioll39, 806-821.

Vautard G., Cotton P., Fevre M. (1999) The glucose repressor CRE1 from
Sclerotinia sclerotiorunis functionally related to CREA frorAspergillus
nidulansbut not to the Mig proteins from Saccharomycegwsrae.Febs
Lett453 54-58.

Vega R.R., Corsini D., Letourne D(1970) Nonvolatile Organic Acids Produced
by Sclerotinia Sclerotiorumn Synthetic Liquid MediaMycologia 62,
332-338.

Verma P.R., Saharan G.S.(1994) Monograph on Alternaria diseases of
crucifers.Agriculture and Agri- Food Canada Research Branechnical
Bulletin, 1994-6E, 162.

Vijayan P., Shockey J., Levesque C.A., Cook R.J.r8wse J.(1998) A role for
jasmonate in pathogen defense of Arabidopgaiec Natl Acad Sci U S A
95, 7209-7214.

Wagner F., Kusserow H., Schafer W(2000) Cloning and targeted disruption of
two polygalacturonase genesRenicillium olsonii FEMS Microbiol Lett
186, 293-299.

Wang Z., Mao H., Dong C.H., Ji R.Q., Cai L., Fu H.,Liu S.Y. (2009)
Overexpression of Brassica napus MPK4 Enhances staese to
Sclerotinia sclerotiorumn Oilseed Rapeviol Plant-Microbe Interac®?2,
235-244.

Wasternack C., Hause B(2002) Jasmonates and octadecanoids: Signalsnh pla
stress responses and development, Progress initéNAcliel Research and
Molecular Biology, Vol72, Academic Press Inc, San Diego. 165-221.

Wattad C., Kobiler D., Dinoor A., Prusky D. (1997) Pectate lyase of
Colletotrichum gloeosporioideattacking avocado fruits, cDNA cloning
and involvement in pathogenicityhysiol Mol Plant Pathab0, 197-212.

56



Wu J., Hettenhausen C., Meldau S., Baldwin 1(2007 ) Herbivory rapidly
activates MAPK signaling in attacked and unattaclead regions but not
between Leaves dicotiana attenuataPlant cell19, 1096-1122

Yajima W., Kav N.N.V. (2006) The proteorne of the phytopathogenic fungus
Sclerotinia sclerotiorumProteomicss, 5995-6007.

Yajima W., Rahman M.H., Das D., Suresh M.R., Kav N\.V. (2008) Detection
of Sclerotinia sclerotiorunsing a Monomeric and Dimeric Single-Chain
Fragment Variable (scFv) Antibody.Agric Food Chend6, 9455-9463.

Yu D.Q., Chen C.H., Chen Z.X.(2001) Evidence for an important role of
WRKY DNA binding proteins in the regulation of NPIR&ne express ion.
Plant Cell13, 1527-1539.

Yuan Q.P., Hu W.Q., Pestka J.J., He S.Y., Hart L.P(2000) Expression of a
functional antizearalenone single-chain Fv antiboaly transgenic
Arabidopsis plantsAppl Environ Microbiol66, 3499-3505.

Zeyen R.J., Carver T.W., Lyngkjeer M.F. (2002) Epidermal cell papillae. In:
The Powdery Mildews: A Comprehensive Treatise, Bgéa RR,
Bushnell WR, eds. (2002) St Paul, Minnesota, USRSAPress. 107-125.

Zhang S.Q., Liu Y.D.(2001) Activation of salicylic acid-induced pratetinase,

a mitogen-activated protein kinase, induces mudtgefense responses in
tobaccoPlant Cell13, 1877-18809.

Zhang Y.L., Tessaro M.J., Lassner M., Li X.(2003) Knockout analysis of
Arabidopsis transcription factors TGA2, TGA5, an@Ab reveals their
redundant and essential roles in systemic acquesidtancePlant Cell
15, 2647-2653.

Zheng Z.Y., Abu Qamar S., Chen Z.X., Mengiste T.(2006) Arabidopsis
WRKY33 transcription factor is required for resrsta to necrotrophic
fungal pathogen$?lant J48, 592-605.

Zhou J.M., Tang X.Y., Martin G.B. (1997) The Pto kinase conferring resistance
to tomato bacterial speck disease interacts witlteprs that bind a cis-
element of pathogenesis-related ge#sbo J16, 3207-3218.

57



Zhou N., Tootle T.L., Glazebrook J.(1999) Arabidopsis PAD3, a gene required
for camalexin biosynthesis, encodes a putative ctytitme P450
monooxygenasdlant Cell11, 2419-2428.

Zipfel C., Robatzek S., Navarro L., Oakeley E.J., dnes J.D.G., Felix G.,
Boller T. (2004) Bacterial disease resistance in Arabidopsisugh
flagellin perceptionNature428 764-767.

Zipfel C., Kunze G., Chinchilla D., Caniard A., Jores J.D.G., Boller T., Felix
G. (2006) Perception of the bacterial PAMP EF-Tu g teceptor EFR
restricts Agrobacterium-mediated transformatiGall 125 749-760.

Zuppini A., Navazio L., Sella L., Castiglioni J., Rvaron F., Mariani P. (2005)
An endopolygalacturonase fro8clerotinia sclerotioruninduces calcium-
mediated signaling and programmed cell death irbesay cells.Mol
Plant-Microbelnteract18, 849-855.

58



Chapter 2 Transcriptional profiling of canola (Brassica napusL.)
responses to the fungal pathogefclerotinia sclerotiorum

Introduction
Sclerotinia sclerotiorun{Lib.) de Bary causes soft rot disease and isidernsd

to be one of the most damaging pathogens, whidctsfat least 400 plant species
including canola Brassica napuslL; (Bolton et al. 2006; Bom and Boland,
2000a)). Sclerotinia diseases cause estimatedablusses of US$ 200 million in
the US alone (Bolton et al. 2006 and referencesethe B. napusis an
agriculturally and economically significant cromthadds over $11 billion to the
Canadian economy (http://www.canola-council.orglstdy. html) and
Sclerotinia has the potential to cause signifigaaluction in its yield (Bom and
Boland, 2000).

S. sclerotiorumover-winters as mycelia within plants or as sdiaro
which are hyphal aggregates and long-term sunatraictures (Lu, 2003). The
sclerotia germinate and form apothecia, which pcedasci and a large number of
ascospores in the spring or early summer (Boltoralet2006). Either the
ascospores or mycelium can invade plants through stomata into the
substomatal chamber, and from here, the fungusrgsegs rapidly through the
leaf tissue (Bolton et al. 2006). During the irfee of plant tissue, oxalic acid
secreted by the pathogen is thought to be cruci&agilitating invasion and, for
that reason, is considered a pathogenicity fadBuiraraes and Stotz, 2004).
Even though the role of oxalate is not completébai it has been proposed to
remove calcium ions bound to pectins, exposing fedit walls to catabolic
enzymes of fungal origin (Guimaraes and Stotz, 2004 addition, oxalic acid
also facilitates plant cell wall degradation byfshg the pH of infected plant

A version of this chapter was published: Yang efTaanscriptional profiling of canoldBfassica
napusL.) responses to the fungal pathodggcierotinia sclerotiorumPlant Science 173 (2007)
156-171
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tissues closer to the optimum of cell wall-degrgdienzymes, such as
polygalacturonases (Cotton et al. 2002). Aparinfries role in weakening the
plant cell wall and facilitating its degradatiorxatic acid has also been shown to
suppress defense related oxidative burst in soybadrtobacco cells (Cessna et
al. 2000) and alter guard cell movement by eitheraasing osmotic pressure via
accumulation of potassium ions and starch breakdowiby inhibiting ABA
induced stomatal closure (Guimaraes and Stotz,)2004

The plant cell wall-degrading enzymes secrete® bgclerotiorunduring
infection of plants include cellulolytic and pedlgtic enzymes, which have been
studied for their roles in pathogenicity, includipgnetration, maceration, nutrient
acquisition, plant defense induction and symptomression (Li et al. 2004b;
Yajima and Kav, 2006). As mentioned earlier, theseymes are all optimally
active under the acidic conditions provided by axatid (Li et al. 2004b; Yajima
and Kav, 2006).

In addition to their roles in reducing the integrdf the plant cell walls,
the pectin methyl esterases, acid proteases aadpaityl proteinase secreted by
S. sclerotiorunare likely required for the degradation of cell Wabteins and the
inactivation or inhibition of plant defense respergoteins (Yajima and Kav,
2006). Even though a considerable amount of in&tion on oxalic acid as well
as the virulence factors secreted by the pathagamailable in the literature, very
little is known about the molecular events thatuco the plant cell upon
infection with this pathogen. One study reported expressed sequence tag
(EST) analysis of two cDNA libraries constructedngseither fungal mycelia
grown in pectin medium or tissues from infecRdhapusstems and were used to
identify genes involved in fungal development aathpgenesis (Li et al. 2004a).
This study revealed a number of fungal genes imetudirulence factors such as
exopolygalacturonases and several transportersevawvery little information
on the changes in plant gene expression were BEpdiiti et al. 2004a).
Transcriptional profiling using microarrays is awsful tool that can be used to
investigate gene expression in different tissuesrgans under normal conditions
or under abiotic (Jiang and Deyholos, 2006) antidb&iresses (Wan et al. 2002).
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The wide application of microarray technologyBnnapusss limited by the fact
that canola microarrays are not commercially abééla However, this limitation
may be overcome by the use of readily availahlehalianamicroarrays, given
that protein coding sequences exhibit >86% sintyldretweenrA. thalianaandB.
napus(Cavell et al. 1998). Indeed., thalianacDNA arrays representing a small
number (6120) of genes were previously used tosiiyate gene expression in
canola following challenge wit8. sclerotiorun{Liu et al. 2005).

In this study, we have used commercially availatiligonucleotide (70
mers) arrays representing 26,080thalianagenes to profile gene expression in
canola leaves following challenge wigh sclerotiorum Our study represents the
first detailed investigation into gene expressiourirty this host—pathogen
interaction and has revealed many interesting gessgmnding to this pathogen.

Materials and methods

Fungal and plant materials

A strain of S. sclerotiorumwas kindly provided by Dr. Stephen Strelkov, Plant
BioSystems Group, Department of Agricultural, Fcaad Nutritional Science,
University of Alberta. Sclerotia were subculturea solid potato dextrose agar
(PDA) media (Becton Dickinson, Sparks, MD, USA) andight (24 h/day).
After 3 days, 0.2 cm agar plugs were removed withesgile cork borer from the
leading edge of the mycelium and were subculture@DA agar plate, following
which 0.5 cm agar plugs were removed from the fepeidge of the second two-
day-old mycelia and used for inoculation. Wild éyp. napus(‘Westar’) plants
were grown in a greenhouse with a photoperiod ohlght (combination of
natural light and T5 fluorescent tubes with a ligttensity of 300 uE (umol)
s* or mV)/8 h dark for 18 days and used in our experits. PDA plugs prepared
as described earlier were placed on the first @edred true leaves, which were
wounded using the tip of syringe. Leaves of unuta@ied, control plants were
treated similarly with PDA agar plugs without thggrlia. Plants, both control
and inoculated, were placed in a humidity chambe@fl h after which they were

returned to the greenhouse. Leaves from contrdl ianculated plants were
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harvested at 12, 24 and 48 h after inoculatiorshflozen in liquid nitrogen and
stored at -80 °C until RNA extraction. Leaves frdive plants out of three

independent biological replicates were preparedfalysis.

RNA isolation, microarray slide preparation and hyhridization conditions
Total RNA was isolated from both control and in@tat leaf tissue using the

RNeasy Plant Mini kit (Qiagen, Mississauga, ON, &#a) with on-column DNA
digestion. RNA was quantified with a NanoDrop NDOD (NanoDrop
Technologies, Inc., Wilmington, USA) and the iniggof the RNA was assessed
on a 1% agarose gel. cDNA was synthesized fromg5omtotal RNA using
Superscriptll (Invitrogen, Burlington, ON, CA) witRT polyA capture primers
(3D Array 900 kit; Genisphere, Hatfield, PA, USA)In these experiments,
oligonucleotide (70 mer) arrays that contained taltof 26,090 probes (Array-
Ready Oligo Set for Arabidopsis genome Version Qidgen Operon, Alameda,
CA, USA plus additional probes for quality contrapotted on superamine
aminosilane-coated slides (Tele Chem Internatidmal, Sunnyvale, CA, USA)
were used. The slides were covered with 24 X 60lnfen Slips (Eric Scientific,
Portsmouth, NH, USA) for all hybridizations whiclere performed in a two-step
format at 55°C using the 3D Array 900 kit (Genisgh)eas per manufacturer’s
instructions.  Slides were scanned immediately gushmrayWoRx (Precision
Scientific, Issaquah, WA, USA) and transformed infdf images. Two
hybridizations were performed for each of the thredependent biological
replicates for each time point (total 18 hybridiaas) which included dye swap
hybridizations in order to avoid bias in the miarag evaluation as a
consequence of dye (Cy3/Cy5)-related differencelalling efficiency and/or
differences in recording fluorescence signals.

Microarray data analysis
Microarray data were analyzed using TM4 suite (Htipvw.tm4.org (Saeed et al.

2003)). Briefly, spot intensities were measurethgisSpotfinder 3.11 software,
normalized using MIDAS2.19 (LOWESS normalization thoel) and finally
analyzed with TMeV4.0. The low intensity cut-oad was 1000 UNITS. Fold
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changes of gene expression (inoculated/mock) wealkeulated based on
normalized data in Microsoft Excel 2003 and, sigaifice analysis of microarray
(SAM, Tusher et al. 2001) was applied to find difatially expressed genes with
fold changes differing significantly from O withfalse discovery rate (FDR) of
5%. All the normalized, intensity-filtered dataipis from SAM analysis whose
fold-changes differed significantly from O were bBmzad using Short Time
Expression Series Miner (STEM) in order to assignas to temporal expression
profiles. For STEM analysis, the maximum numbemafdel profiles was set at
16 and maximum unit change was set to 4. Stadlsticalysis of the fold changes
of the all genes in the SAM list was also performaethg Student t-test and those

exhibiting >two-fold (P < 0.05) up- or down-regudat were also identified.

Quantitative RT-PCR (qRT-PCR)
Genes of interest were validated using qRT-P@Rnapusgene sequences with

similarity to a given microarray probe sequencenfrdy. thalianawere retrieved
from the NCBI database and those with more than 8bftlarity were used to
design primers using PrimerExpress3.0 (Applied Btams, Foster, CA, USA)
targeting an amplicon size of 80 bp. The list ehgs that were validated as well
as the primers used in these experiments is showiable 2-1. The samB.
napus RNA used for our microarray experiments was alsedufor gqRTPCR.
Reverse transcription (RT) of total RNA (2.5 mg) swa@erformed using
SuperScript Il (Invitrogen) and oligo(dT)18 (Ferntes) Burlington, ON, CA) in a
20 ml reaction volume. Each cDNA sample was diutel12.5 in sterile
deionized HO, and 2.5 ml of the diluted cDNA samples were uaedemplates.
The qRT-PCR was performed with home-made 1x SYB&GMaster Mix (Tris
(pH 8.3), KCI 50 mM, MgClI2 3 mM, glycerol 0.8%, Tere 20 0.01%, dimethyl
sulfoxide (DMSO) 2%, dNTPs 0.2 mM, ROX 1xSYBR 1/40k0.25, Platinum
Taqg 0.03 units/ml (final concentration)) in 10 nelactions using an ABI 7500
system (Applied Biosystems) according to the martufar’s instructions. In
addition to the cDNA, each PCR reaction contairecheof the primers (0.4 mM)
and 5 ml of 2_ SYBR Green | master mix. The ihiti@anaturing time was 2 min
at 95 °C, followed by 35 cycles of 95 °C for 1%6,°C for 1 min. After
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Table 2-1 Sequences of the gene-specific primer pairs useshirtime reverse-

transcription polymerase chain reaction experiments

Accession  Forward and reverse primers (amplicon size:

Gene number 80bp)

Glyoxalase family protein CD831005 5-ATCCAGATGGTTATGATTGA-3’
5-GGACCGAGCCATTCCTCCTA-3’

Allene oxide synthase CD828070 5-CAAGCAAAAACCCGEBAGTT-3
5-CTGGTGGCATATTGACTCGAAA-3

Nodulin / glutamate-

ammonia ligase - like

protein CD832629 5-TCAACCAAGCGGACAATACCA-3’
5-CATGCTTCACCAGGCTTTAGG-3’

Steroid sulfotransferase AF000307 5'-GCCTCGAGAATCAEAAG-3’
5-GATTCGCTTAACCTCCACTTCAG-3

Glutamate dehydrogenase AB066298 5-GGGTTTTGGGAATGGAA-3’
5-TGATGTCGCTTACTGCAACCA-3’

Jacalin lectin family AY337003 5-CACGTGAATATGGGARAAAGGT-3
5-CACCGCTGTGATCTGTTCGT-3

Allene oxide cyclase family CD817484 5-CCAGATTTCTTCCCAATCAA-3
5-GACTTTCCCCAGTTCCAGAAGA-3'

Salt-tolerance zinc finger

protein AC189555 5-AAGTCGTTCTCGTCTTACCAAGCT-3'
5-CCGCCGGATTGAGTCTGT-3

Plant defensin protein DY002971.1 5-TGCTCTCGAAGCBAACAA-3’
5-TTCCACAGACTCCTGACCATGT-3

Plant defensin protein CX193321 5-GCCTGCAAGAATCAGCATT-3

5-ATACACTTGTGAGCAGGGAACACA-3’
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RD20 protein DY024750.1 5-CAACATTCACAAAGCCAAGCA:3
5-TCTCGAGATTAACCGGGACGTA-3

Xyloglucan

endotransglycosylase DY006021.1 5-ATGGTGGATGAGACBGATTC-3
5'-CCCATCGCTTGGTCTTTAGC-3’

2-cys peroxiredoxin-related

protein CD814109 5-GAGGGCTCGGTGATCTGAAC-3
5-AGGGATGAGCACACCAAAAGA-3

Glutaredoxin protein family = CD820020.1 5-AGGCTGCAAAGCCAGTTC-3
5-GGTGCATGGACATGACTTCGT-3’

Starch synthase, putative CD835340.1 5-TGGGATTGTCTGAATGG-3’
5-ACCGGTGTTTAGAGCATGTGTTC-3'

Actin AF111812 5-ACGAGCTACCTGACGGACAAG-3’
5-GAGCGACGGCTGGAAGAGTA-3’

GAPDH DQO097338  5-CCGAGGATGATGTTGTCTCAACT-3’

5-CAACGCGATTCCAGCCTTT-3'
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completion of PCR amplification, a dissociationw&iwas run to examine the
amplification specificity.  For relative quantifiten of gene expression,
amplification efficiencies (E) for each gene westatimined from standard curves
as follows: a portion of cDNAs transcribed from 2§ of total RNA was diluted
to 1/4, 1/16, 1/64, 1/256, 1/1024 and 1/4096, abd of each dilution was used
to perform gRT-PCR as above. Amplification effroiges (E) were calculated
from the slopes of the standard curves using thatemn: E = 105°P° (Pfaffl,
2001). Gene specific amplification efficiency wased to calculate the
expression of target genes relative to the expessi the reference canola actin
gene. qRT-PCR for each gene was performed indaigl for each of the three
biological replicates.

Results and discussion

Whole plant response td5. sclerotiorum

The appearance of control and inoculated leavearatus time points following
challenge withS. sclerotiorums shown in Figure 2-1. It is apparent that nacrot
lesions appeared after 12 h and expanded rapidly the lesions reaching leaf
margins by 24 h and spread further by 48 h postuiladion with the pathogen.
From these experiments it appears that the critived for rapid progression of
the disease is between 12 and 24 h with furthegrpssion in the next 24 h. We
therefore chose three different time points, 12a8d 48 h post-inoculation, for
our transcriptional profiling experiments in orderidentify those genes that are

modulated in the plant as a result of pathogensioveand disease progression.

Transcriptional profiling using microarrays
We used cDNA prepared from total canola leaf RN#ated at 12, 24 and 48 h

post-inoculation withS. sclerotiorumto perform our transcriptional profiling
experiments. As indicated earlier, a total of @8eippendent hybridizations were
performed which included three biological replicatéhree time points for each

dye. Our slides contained 70-mer oligonucleotideps representing 23,686
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12h

24h

48h

Figure 2-1 Appearance &. napudeaves challenged with. sclerotiorum
Photographs were taken at 12, 24 and 48 h followifegtion. The labels UN
and IN refer to uninoculated and inoculated leavespectively.
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unique genes identified by Arabidopsis genomeahite (AGI) locus identifiers.
We used the SAM statistical package to identifynscipts that differed
significantly between treated and untreated sampl@bis analysis identified
1675 genes whose expression ratio differed sigmfly (P < 0.05) from 0O
(logscale) at various time points following pathogehallenge. Among these
transcripts, 1134 decreased in abundance and $4dased in abundance in the
infected leaves compared to the uninoculated (bminded) controls (Figure 2-
2). Among the transcripts that decreased in alnoeja3 were detected at 12 h,
406 at 24 h, and 552 at 48 h post-inoculation thth pathogen. One transcript
decreased in abundance at both 12 and 24 h; 174ctrpts decreased at both 24
and 48 h; no transcripts decreased in abundanbetht12 and 48 h, while 1
transcript decreased in abundance at all time gpoi@onversely, in the case of
the transcripts that increased in abundance, 26 woleserved at 12 h, 133 at 24 h
and 279 at 48 h post-inoculation with the pathog&8ome of the genes with
increased transcript abundance were also obsetvemr@ than one time-point,
with 17 common to both 12 and 24 h; 71 at bothrad 48 h; 6 at both 12 and 48
h and 15 transcripts with increased abundancd #irak time points (Figure 2-2).
Thus, in terms of the number of transcripts th#fieced in abundance compared
to controls, the strongest responses to the pathagee observed at 48 h, with
the 24 and 48 h transcriptional profiles being nsistilar.

Temporal expression patterns ofSclerotinia responsive genes
In order to identify temporal patterns of expressiwithin the Sclerotinia-

responsive transcripts, we subjected the filteneokmalized microarray data
points to STEM (Short Time-series Expression Miramalysis which classifies
the data into groups based on temporal expressidterps. The algorithms
within the STEM package are designed specificalhtlie analysis of time series,
such as ours, that sample a small number of timagoExpression profiles of
these clusters are presented in Figure 2-3. Antbege temporal expression
profiles, 120 genes exhibited a gradual increadeaimscript abundance between

12 and 24 h post-inoculation with a sudden incre@agpression being between
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Significant genes
(1677)

Down-regulated (1136)

1A 1Y
1211

24H H 48H 24H

Up-regulated (541)

171
1411

48H

Figure 2-2 Pathogen-responsive transcripts detdstedicroarray analysis at

each time point following challenge. Responsiamscripts are defined as those

microarray probes for which the mean signal intgrdiffered significantly from

control samples, according to SAM statistical agiglyFDR < 5%).
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Figure 2-3 Temporal patterns of changes in trapstavels. Cluster profiles
from STEM analysis are presented in 11 differenougs and frequency of each
cluster combination within the datasets at 12,12 48 h time-points are

indicated in panels A—K.

70



24 and 48 h (Figure 2-3A). Another group of gefd exhibited a more gradual
increase in transcript abundance between 12 aru wigh no discernable rapid

increase between any given time points (Figure 2-3Bhe profile of a cluster of

79 genes whose expression started to decline Eftarpost-inoculation exhibited

a steeper decline between 24 and 48 h (Figure 2-3€)group of 54 genes

(Figure 2-3D) exhibited constant levels of transttabundance up to 24 h post-
inoculation, after which there was a rapid decrea&aother group of 77 genes
(Figure 2-3E and F) exhibited a peak in transcaptindance at 24 h post-
inoculation but it appeared that the abundancelessbefore and after the 24 h
time-point (i.e. 12 and 48 h). Details of the gem#entified in major clusters

(Figure 2-3A-F) are presented in Table A-1. STEMAlgsis also indicated that

the abundance of transcripts for 12 genes declvitda peak at 24 h (Figure 2-

3G). The remaining groups of 17, 8, 4 and 3 gdresnging to groups H, I, J

and K, respectively (Figure 2-3H, I, J and K) dut exhibit readily generalized

patterns. Thus, it is evident that STEM analyses \able to group our data into
distinct temporal patterns with the first six greugpntaining 397 genes and 44 in
the remaining five groups. It is possible thatgeaes exhibiting similar temporal
patterns of expression are functioning in conaeninediate plant responsesSo

sclerotiorum

Functional classification ofS. sclerotiorum-responsive genes
Of the 1675 genes whose transcripts that exhilstatstically significant (P <

0.05) changes, 342 increased or decreased mordwibaiold at any given time-
point following pathogen challenge. These gene®wather classified based on
their putative functions, as is illustrated in FHigw2-4. Among the 258 genes
identified as being more than two-fold increasedranscript abundance after
pathogen-challenge, a large portion (26%; FigusAR-could not be classified
functionally based on existing information. Themad largest group (18%) of
genes belonged to the category of cell rescue/defe®ther major categories of
genes that exhibited an increase in transcript @ouee included those that were
involved in either protein fate (8%) or those eringdranscription factors (6%;

Figure 2-4A). Approximately 7% of genes whose $@ipt exhibited an increase
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in abundance were involved in cellular transporhother 8% in cell
signaling/communication, 2% in secondary metabglianother 5% amino acid
metabolism and 3% in hormone biosynthesis. Ambegdd genes that exhibited
a decrease in transcript abundance, the biggesgaat (33%) was composed of
those genes whose biological function(s) are nawkn (Figure 2-4B). Those
genes involved in energy metabolism (10%), carbodited metabolism (8%),
other metabolism (5%), protein fate (8%) and callwtansport (7%) were among
the other main groups whose transcripts exhibitmtehses in abundance (Figure
2-4B). The identity of those transcripts that é&itieid a significant increase (>2-
fold, all the time points) and decrease (<1-fold¥@ h and 0.5-fold for 24 and 48
h) are presented in Tables A-2 and A-3, respegtiveWe will focus the
remainder of our report on five major functionategpories: (1) Cell rescue and
defense related transcripts, (2) transcription diact (3) genes involved in
jasmonate (JA) biosynthesis and signaling, (4) well related transcripts and (5)

other transcripts.

Cell rescue and defense related transcriptional
As indicated earlier, a major group of genes whomescript abundance increased

significantly following S. sclerotiorumchallenge were those involved in cell
rescue and/or defense (18%; Figure 2-4A). Spetlficat 12, 24 and 48 h post-
challenge, we observed 19, 10 and 18% of transciiptthis category to be
significantly more abundant in treated tissuesomspared to controls.

Reactive oxygen responses
Reactive oxygen species (ROS) play a dual rolelamtpbiology as both toxic

byproducts of aerobic metabolism and key reguladbgrowth, development and
defense pathways (Mittler et al. 2004). In resgomspathogens, plants produce
ROS, which serve as signaling molecules that leaithe induction of local and
systemic resistance (Corpas et al. 2001). Enzymefants that are involved in
the generation as well as detoxification of ROSude superoxide dismutase
(SOD), ascorbate peroxidase (APX), catalase (CAjli)tathione peroxidase
(GPX) and peroxiredoxin (PrxR) (Mittler et al. 2Q04In this study we observed
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an increase in transcript abundance of those geheh are involved in ROS
signaling including peroxidase (At4g08780, 3.6-faltd At3g49120, 2.5-fold) at
12 h; (At4g08780, 3.8-fold and At3g49120, 2.5-folt)24 h; (At59g05340, 2.4-
fold and At3g49120, 2-fold) at 48 h; ascorbate pelase (At1g07890, 2-fold) at
48 h; glutathione peroxidase (At2g29460, 2.6-fokt2929420, 5.9-fold and
Atlgl7170, 6.6- fold) at 48 h (Table S-2); perodorin (PrxR) (At5g06290, 0.4-
fold) at 24 h (Table A-3); putative NADP-dependemtidoreductase (P2)
(At3g03080, 2.7-fold) at 48 h (Table S- 2); and rbens of glutaredoxin protein
family (At1g28480, 2.2-fold and At5g40370, 2-foldj 48 h (Table A-2). In
addition, an increase in abundance of transcripa fieelated gene belonging to the
amine oxidase family (At2g43020, 2.8-fold) was alied at 48 h post-pathogen
challenge (Table A-2). The amine oxidase familgludes copper-containing
amine oxidases (CuAO) as well as flavin containedyamine oxidases (PAO),
which have crucial roles in ROS-mediated programroeltl death (PCD), cell
wall reinforcement and in the production of secopdmetabolite precursors
involved in defense responses (Belenghi et al. 2@#ha et al. 2005). Our
findings are in agreement with previous reportsicatihg that an ROS burst
occurs during the infection of canola wigh sclerotiorumand several proteins
with antioxidant functions were increased in abumuda(Golkari et al. 2007,
Lamb and Dixon, 1997; Zhou et al. 2005).

ABA plays a crucial role in many environmental sges such as drought,
salinity and cold, and it regulates dormancy andunagéion during late stages of
seed development (Leung and Giraudat, 1998; McCa&895). Dehydrins and
LEA proteins are homologous to ABA responsive pgrideand they have been
identified in different plant systems (Close et1l&®93; Skriver and Mundy, 1990).
Our microarray experiments revealed an increaseamscript abundance of early-
responsive to dehydration-stress protein (ERD6;g88P30, 2.3-fold) at 12 h;
dehydrin-related (At1g76180, 4.4-fold) at 48 h &RD20 protein (At2933380,
3.6-fold) at 48 h; late embryogenesis abundanteprdiLEA; At4g02380, 6-fold)
at 12 h and (At5g06760, 11-fold and At4g02380, dl2ghf at 48 h (Table A-2).

During later stages of embryogenesis, the ABA lewereases and activates
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accumulation of LEA genes. The expression of dedty@h-inducible genes are
very complex, however, ABA has been suggested tarbelicitor of dehydrin
gene transcription (Chandler and Robertson, 1998has also been suggested
that dehydrins and small heat shock proteins magtept cells from the
dehydration effects (Pnueli et al. 2002).

Heat stress proteins (HSPs) are molecular chapgitbiaé are required for
maintenance and restoration of protein homeostdsitng stress conditions
(Baniwal et al. 2004). In our microarray experinsgrsome of the heat stress
related transcripts such as heat shock proteinChédBg12580, 2-fold) and heat
shock protein hsp70-1 (At5g02500, 2.4-fold) werereigulated at 48 h (Table A-
2). A role of heat shock proteins as molecularpelnanes was explained (van
Montfort et al. 2001), who indicated thay they hefp folding of nascent
polypeptide chains, refolding of denatured proteind prevention of irreversible
protein aggregation and insolubilization. Chapesmcrease the rate of folding
and thus increase the resistance of cells undessstonditions (Golkari et al.
2007).

Our microarray results, therefore, suggest thatnuploallenge withS.
sclerotiorum there is a burst of ROS, which may lead to pnognad cell death
(PCD) as well as increased Tainflux into the stomatal guard cells.
Furthermore, our detection of a large number ofydedtion and heat stress
responsive genes in these microarrays indicatasfisant cross-talk between
pathogen-responsive signal transduction pathwagdtarse that are known to be
responsive to abiotic stresses. These responsesappear to be mediated by
ROS through Cd signal transduction. Such cross-talk has beeriqusly
described in other pathosystems (Bowler and FI@BAO0; Jones et al. 2006;
Keates et al. 2003; Kurkcuoglu et al. 2007). Howeuwe the best of our
knowledge, this is the first report of such a poiisy the S. sclerotiorumB.

napusinteraction.
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Plant defensins

Defensins are small, basic peptides that have eactaaistic three-dimensional
structure stabilized by eight disulfide bonds (Tmomet al. 2002). At least 13
putative plant defensin genes (PDF) have been teéet@cA. thaliang encoding
11 different plant defensins and members of thimilfa display differential
activity against different types of microorganis($iomma et al. 2002). Based
on phylogenetic analysis of putative protein segasn members of defensins
were classified into two families, seven peptid&FP.1-1.5 in the first family
and PDF 2.1-2.6 in the second family (Thomma et2@02). However, the
molecular components involved in signaling, andapué intracellular targets, are
still unknown for most of the plant defensins (Thoen et al. 2002). The
transcripts of six plant defensin genes, PDF1.11¢&6830, 5.3-fold); PDF1.5
(At1g55010, 4.8-fold);PDF1.2c (At5g44430, 4.3-foRIPF1.2b (At2g26020, 3.8-
fold);PDF1.3 (At29g26010, 3-fold) and PDF1.2a (At8420, 4-fold) exhibited an
increase in abundance at 48 h (Table A-2). Ouwltesre consistent with the
previously reported induction of the leaf-specRDF1.2 expression by pathogen
infection and that mutants impaired in either jasate (JA) or ethylene signaling
do not express this defensin gene and are hypeegiisle to infection
(Penninckx et al. 1996; Thomma et al. 1998). Tdole of plant defensins in
disease tolerance has been demonstrated throughesstwhere transgenic
expression of defensin genes has led to increadechmnce to pathogen attack
(Gao et al. 2000).

Leucine-rich repeat proteins (LRR)

Leucine-rich repeats (LRRs) are 20-29-residue sempeanotifs present in a
number of proteins with diverse functions, suclhasnone-receptor interactions,
enzyme inhibition, cell adhesion and cellular icking (Kobe and Kajava,
2001). Plant responses to pathogens involve complgnal transduction
pathways and many defense genes are activatedobggses that rely on LRRs
present in those genes (Shanmugam 2005). We obiséinat the transcript

abundance for three genes containing LRR motifseased at different time-
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points following pathogen challenge. These inctudemember of the extensin
family (At1g21310, 2.1-fold) at 12 h; putative |&ue-rich repeat transmembrane
protein kinase (At1g09970; 2.1-fold) at 24 h anskdse resistance protein-related
(LRR; At1g33590, 3-fold) at 48 h post-pathogen Eraje (Table A-2). There
are several reports in the literature that desale of LRRs for various actions
following ligand recognition (Shanmugam 2005). ragellular plant proteins
such as polygalacturonase inhibiting proteins (R{IRvhich are capable of
inhibiting fungal endopolygalacturonases (PGs) hepeific recognition abilities
against many PGs produced by fungi (De Lorenzd.e2G1; Di et al. 2006).
The beta-turn motifs of the LRRs are responsibletiie specific interaction of
PGIPs with PGs (De Lorenzo et al. 2001). The irtgopare of LRRs in plant
disease responses was further illustrated by g stuflax (Linum usitatissimum
L.) where differences in the specificities of rémmce were determined by six
amino acid changes, that were confined to betatnotif of LRR repeats (Dodds
et al. 2001). Overexpression of PGIPs and/or extenhas been suggested as a
possible strategies for engineering disease resstéShanmugam, 2005) and the
results from our microarray analysis also suggestgortant role for these genes

in the response d@. napudo S. sclerotiorum

Steroid sulfotransferase

Sulfotransferases (ST) catalyze the transfer ofileate group from a donor to
various acceptors including steroid molecules (Bleiget al. 2001). Another gene
identified in our microarray experiment with incsed transcript abundance
following S. sclerotiorumchallenge was a putative steroid sulfotransferase
(At2g03760; eight-fold) at 48 h (Table A-2). Thelfate-conjugation reaction
plays an important role in growth, development addptation to stress in plants
(Klein and Papenbrock, 2004). Moreover, the seifainjugation reaction also
facilitates transport and excretion of hydrophobiolecules and abolishes the
biological activity of steroid molecules such asragens (Gidda et al. 2003).
Specifically, it has been reported by others (Lacmmand Roby, 1996) that
transcripts of At2g03760 (the putative steroid 8dntified in our studies as well)
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accumulated after seedlings mature plants wergetteaith either salicylic acid
(SA) or methyl jasmonate (mJA) and after challenggh Xanthomonas
campestrigv. campestri. The three dimensional structure of At2g03760 frdm
thaliana which has high structural similarity to two humateroid STs was
characterized (Staswick et al. 1998). In additmileactivation of steroids, plant
brassinosteroid ST also uses the sulfonation wadt control the biological
activity of hormones (Rouleau et al. 1999). Theref an increase in abundance
of ST transcript in our microarray experiment mayifdicative of a potential role
for sulfonation in plant defense responses follgvipathogen challenge.
Additional studies are currently underway in olrdeatory aimed at investigating
the role of this ST gene product in regulatinglifeogical activities of hormones

involved in mediating plant disease responses.

Other defense-related transcripts

Many transcripts that play a crucial role in creesl&- between abiotic and biotic
stress response pathways increased in abundamnt@ latpostS. sclerotiorum

challenge and included genes encoding a low teryerand salt responsive
protein LTI6A (At3g05880, 3.7-fold); cold-regulatgmotein COR6.6 or stress-
induced protein KIN2 (At5g15970, 2.4-fold); formateehydrogenase (FDH;
At5g14780, 3-fold); stress related protein (At3g0®5 2.7-fold); symbiosis-
related protein (At4g21980, 2-fold, At4g04620, Bdjo glycine-rich protein

(At3g06780, 2.9- fold) and putative myrosinase-asged protein (At1g54020,
3-fold and At1g52030, 2.2-fold; Table A-2). Thele® of these genes in
mediating plant responses to various stresses haee previously reported.
However, this is the first report in which theirvalvement inB. napusS.

sclerotioruminteraction has been demonstrated and must betigatesl further.

Transcription factors
Transcription factors (TFs) transmit pathogen-d=tivdefense signals to either

activate or suppress downstream defense gene sipreand regulate cross-talk
between different signaling pathways (Andersonl.e2@04; Lorenzo et al. 2003;
Singh et al. 2002). Virtually every major TF gefaenily harbors at least some
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TF genes that have been implicated in some aspetard defense. We observed
that, among the genes with increased transcriptddnce, 15% at 12 h, 10% at
24 h and 6% at 48 h were composed of those encddisgand constituted 6.2%
of all genes with increased transcript abundanggu(é 2-4A). However, in the

case of the genes whose transcripts were obseovdxd tlesser in abundance
following pathogen challenge, only 1.2% was compose TFs (Figure 2-4B).

Among the TFs with increased transcript abundamsambers of several families
were detected including heat stress transcriptestofs (HSFs) and ethylene

responsive factors (ERFs) and are discussed below.

Heat stress transcription factor (HSFs)

HSFs mediate the activation of genes responsiee&t and a large number of
chemical stressors, which is followed by the rapadumulation of heat shock
proteins (Morimoto et al. 1992). HSFs also playemtral role not only in
protection against stress damage but also in fgjditracellular distribution and
degradation of proteins and the functioning of algtransduction cascades
(Baniwal et al. 2004; Nover et al. 2001). In oucmarray results, we identified
heat shock transcription factor 4 (HSF4; At4g369@@)ch demonstrated 3.1-,
5.5- and 3.4-fold increases in abundance at 12ard 48 h post-pathogen
challenge, respectively (Table A-2). Other memlwdreeat shock proteins such
as hsp70-1 (At5g02500, 3.2-fold) at 24 h; hsp7@@AR580, 2.7-fold) at 24 h;
hsp70-2 (At5g02490, 2.7- fold) at 24 h (Table A-a8hd hsc70-7 (At5g49910,
0.5-fold) at 48 h were also detected (Table A-BISFs have been classified into
three classes: A (HSF1 and HSF3), B (HSF4 and HS#id C (Lohmann et al.
2004; Nover et al. 2001). HSF1 and HSF3 are fesgpanse regulators that may
be important for the coordination of stress genpression and generation of
stress tolerance under rapidly changing environateobnditions in natural
habitats (Lohmann et al. 2004). In our microarexperiments we observed an
increase in abundance of the transcript for HSH#te role of HSF4 is still
unclear. However, HSF4 and HSF7, which are membkdass B, have been

suggested as transcriptional repressors or attersuaf the heat shock response
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(Czarnecka-Verner et al. 2000; Lohmann et al. 2004)e isolation and analysis
of HSF4 knock-out mutants will be required to invgete its functional roles in

plants particularly in response to pathogens.

Ethylene responsive factors (ERFS)

Genes in the ERF family encode transcriptional legus with a variety of
functions that are involved in various developmkeatal physiological processes
in plants. Our microarray results demonstrated imecrease in transcript
abundance of various ERFs such as ethylene resgeoel@ment binding factor 5
(AtERF5; At5g47230, 3.8-fold) at 12 h; ethylene passive element binding
factor 4 (ERF4; At3g15210, 4.4-fold) at 24 h; ERP85947230, 3.4-fold) at 24
h; AP2 domain transcription factor family (At5g13323.6-fold) at 24 h; ERF4
(At3g15210, 2.7-fold) at 48 h; ERF5 (At5g47230,aok) at 48 h and AP2
(At3g50260, 2.4-fold) at 48 h (Table A-2). Theiaotof ethylene upon gene
expression involves ethylene responsive elementdimgn factors (ERFS)
containing a highly conserved DNA binding domaime(ERF domain containing
58-59 amino acids; (Ohmetakagi and Shinshi, 1998hch binds with high
affinity to the GCC box (Hao et al. 1998). A motek been established in which
ERFs, bound to the GCC box contained in ethylerd an stress responsive
genes, recruit the SAP (Sin3)-HDA19 co-repressonglex to the genes, which
then mediates transcriptional repression througtohe deacetylase activity (Viiri
et al. 2006). Our findings suggest a relationdhgween plant defensin gene
expression and ERFs. For example, the defensia §Bi1.2, which is regulated
by the JA pathway (Anderson et al. 2004), contan&CC-box motif in its
promoter (McGrath et al. 2005) and it is known tAHERF4 negatively regulates
the MeJA-responsive expression of PDF1.2 (McGrathl.e2005). Therefore, it
appears that during th®. sclerotiorumB. napusinteraction, the regulation of
MeJAresponsive genes might be important for meagaglant responses to this
pathogen and is discussed later within the contéxgenes involved in JA

biosynthesis and signal transduction.
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Calcium signal transduction and G-protein coupksptors

Calcium is an important messenger in signal tractsolu pathways and functions
as a central node to coordinate and synchronizersivstimuli in various stress
conditions (Mahajan and Tuteja, 2005). Reactiveg/gexn species (ROS),
hydrogen peroxide (#D,), nitric oxide and CZ participate in apoptosis or PCD
(Wang et al. 2006). Downstream signaling by ROghminvolve C&" and C4&"
binding proteins (Mittler et al. 2004) which may &kso important for cross-talk
between abiotic and biotic stress responses intpléBanders et al. 2002).
Transcripts of several genes involved in calciurgnal transduction were
observed to be increased in abundance at more ahantime-point following
pathogen challenge. These included C2 domain-tonggprotein (At4g34150,
3.4-fold) at 24 h; calmodulin-related protein (ABRY70, 3-fold) at 24 h;
calcium-transporting ATPase plasma membrane-ty@é*(€TPase, isoform 2;
At4g37640, 4.6-fold) at 24 h (Table A-2). Influx €a2+ into the cytosol of
guard cells control stomatal opening and it is knatat ABA regulates the €a
concentration in guard cells (Allen et al. 1999;Atsh et al. 1990). It has also
been demonstrated that hydrogen peroxide playsueiatrrole in the ABA-
mediated influx of C# into the guard cells (Pei et al. 2000).

At present, the receptors for ROS are unknowrhast been proposed that
plant cells sense ROS via at least three differeathanisms (i) unidentified
receptor proteins; (ii) redox sensitive transcaptfactors (e.g. NPR1 or HSFs);
and (iii) direct inhibition of phosphatases (Mittlet al. 2004 and references
therein). We observed that the abundance of thestript for heat shock
transcription factor 4 (HSF4; At4g36990, 3.4-fol)s increased in responseso
sclerotiorumat 48 h after challenge (Table A-2). G-protein mled receptors
(GPCR) are direct targets of ROS (Kokkola et al030 GPCR have seven
transmembrane spanning domains and in plants #rerenore than 20 proteins
which have been demonstrated to possess similatgte (Fujisawa et al. 2001
and references therein). The heteromeric G-preteamprised of a-/b-subunits,
which have been demonstrated to be localized irsnma membrane of

Arabidopsis (Weiss et al. 1997). The functionhadde proteins are still unknown,
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however, an in vitro experiment in tomato demortettaactivation of plasma
membrance CGa channel by a subunit of G proteins (Aharon etl@D8). It has
also been suggested that plant G proteins mayvmévied in regulation of Ca
movement and elicitor signaling (Fujisawa et al0P0 The transcripts for two
genes involved in G-protein coupled receptor protaignaling pathway
(At2916630, 0.4-fold and Atl1g21500, 0.5-fold) wedetected as those with
decreased transcript abundance in our microarrpgrarents (Table A-3). Our
results are consistent with previous reports desaia decrease in abundance of
these transcripts in plants following both abiatid biotic stresses (Golkari et al.
2007; Lu, 2003; Wang et al. 2004).

Other transcription factors

Members of b-ZIP TF family, which regulate divetselogical processes such as
pathogen defense, light and stress signaling, seeturation and flower
development (Jakoby et al. 2002), also exhibitediutadion in transcript levels
post S. sclerotiorunrchallenge.  Members exhibiting transcript abunéanc
changes in this family included, homeobox-leucinpper protein HAT22
(At4g37790, 2.1-fold) at 24 h; bZIP family trangtion factor (At1g42990, 2.3-
fold) at 48 h; MADS-box protein (At1g31630, 2.2ddlat 48 h; transducin/WD-
40 repeat protein family (At1g18830, 2-fold) andtgiive ovule development
protein (At2g41710, 3.8-fold) at 48 h (Table A-2n addition, other important
TFs that demonstrated increases in transcript aneadincluded: salt-tolerance
zinc finger protein (Atlg27730, 6-fold), 12 h; zifinger protein-related
(At2g28200, 3.3-fold) at 24 h; no apical meristetdAM) protein family
(At3g15500, 2.5-fold) at 24 h and zinc-finger pinteelated (At2g28200, 2.2-
fold) at 48 h (Table A-2). Only C2H2-type zinc dier protein-related transcript
exhibited a decrease in abundance (At2g41940,d)d4-Table A-3). Further
research on these candidate TF genes will mosy Ilkkeeal other new aspects of

regulation of plant defense and related signalaitpways in this pathosystem.
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JA biosynthesis and signaling
Jasmonate (JA) plays an important role in modujatiarious physiological

events such as resistance to pathogens and ingedtsjpening, maturation of
pollen, root growth and senescence (Creelman anitet@997). JA synthesis
involves oxygenation of linolenic acid by lipoxygee (LOX), which is then
converted to 12-oxo-phytodienoic acid by allenedexsynthase (AOS) and allene
oxide cyclase (AOC). An additional reduction steyp oxophytodienoic acid
reductase (OPR) and three steps of boxidationtlzaide synthesis of JA (Sasaki
et al. 2001). In our microarray experiments, JAsnthesis-related transcripts
that exhibited increases in abundance includednallexide cyclase family
members (At3g25780, 4.7-fold) at 12 h and 9.2-fald24 h; cytochrome P450
83B1 (At4g31500, 2.2-fold) at 12 h; 12-oxophytodiate reductase (OPR3;
At2g06050, 2.7-fold) at 24 h; allene oxide synthhasgochrome P450 74A
(At5g42650, 12-fold at 24 h and 20-fold at 48 hidal2- oxophytodienoate
reductase (OPR1; At1g76680, 2.6-fold) at 48 h (&abl2). Our results suggest
that one of the responses % sclerotioruminfection might be increased JA
biosynthesis, as evidenced by the increased abuadsrtranscripts for enzymes
involved in the JA biosynthetic pathway. A protécsabased investigation
currently underway in our laboratory revealed acrease in the level of JA-
responsive protein JR1, at 12 and at 48 h postesigd withS. sclerotiorum
(Liang et al, unpublished observations) providirdgiional evidence for JA-
mediated processes in response8ohapusto this pathogen. Furthermore, as
mentioned earlier, JA and ethylene signaling pagtsware essential for the
expression of the plant defensin 1.2 (PDF1.2) gemeich encodes a JA-
responsive, antimicrobial plant protein (Penninekt»xal. 1998). The importance
of JA-dependent defense gene expression is fuillnstrated by the fact that
Arabidopsis mutants defective in this process atdibcompromised resistance
to necrotrophic fungal pathogens (Staswick et @81 Thomma et al. 1998). In
addition, transgenic plants overexpressing trapson factors (TFs) which are
involved in the ethylene- and JA-responsive pattsa@gmonstrated an increased

tolerance to several necrotrophic pathogens (Bahkiogbo and Molina, 2004;
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Berrocal-Lobo et al. 2002). The extent of crossthétween JA- and other
signaling pathways during the interaction Bf napuswith S. sclerotiorumis

unclear. However, results from our microarray asiglguggest an important role
for JA biosynthesis and signaling during the eaWents of this host-pathogen

interaction.

Transcripts related to cell wall structure and fundion
Plant cell walls play an active role in growth, d®pment, signaling, intercellular

communication and plant defense (Showalter, 1998).complex network of
cellulose, hemicelluloses, pectins and structunadtgins in plant cell walls
determines their dynamic nature and function (Castipand Braam, 1999).
Transcripts of many genes encoding proteins puwigtivelated to cell wall
structure and function exhibited increased abunelaswed included those for
arabinogalactan- protein AGP2 (At2922470, 4.1-faddd AGP16 (At2g46330,
2.3-fold) at 24 h; AGP12 (At3g13520, 2.6-fold) ah@P2 (At2g22470, 4.5-fold)
at 48 h; extensin family protein (At1g21310, 2-foéd 12 h; glycine-rich protein
(GRP; At3g06780, 2.9-fold) at 48 h and proline-rimotein (PRPs; At4g13390,
2.1-fold; At4g08370, 2.2-fold and At5g06630, 2.®id) at 48 h (Table A-2).
Among the cell wall-related transcripts that extadi modulation in our
microarray experiments, many genes encoded foring/blydroxyproline rich
proteins (PHPs). The PHP family is classified ititeee classes: PRPs, extensins
and AGPs (Schultz et al. 2002). AGP proteins aotepglycans that are secreted
by plant cells and suggested to be involved in maspects of plant growth and
development, including cell wall deposition, signgl and differentiation
(Showalter, 2001).

In Arabidopsis, there are at least 35 genes thaadnAGP proteins. The
backbones of most of the AGPs are anchored to tasma membrane by
glycosylphosphatidylinositol (GPI) anchors (Schudtzal. 2002; Youl et al. 1998)
, Which transiently attaches AGPs to the plasma bmane before they are
released into the cell wall following hydrolysis thfe GPI anchor (Gilson et al.
2001). The structural proteins extensins are mtesethe cell walls of higher

plants, and their levels are regulated by woundamgl pathogen infection
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(Shanmugam, 2005). As discussed previously, ekiems association with LRR
motifs are important for a plant’s defense respomgainst a pathogen. GRPs
have important functions with respect to the plaascular systems and their
synthesis is part of the plant’'s defense mecharfMousavi and Hotta, 2005).
Our results suggest that PRPs, and synergistiviteesi with GRP, may play
crucial roles in the defense Bf napusfrom S. sclerotiorumnvasion. Members
of the glycosyl hydrolase family exhibited an ir&se in transcript abundance
(At2g27500, 2.8-fold and At3g13790, 2.6-fold) atl2énd (At5g49360, 4.3-fold;
At5g28510, 2-fold; At2g14690, 2-fold) 48 h pdst- sclerotiorumchallenge
(Table A-2). A member of the glycosyl hydrolasenity 17 (At2g27500)
hydrolyzes 1,3-b-glucan polysaccharides found ith walls and may play an
important role in the defense response by attackingal cell walls (Davies and
Henrissat, 1995; Hrmova et al. 1997; Masoud €1206). Although a number of
genes presumably involved in increasing cell watégrity were observed to be
induced in response ®. sclerotioruma decrease in the abundance of transcript
involved in modification of cell wall such as xylogan endotransglycosylase
(XEGs; At4g03210, 0.3-fold) at 24 h was observeab(é A-3). We also
observed a decrease in the abundance of many fiesthat are related to
carbohydrate metabolism such as starch syntha&gZAB00, 0.5-fold) at 48 h;
phosphoglucomutase (At5g51820, 0.5-fold) at 48 H¢ose-1-epimerase
(At5g66530, 0.5-fold) at 48 h and isoamylase (A&@3, 0.5- fold, and
At1g31190, 0.4-fold) at 48 h (Table A-3). Modutatiin transcript abundance for
many potentially cell wall-related lipid transferopeins (LTPs) and enzymes
involved in lignification were also observed in auicroarray experiments. In
addition, a few transcripts involved in phenylpropa metabolism including an
O-methyltransferase (At1g21130, 4.3-fold and At1gZAd, 4.3-fold) at 12 h and
(At1g21130, 4.3-fold; At1g21120, 3.9-fold and At4d%0, 3.8-fold) at 24 h
exhibited increased transcript abundance (Tablg.AMembers of the protease
inhibitor/seed storage/lipid transfer protein (LTRnily also exhibited increased
transcript abundance (At3g22600, 22-fold) at 24Ab3¢22620, 2.3-fold and
At3g22600, 8.4-fold) and at 48 h (Table A-2) andrdased transcript abundance
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(At29g45180, 0.3-fold; At2g38530, 0.4- fold; Atlgid) 0.4-fold) at 48 h (Table
A-3). Involvement of a putative LTP in systemicsistance signaling was
demonstrated iA. thaliana(Maldonado et al. 2002) and the transcript abuoean
of many LTPs in our experiments also suggest armrtapt role of LTPs in thB.

napus-S. sclerotiorumnteraction.

Other transcripts
Roles for specific proteins in transporting molesuacross plasma and vacuolar

membranes during abiotic and biotic stresses haga previously reported (Jiang
and Deyholos, 2006; Liu et al. 2005; Wan et al. 200 Pathogen associated
increases in abundance of transcripts for manytigatéransporters involved in
the transport of water, sugar, lipid and other mwles were also observed in our
microarray experiments. These included mitoch@hdoshosphate transporters
(At3g48850, 5-fold) at 24 h; MATE efflux family pteins (At1g61890, 4-fold) at
24 h; putative hexose transporter (At5g26340, 8l8}fat 24 h; ABC transporter
family protein (At2g29940, 13-fold) at 48 h and atgiive sugar transporter
(At2g48020, 2.6-fold) at 48 h (Table A-2). Increasn abundance of transcripts
for these transporters have been reported in giadrosystems, for example,
amino acid and sugar transporters in fhaticum aestivumMycosphaeiella
graminicola interaction (Keon et al. 2007); a sucrose trartgpom the A.
thaliana-Meloidogyne spp (Hammes et al. 2005) and an ABC transportehén t
A. thaliana-Agrobacterium tumefacein®itt et al. 2006). Many transcripts for
components of the glycolytic pathway exhibited ardase in abundance, whereas
those involved in tricarboxylic (TCA) cycle, andetipentose phosphate pathway
(PPP) exhibited an increase in abundance ostlerotiorunchallenge (Tables
A-2 and A-3). We observed an increase in transc@pundance of
monodehydroascorbate reductase (At5g03630, 10-éldB h; quinine reductase
(At5g54500, 2.6-fold) at 48 h; glucose-6-phosphdéhydrogenase (G6PDH;
At5g40760, 2.5-fold) and malate dehydrogenase (26880, 2.6-fold) at 48 h in
our microarray experiment, which are reported tapaegulated under oxidative
stresses (Chen et al. 2004; Jiang and Deyholo§; ZRi@hsky et al. 2002; Saher
et al. 2005).
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Validation of microarray results by gRT-PCR
Quantitative real-time PCR (qRT-PCR) experimentsewmerformed to validate

selected genes, which exhibited at least 2-foldeimge or 0.5-fold decrease in
transcript abundance in our microarray experiméhRigure 2-5). These genes
included glutaredoxin, 2-cys peroxiredoxin, RD2@fehsin PDF1.1, defensin
PDF1.5 and steroid sulfotransferase; salt-tolerarice finger TF; allene oxide
synthase, allene oxide cyclase; and glyoxalas@gkytan endotransglycosylase,
starch synthase, jacalin, glutamate ammonia ligaskeglutamate dehydrogenase.
As evident from Figure 2-5, our gRT-PCR results amnsistent with the
microarray data and validate not only the resulteuwr microarray experiments
but also suggests a crucial role for these genelinrescue and defense, JA
biosynthesis and signaling, cell wall integrityvesll as other metabolic pathways

duringB. napusS. sclerotioruninteraction.

Concluding remarks
We have profiled the transcriptional changes thatompanyS. sclerotiorum

infection of B. napususing microarrays containing 23,686 unigfe thaliana
genes at three different time points following agln infection. A similar study
performed by Liu et al. (Liu et al. 2005) used manrays containing 6,120 cDNA
probes and identified 61 and 25 genes that exkiat8. sclerotiorurinduced
two-fold increase or decrease in transcript abuoglarespectively, at one time-
point (32 h). Our study is a substantially mora@aded investigation where
oligonucleotide arrays representing 23,686 unigeieeg were used. Our results
indicated that 258 and 84 genes exhibited a tw-fotrease or decrease in
transcript abundance, respectively at the three 2and 48 h) time-points
investigated in this study. Genes encoding preteixolved in the scavenging of
ROS, plant defensins, those involved in JA biosgsith and transcriptional
factors exhibited more than a two-fold increasé&ramscript abundance and were
not previously reported as being responsiv& taclerotiorum(Liu et al. 2005).
Similarly, many genes which exhibited a two -foleéétctkase in transcript

abundance were also identified only in this study.
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Figure 2-5 Comparison of microarray and gRT-PCRitegor the relative
expression of selected genes at 12, 24 and 48ti5paslerotiorurrchallenge.
The fold changes in transcript abundance were gegpterelative to control
(uninoculated), and for gRT-PCR all the data werenalized against the

expression of the actin gene.
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This is the first detailed report describing thee usf spotted
oligonucleotide arrays containing this large numloérgenes to investigate
changes in gene expression during this host pathageraction, which were
subsequently validated using gRT-PCR. Future studiilll be directed towards
characterizing the role of JA and JA-mediated gexpgession, the expression of
those genes involved in ROS metabolism, cell wakdrity and defense, within
the context of the compatible/incompatible intei@actof S. sclerotiorumwith

plant hosts.
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Chapter 3 Characterization of defense signaling patvays of
Brassica napus and Brassica carinata in response toSclerotinia
sclerotiorum challenge

Introduction

When plants are challenged by pathogens, a conapléxntegrated set of defense
responses are triggered (Dong 1998; Kunkel and iBr@&®02). These include
wax layers, pre-formed antimicrobial enzymes, sdaoy metabolites and toxic
compounds under the constitutive responses anersigstacquired resistance
(SAR) as well as induced systemic resistance (I8Rler the induced responses
(Kunkel and Brooks 2002). A series of events améiated in plants during
interactions between plants and pathogens incluthegproduction of signaling
compounds such as jasmonic acid (JA), ethylene,(Ealcylic acid (SA) or
reactive oxygen species (ROS) (Kunkel and Brook¥20 Signaling pathways,
mediated by JA/ET and SA, are important componehigdant defense systems
(Dong 1998; Feys and Parker 2000; Martinez et @012 McDowell and Dangl|
2000). They are regulated and can act independestinergistically or
antagonistically, which depends on the system dit lamd pathogens and are
discussed below (Glazebrook 2005; Kachroo 2007).

JA and its derivate methyl jasmonate (MeJA) arenaligg molecules
important for initiating and/or maintaining devetopntal processes and defense
responses in various plants (Clarke et al. 200h; der Fits et al. 2000). In
Arabidopsis, as revealed by microarray analysig fiut of 41 genes responding
to JA are those involved in its biosynthesis, iatlitg the existence of a positive
feedback regulatory system for JA biosynthesis gl8ast al. 2001). JA induces

the transcription of genes coding for lipoxygen@seX?), defective in anther

A version of this chapter has been submitted fdalipation. Yang et al. Characterization of
defense signaling pathways Bfassica napusndBrassica carinatdn response t&clerotinia

sclerotiorumchallenge 200®lant Mol Biol Rep
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dehiscencelAD1), allene oxide synthas&Q9, allene oxide cyclaseAQO),
12-oxophytodienoate reductasdOPR3, and jasmonic acid carboxyl
methyltransferas€JMT) (Heitz et al. 1997; Ishiguro et al. 2001; Laudand
Weiler 1998; Mussig et al. 2000; Seo et al. 20a&n2el et al. 2003). Among the
aforementioned, AOC is a key enzyme in the biossithof JA and functions to
release the first cyclic and biologically active tatmlite - 12-oxo-phytodienoic
acid (OPDA) (Schaller, et al. 2008).

ET signaling has been reported to play an impontalat in mediating a
broad-spectrum resistance against pathogens inideadis (Bent, et al. 1992;
Thomma, et al. 1999) and rice (Singh, et al. 20@Yme of the genes involved in
ET signaling have been identified and characterinefirabidopsisWang, et al.
2002) and tomato (Wilkinson et al. 1995). In Addpsis, cDNAs encoding five
different ERF proteins (AtERF1 to AtERF5), whichogh GCC box—specific
binding activity, are differentially regulated byf Ewounding, cold, high salinity
or drought, via ethylene-insensitive2IN2)-dependent or -independent pathways
(Fujimoto et al. 2000). The transcript abundanéeAtERF] AtERF2 and
AtERF5increased two- to three- fold 12 h after ET tresitn wherea®MERF3
and AtERF4 transcripts did not increase (Fujimoto et al. 2008ience, it was
proposed that AtERF1, AtERF2 and AtERF5 act asstmaptional activators
whereas AtERF3 and AtERF4 act as transcriptionatessors (Fujimoto et al.
2000). Moreover, senescence has been reporteglitmlbced by ET (Bleecker et
al. 1988; Grbic and Bleecker 1995), and necrotroplaihogens benefit from host
cell death (Glazebrook 2005) by producing an emwirent conducive to the
growth and colonization of such fungi. Howeverhids also been reported that
ET plays an important role in mediating resistatecg@athogens (Ohtsubo et al.
1999; van Loon et al. 2006). In addition to theramentioned studies on the ET
signaling pathways, the role of ET in plant devetept and its responses to
environmental stimuli has been investigated usiegesal strategies aimed at
modulating the levels of endogenous ET (StearnsGm#t 2003). Among these,

the application of a gene encoding 1l-aminocyclognas 1-carboxylate (ACC)
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deaminase isolated froPseudomonas putidstrain UW4 (Shah et al. 1998) has
been demonstrated to lower the level of ET in gldor@cause ACC deaminase can
metabolize the ET precursor ACC deketobutyrate and ammonia (Glick 1995;
Glick et al. 1999; Jacobson et al. 1994). Thisegleas been reported to alleviate
ET exposure and thereby down-regulate ET resporggnes (Glick et al. 1998),
increase root elongation (Penrose et al. 2001) @mnodect plants from some
phytopathogens (Lund et al. 1998; Robison et @120

SA signaling pathways in defense responses have Wwek characterized
including SA accumulation, pathogenesis related) (f¢he expression, and the
induction of local and systemic acquired resistaiizdaney et al. 1994; Friedrich
et al. 1995; Meuwly et al. 1995; Shah and Kles€§6). Nonexpresser of PR
gene 1 NPR1 also known adNIM1 and SAIll), a key regulator of the SA
signaling pathway, controls SA-mediated SAR sigrabathway in Arabidopsis
(Cao et al. 1994; Cao et al. 1997; Delaney et @851 Glazebrook et al. 1996;
Shah et al. 1997). It has been demonstrated keatexpression oNPR1 is
increased as a result of treatment with SA, 2,6ddroisonicotinic acid (INA),
benzo (1,2,3) thiadiazole-7-carbothioic acid S-mpetrster (BTH), or pathogen
infection (Cao et al. 1997; Ryals et al. 1997). rdtwer, the ability to induce PR
gene expression and generate an SAR response @réchpin Arabidopsis
nprl/nimlmutants after treatment with SA or INA (Chern et2905). AINPR1
can interact with the TGA subfamily of the basiadme zipper protein (bZIP)
family of transcription factors (Kesarwani et al(Z); TGA2, TGA5 and TGA6
are positive regulators of SAR (Zhang et al. 2008)l these provide evidence
that SA plays a crucial role in mediating plantetefe responses.

Canola(Brassica napug..) is a major edible oil crop worldwide and 12.6
million tons were harvested in Canada alone in 2@b8&p://www.canola-
council.org/acreageyields.aspx). Canola yieldigniicantly affected by plant
diseases and Sclerotinia stem rot causedSotigrotinia sclerotiorum(another
necrotrophic phytopathogen) is an important disea€®nsiderable efforts are
underway to understand the comprehensive molecesgonses of plants to this
pathogen (Liang et al. 2008; Yang et al. 2007; Zba@al. 2007). Among the
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BrassicaspeciesB. carinatais reported to be tolerant & sclerotiorumBansal
et al. 1990). Therefore, in order to investigabsgible differences in the JA, ET
and SA-mediated signaling pathways betwd&nnapusand B. carinata, the
expression of five genesAQC3 ERF2 NPR1 TGA5 and TGA§ was
characterized. The availability of an ACC-deameasnsgenic canola which
was reported to produce low levels of ET permitisdo investigate whether ET
plays any role in the susceptibility/toleranceStosclerotiorun{Shah et al. 1998).
Our results are discussed within the context oBifsssicaSclerotinia interaction

and possible strategies to engineer durable tateramthis pathogen.

Materials and methods

Identification of signaling genes in canola

Orthologs of five Arabidopsis genes implicated iA & JA/ET signaling were
identified in B. napusby Blastn analysis using the cDNA sequences of the
Arabidopsis genes from both the non-redundantdnd expressed sequence tag
(EST) databases. These presumptive orthologs wadigated by performing a
reciprocal Blastn search of the identified canokneas in the Arabidopsis
database. Except in the caseBoiNPR1 whose cDNA was available in the nr
database, only EST sequences were available. H#&FEe were assembled using
the Segman function of DNASTAR (DNASTAR Inc., USA).

Plant growth and treatments

A strain of S. sclerotiorumwas kindly provided by Dr. Stephen Strelkov
(University of Alberta). S. sclerotiorumwas subcultured on potato dextrose agar
(PDA) media (Becton Dickinson, Sparks, MD, USA) anccontinuous light.
Preparation of agar plugs &. sclerotiorumfor inoculation was performed as
previously described (Yang et al. 2007).

Wild type B. napus(Westar) andB. carinata plants were grown in
Sunshine Soil Mix 4%ungro Horticulture, Vancouver, Canadathe greenhouse
(22°C day/18°C night; 16 h photoperiodcambination of natural light and T5
fluorescent tubes with a light intensity of 308 (umol) m2s™) for 18 days B.
napuswas sprayed with 50 mM SA (Sigma, MO, USA (Hegeelual. 2008)), 20
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MM JA (Sigma (Profotova, et al. 2006)) or 20 uM ACEgma (Chen and Chang
2003)). Ethanol 0.1% (v/v) in water was used asrarol for ACC treatment and
water was used as a control for both SA and JAtrtreats. Leaves were
harvested at 2, 4, 8, 24 h post-treatment (Hegetlad. 2008; Profotova et al.
2006; Chen and Chang 2003), flash-frozen in ligoitogen and stored at
-80 °C.

PDA plugs with mycelia prepared as described alveee placed on the
first and second true leaves which were woundeti wineedle slightly before
inoculation. Leaves of uninoculated plants weeatied similarly with PDA plugs
from control plates without any mycelial growthlafts, both uninoculated and
inoculated, were placed in a humidity chamber férh2after which they were
returned to the greenhouse. Leaves from inocukatelduninoculated plants were
harvested at 12, 24 and 48 h (Liang et al. 2008ngYat al. 2007) after
inoculation, flash frozen in liquid nitrogen andm&d at —80 °C. The stems of
five-week oldB. napusand B. carinata plants were inoculated with a plug of
mycelia that was placed between tH& &nd 4" internodes. The plugs were
wrapped with parafilm and disease symptoms weréuated at 24, 48 and 72 h
post-inoculation. Three independent biologicaliogpes of the entire experiment

were performed.

Reverse Transcription-PCR (RT-PCR) and isolation otDNA

Total RNA was isolated from leaf tissue using tideRsy Plant Mini kit (Qiagen,
ON, Canada) with on-column DNA digestion accordit@y manufacturer’s
instructions. RNA integrity was checked on an agargel and quantified by with
a NanoDrop 1000 (NanoDrop Technologies, Inc., DEA)Y First-strand cDNA
was synthesized from 2,5y of total RNA using Superscript (Invitrogen, CA,
USA) and primed with Oligo(dT} (Fermentas, ON, Canada). PCR was
performed in a 50-pL final volume includir@5 pL of cDNA template, 1x
amplification buffer, 200 pM deoxynucleotide triphosphates (dNTPSs)
(Fermentas), 400 nM of each primer, and 2 unit®latinumTaq high-fidelity
polymerase (Invitrogen). PCR conditiansluded an initial denaturing step at 94
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°C for 2 min, followed by 35 cycles of 94 °C for 83050 °Cfor 30 s, 68 °C for 1
min per kb, with a final extension at 68 °C for 3nm PCR products were gel
purified using the QIAquick gel extraction kit (@en) and cloned into a pJET1.2
vector supplied with the CloneJET PCR cloning Keérmentas) and sequenced
from the two ends using the BigDye reagent on ah3&B0 sequencer (Applied
Biosystems, Foster City, CA, USA).

Quantitative gRT-PCR

Primers were designed using PrimerExpress3.0 (Ag@iosystems) targeting an
amplicon size of 100 bp. The list of genes as a&llhe primers used is shown in
Table 3-1. All primers used were submitted to H@BI database for a Blastn
search and all primers were confirmed to speclficahneal only with their
corresponding genes. Hence, the results from gBR-Bnalysis represents the
expression pattern of specific genes. The gRT-RG&ay was performed as
described previously (Yang et al. 2007) and eacte geas assayed in duplicate
for each of the three biological replicates. Date analyzed by Studentstest
and ANOVA ([p<0.05) using PAST (http://folk.uio.no/ohammer/ppsthd SAS
9.2 (SAS Institute Inc., NC, USA).

Characterization of ACC-deaminase transgenic canola

A triple response assay was performed as deschpeathers (Jing et al. 2005;
Qin et al. 2006) with minor modifications. A stosklution of 100 mM ACC
dissolved in water was filtered through a 0.22 pherf  Transgenic ACC-
deaminase (T4-177, T5-130B, T5-163) and wild-typ#estar’) seeds were sown
on % x LS media (Caisson Laboratories Inc., UT, YShApplemented with or
without 10 uM ACC (Sigma). The seeds were allowedrow for 4 days in the
dark before being scored and photographed. Tmessté 7-week old transgenic
ACC-deaminase (T4-177, T5-130B, T5-163) and wilgpet canola plants were
inoculated with a plug of mycelium being placed vietn the % and 4"
internodes of the stem and wrapped with parafilidisease symptoms were
evaluated at 48, 72, 96 and 336 h post inoculatithree independent biological
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Table 3-1 Primers used in this study (F1 and Ringrs are for real-time while

F2 and R2 primers are for gene cloning to getlddajth sequence)

Gene At AGI# Accession Forward and reverse primers

No.
BnAOC3F1 At3g25780 CD817484 5'-CAAGCAAAAACCCGAGGAGTT-3'
BnAOC3R1 5-CTGGTGGCATATTGACTCGAAA-3
BnAOC3F2 5-CAAACCAAGTTCCAAGTCTTCC-3'
BnAOC3R2 5-GTATTCCACCAACACAGCGTTA-3'
BnERF2F1 At5g47220 CN737061.1 5-GGGTTTGGTTAGGGACGTTTG-3
BnERF2R1 5'-GGAACCACGCATCCTAAAAGC-3'
BnERF2F 5-ATGTACGGACAGAGCGAGGT-3'
BnERF2R 5-AAGCTTCGAAACCAACAAGTAACTG-3'
BnNPR1F1 At1G64280 AF527176 5“TGCTCTGTTGATCGCGAAAC-3'
BnNPR1R1 5-CGCCTTTGGCAGCTAACTTC-3'
BnTGA5F1 At5g06960 EE463024 5-CAGACGCTGGCAGGAAGATAA-3'
BnTGA5R1 5'-GCTCAGGTTCACTCGCATGA-3'
BnTGA6F1 At3g12250 CN732338 5'-CAGCCAAGAATGATGTCTTCCA-3'
BnTGA6R1 5'-CCCACCAAGCCACAAGAAAC-3'
BnActinF1 At3g18780 AF111812 5-ACGAGCTACCTGACGGACAAG-3’
BnActinR1 5-GAGCGACGGCTGGAAGAGTA-3’
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replicates (5 plants each) were performed.
Results and discussion

Identification of presumptive representative geneand analysis of their

response to hormone treatments

We hypothesized that orthologs betwdgnassicaspecies and Arabidopsis may
play similar roles in mediating plant responseshmrmone treatments and
pathogen infection. We first utilized cDNA sequesof the Arabidopsis SA and
JA/ET signaling genes to search for orthologs afséhgenes in canola using
public non-redundant and EST databases. A rea@aprBtastn search of the
identified genes or assembled contigs also indicttat they are the most likely
orthologs of corresponding Arabidopsis genes (datashown). We chose five
genes as representatives of JA/ET or SA signaliathways, which were
BnAOC3for JA (Stenzel, et al. 2003BnERF2for ET (Fujimoto et al. 2000) and
BnNPR1as well as the two bZIP transcription factds {GAS BnTGA§ for SA
(Cao et al. 1994; Kesarwani et al. 2007; Zhand. &093).

The cDNA sequences of these gerf&sAOC3.1 BnAOC3.2BnA0OC3.3
BnERF2.2BnERF2.3BcERF2.2 BCERF2.3BNnTGAS5.1 BnTGA5.2 BcTGAS.1
BcTGA5.2 BnERF2.1 BcERF2.) were cloned fronB. napusandB. carinata
However, BCAOC3 BnTGA6 and BCcTGAG could not be amplified. After
alignment,BnACO3 BnERF2andBcERF2had three different alleles whereas the
sequences AnNERF2.1andBcERF2.1are the same (Figure A-1). BABmTGAS
andBcTGA5have two different alleles (Figure A-1). Due b thigh homology
between thd3. napusandB. carinata sequences, the primers of these five genes
were designed based on tBe napussequence and used to investigate the
transcript level changes in bd napusandB. carinata
To test the response of these presumptive repesengenes to JA, SA and ET,
we employed gRT-PCR to investigate the transcrpels of these genes in
hormone-treatedB. napusplants compared to their untreated controls. We
observed that the transcript levels of these garee significantly <0.05) up-
regulated by the corresponding hormones as showigure 3-1. The relative
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Figure 3-1 Changes in relative transcript abunddocéhe five selected genes in
leaves ofB. napusin response to hormone treatments. Changes imelh@ve
abundance oBnAOC3to 20 uM JA,BnERF2to 20 puM ACC andBnNPR1
BnTGA5as well asBhTGA6to 50 mM SA treatment were investigated using
gRT-PCR. Results are presented as a ratio of veldtanscript abundance in
treatment/control on a linear scale. Data are nufdhree biological replicates.
The asterisk indicates that the treatment-indudeaghges in relative transcript

abundance were significant{@.05) according to Studentigest analysis.
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abundance of transcript f@nAOC3increased significantly after treatment with
JA; that ofBhERF2after ACC treatment anBnNPR1 BnTGA5and BnTGAG6
after SA application. Based on these results, alogementioned genes were
subsequently used as representatives of the hornsigraling pathways

investigated in this study.

Symptoms on bothB. napus and B. carinata upon S. sclerotiorum infection

It has been reported in the literature tBatarinatais tolerant tdS. sclerotiorum
(Bansal et al. 1990). In order to verify this,mstenoculation experiments were
performed in bottB. napusand B. carinata TheS. sclerotiorurinduced stem
lesions were considerably smallerBn carinatathan inB. napus(Figure 3-2).
However, when we inoculated leavesBofnapusandB. carinataand compared
the disease symptoms on inoculated leaves, théégegere quite different from
stem inoculation. In botBrassicaspecies, necrotic lesions of leaves appeared
after 12 h post inoculation and expanded rapidlthwhe lesions reaching leaf
margins by 24 h and spread further by 48 h and padt-inoculation (Figure 3-
3A and C) compared to control plants (Figure 3-88 ®). The extent of tissue
degeneration in both genotypes was quite simikdifey us to conclude that when
subjected to leaf inoculations, boBrassicaspecies tested were identical with
respect to the degree of tolerance exhibited. Rembdy, the infection of the
leaves can contribute to the disease cycle of &aohéa stem rot and may often
precede (although is not absolutely required) stdection (Agrios 1997; Bolton,
et al. 2006; http://www.agriculture.gov.sk.ca/Sotaria_Infection_Field_Crops).
The differences betwed® carinataandB. napuswith respect to the size of stem
lesions, despite similar reactions on leaves, lexd ta hypothesize that
phytohormone-mediated signaling pathways durindigggen infection may be
different in the two species. We therefore ingggied the expression of the five
genes representing the JA/ET and SA-signaling paykvin bothB. napusandB.
carinataat 12 h, 24 h, 48 h and 72 h post-inoculation thedresults obtained are
described below.
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24 h

48 h

72 h

Figure 3-2 Responses & napus(A) andB. carinata(B) to stem inoculation
with S. sclerotiorum Stem lesions induced by the pathogen challedgd& and

72 h are shown.
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48 h

Figure 3-3 Responses Bf napusandB. carinataleaves in responses to leaf
inoculation withS. sclerotiorum Appearance d8. napudeaves challenged
with, A, S. sclerotiorumB, agar control and appearancedBotcarinataleaves

challenged by CS. sclerotiorumD, agar control at 12, 24, 48 and 72 h.
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Differential responses of JA/ET- and SA-related gess toS. sclerotiorum

infection in two Brassica species

The expression oAOC3 an important gene involved in JA biosynthesisswa
observed to be significantly different at 24 h e B. carinataS. sclerotiorum
pathosystems (Figure 3-44<0.05). However, the relative abundance of the
transcript for this gene was not observed to benifstgntly affected S.
sclerotiorum B. napus interaction over the time-course of the experiment
Similarly, in the case of the ET-respons&Z®F2,the relative abundance of its
transcripts was observed to be significantly inseebat 48 h (~73-fold) and 72 h
(~86-fold) inB. carinataby theS. sclerotiorunthallenge (Figure 3-48<0.05),
while remaining relatively unchanged at the eatiigre-points. However, in the
case ofB. napus no significant temporal changes in the relatibaralance of the
transcript for this gene were observed in respdonspathogen challenge. In
summary, it appears that significant temporal d#fees in the relative
abundance of transcripts for the genes responsivieoth JA and ET can be
observed in the toleraBt carinatabut not in the susceptib napus

We also investigated the response of three geradsatie known to be
involved in SA signaling. Our results demonstriitat, once again, significant
(p<0.05) temporal differences in the relative abumegaaof transcript foNPRJ,
TGA5 and TGAG6 exist inB. carinatabut could not be observed B1 napusin
response to the pathogen (Figure 3-4). The reatanscript abundance for all
three genes increased significantly at a late desestage (72 h) iB. carinatg
after remaining unchanged at of the earlier timig{sanvestigated.

In conclusion, significant temporal changes in éx@ression of all five
genes were observed B carinatabut not inB. napus We observed that at time
points where the levels of transcripts for JA-resgpee genes were higher, the
levels of SA-responsive gene transcripts were umgb@ and only after the levels
of the transcripts for JA-responsive genes decloliddhe levels of the three SA-

responsive genes increase. This is consistenttiagtineports in the literature that
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Figure 3-4 Changes in relative abundance of trgstsdior the five selected genes
in the twoBrassicaspecies in response $ sclerotiorunthallenge. Changes in
relative transcript abundance were investigatedguseal-time PCR at 12, 24, 48
and 72 h. The relative expression ratios were aedlypetween the twBrassica
species at four time-points by SAS (ANOVPs0.05). Different letters above the
columns indicate significant differences betweea tvo Brassicaspecies with
respect to the relative abundance of transcriptsAfaBnAOC3 B, BnERF2 C,
BnNPR1 D, BnTGAS5 E,BnTGA6
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JA-triggered signaling defense can interfere with $A-responsive genes in the
Arabidopsis andErysiphe cichoracearumPseudomonas syringaand Myzus
persicaeinteractions (Ellis et al. 2002). It is tempting speculate that the
suppression of SA-responsive pathways as a relspétbogen-induced triggering
of JA-responsive signaling response contributedesion development. This
delay in SA-dependent signaling response may a¢dounts lack of complete
tolerance inB. carinata Furthermore, the ET-responsive signaling appgktoe
occur at a late disease stage (72 h) in the madgitalerantB. carinatg whereas
no such increase was observed in the suscemiblegapusat any of the time
points investigated. Since ET has been reportegdlag an important role in
mediating the resistance of plants to necrotrophitiogens (Berrocal-Lobo et al.
2002; Thomma et al. 1999; Wang et al. 2002), wih&urinvestigated the relative
susceptibility/tolerance of transgenic canola @amith less endogenous levels of

ET and described below.

Characterization of ACC-deaminase transgenic canoland phenotypic assay

A simple genetic screen using ET effects on dadwgr seedlings known as the
‘triple response’ has been used to identify many key coemgerof the ET signal
transduction pathway and the triple response imdudhibition of elongation and
stem thickening, enhanced apical hook curvatureremontal growth (Chen et
al. 2005). ACC-deaminase can compete with ACC-amsedto metabolize ACC
into 2-oxobutanoate, not ET, leading to a reducéd |&vel (Honma and
Shimomura 1978; Ververidis and John 1991). Weizeul a previously
characterized canola line transformed with an A@@rndinase gene from
Pseudomonas putidatrain UW4 (Shah et al. 1998) to examine the éftdc
decreased endogenous ET levels during disease opewveht upon S.
sclerotiorumchallenge. We expected that transgenic canolagpfaoducing less
ET may show a weak triple response. We therefobgested transgenic canola
plants ectopically expressing ACC-deaminase to A@@tment. We observed
that wild type canola seedings showed significahthition of hypocotyl length
and enhanced apical hook curvature and two linegrarisgenic ACC-deaminase
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canola lines (T5-130B and T4-177) showed a weaketriesponse: significant
reduction of length of hypocotoyl upon ACC treatineompared to wild type
seedlings and decreased apical hook curvature rd=@pbA and B). Our results
indicate that the transgenic ACC-deaminase cantdatp used in this study
produce less ET (Shah et al. 1998), which may tedte alleviation of the triple
response.

ET has been observed to play a role in the regulaif programmed cell
death (PCD) in Arabidopsis (Asai et al. 2000; Gheg et al. 2000) and PCD
might help the necrotrophic pathogen obtain nutsiefior growth and
development (Glazebrook 2005) and, therefore, vapgsed that blocking ET
biosynthesis may alleviate stem rot in canola. Ewav, stem inoculation of
ACC-d canola plants showed that lesion size causedhe infection ofS.
sclerotiorumin lines of T5-130B, T4-177 and T5-163 were siguaiftly larger
than that in wild-type plants at 336 h (14-daysp(Fe 3-5C,p<0.05). Among
them, the size of lesions on T5-130B and T4-177 bvgger than those observed
on T5-163 at 336 h (Figure 3-5C), while at otherdipoints (72, 96 and 120 h),
the lesion sizes of all the transgenic lines wargdr than that of wild-type plants,
although the differences were not statisticallyngigant (Figure 3-5C). Our
results therefore suggest that decreased levellSTah transgenic canola plants
can accelerate the symptoms of Sclerotinia stem Rwevious studies have also
reported that ET seems to inhibit symptom developgnaring necrotrophic
pathogen infection (Berrocal-Lobo et al. 2002; Thaeenet al. 1999; Wang et al.
2002). For example, the Arabidopsiein2 mutant displays enhanced
susceptibility to the necrotrophic fung8®trytis cinerea(Thomma et al. 1999)
and overexpression d&RF1 in Arabidopsis, which activates ET responses, is
sufficient to confer resistance to necrotrophic giusuch asB. cinereaand
Plectosphaerella cucumerin@errocal-Lobo et al. 2002). However, transgenic
tomato with heterologous expression of ACC-deanmansisowed a significant
decrease in the symptoms of Verticillium wilt cadidsy Verticillium sp (Robison

et al. 2001). This may be due to the diverseaesp of various pathogens to
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Figure 3-5 Characterization of transgenic ACC-dem®e canola plants. A, The
triple response of transgenic ACC-deaminase cam@a evaluated and the
appearance of four-day-old WT and transgenic segsllion 2 x LS medium
containing ACC (10 uM) are shown; B, The hypocdgylgths were measured
and the relative reduced hypocotyl length of tramsgg ACC-deaminase canola as
a result of ACC treatment is shown (n=45), letiaticate statistically significant
differences (ANOVA,p<0.05); C, Size of lesions induced on the stem8Vat
(Westar) and ACC-deaminase transgenic canola pan& sclerotiorumat 72,
96, 120 and 336 h. Different letters above theurmmis indicate significant
differences (ANOVA p<0.05).
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different levels of ethylene insensitivity, eitheegatively or positively (Hoffman
et al. 1999; Knoester et al. 1998; Thomma et @91 ®obison et al. 2001).

Based on our current results, it seems reasonaldericlude that ET may
have a significant role in determining the eventaatcome of infection (i.e.,
susceptibility or tolerance). This suggestion upmorted by the fact that ET-
responsive genes are triggered only in the religtitaderant species3. carinata
and the observation that transgenic canola with é&slogenous ET is relatively
more susceptible than the wild-type. Taken togeth#h reports from the
literature (Ellis et al. 2002), the abundant JApmssive genes are induced earlier
in the infection process and it suggests that J& bearepressing the SA-induced
defense responses. The SA-induced responses talkiog inB. carinatg along
with the ET responses previously discussed maye$sgonsible for the relatively
higher tolerance. Upon verification of this sugges it may be possible in the
future, to engineer canola varieties that are dapabgenerating earlier defense

responses mediated by SA to enhance tolerance wabiuitos plant pathogen.

GenBank accession
The sequences reported in this study were depasitd@BI with the Acc. No. of

BnAOC3.1 FJ788937BnA0C3.2 FJ788938BnA0C3.3 FJ788939BnERF2.2
FJ788940;BnERF2.3 FJ788941,BcERF2.2 FJ788942;,BCERF2.3 FJ788943;
BnTGA5S.]1 FJ788944BnTGAS.2 FJ788945BcTGAS.1 FJ788946,BCcTGAS.2
FJ788947BnERF2.1 FJ788948BcERF2.1 FJ788949.
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Chapter 4 Identification and expression analysis d{VRKY
transcription factor genes in canolgdBrassicanapusL.) in
response to fungal pathogens and hormone treatments

Introduction
Canola is an agriculturally and economically impattcrop in Canada, and its

growth and yield are frequently affected adverdsiyfungal pathogens. Among
these,Sclerotinia sclerotioruncausing stem rot (Agrios 1997), addternaria
brassicae causing Alternaria black spot (Agrios 1997), hdiie potential to
cause significant crop losses (Bolton et al. 2008}onsiderable efforts are
underway to develop canola varieties that are beitde to tolerate these
pathogens. Our own previous research using pratsoesnd genomics has
identified many of the global changes in gene esgiom that occur as a result of
pathogen challenge in canola (Liang et al. 2008r®hA et al. 2008; Sharma et al.
2007; Yang et al. 2007).

Plant defense responses include the transcriptemmdtol of expression of
stress-responsive genes (Chen et al. 2002; Duetaatt 2000; Maleck et al. 2000;
Mysore et al. 2002), including a number of trarson factors (TFs) whose
abundance is altered as a result of pathogen dgealleThese TFs are presumably
involved in regulating the expression of defendateel genes, and specifically
include those containing Ethylene Response FadiRF}/Apetala2 (AP2)-
domain, homeodomain, basic Leucine Zipper (bZIPYBVWRKY families and
other zinc-finger factors, all of which have bedrserved to increase in response
to pathogen challenge (Singh et al. 2002). Thedende-associated TFs can
regulate downstream defense-related genes and hreayselves be regulated by
phosphorylation (Eulgem et al. 2000; Korfhage etl@94; Rushton et al. 1996;
Zhou et al. 1997).

A version of this chapter has been submitted fdnlipation. Yang et al. Identification and
expression analysis 8¥RKYtranscription factogenes in canoléBrassica napus Lih response
to fungal pathogens and hormone treatm2at9 BMC Plant Biol (accepted).
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The name of the WRKY family itself is derived fraitme most prominent
feature of these proteins, the WRKY domain, whichstitutes 60 amino acids
(Eulgem et al. 2000). In this WRKY domain, a consd WRKYGQK
heptapeptide is followed by a,- or GHC-type of zinc finger motif (Eulgem et
al. 2000). They contain one or two WRKY zinc-fingeotifs, which can bind to
the W-box motif (C/T)TGAC(C/T) on DNA (dePater dt 4996; Eulgem et al.
1999; Rushton et al. 1995; Wang et al. 1998; Yara.€1999). Previous studies
demonstrated that for the Group | WRKY TFs contagniwo WRKY domains,
the C-terminal domain plays a major role in bindinghe W-box, while the N-
terminal WRKY domain affects the binding strengtleRPater et al. 1996; Eulgem
et al. 1999). The deletion of the N-terminal WRiK¥main resulted in reduced
binding affinity (dePater et al. 1996; Eulgem et H#99). Furthermore, as
element besides TTGACY has also been identifietheasg recognized by the
WRKY domain of a barleWWRKYTF (Ciolkowski et al. 2008; Sun et al. 2003).

WRKY proteins belong to a superfamily of zinc fingeoteins [WRKY-
Glial Cell Missing (GCM1)] containing six members (Babu et al. 2006)r F
example, genes coding WRKY proteins were foundamby in plants but also in
the slime moldDictyosteliumdiscoideumand the protisGiardia lamblia which
indicates that WRKYs inhese two lineages may be of ancient origin ang the
may have evolved prior to the evolution of planylph(Ulker and Somssich,
2004; Zhang and Wang, 2005; Zheng et al. 2007xthEtmore, thes. lamblia
WRKY protein containing two WRKY-domains (formerligroup 1) is closely
related to the lineage fungal/animal and not tHaplants (Zhang and Wang,
2005). WRKY protein function might in part be ewbnarily conserved over
large phylogenetic distances including Arabidosisl barley (Mangelsen et al.
2008).

WRKY TF genes form large families in plants, with 72 nmbers in
Arabidopsis and close to 100 @ryza sativa(rice) (Ross et al. 2007). Previous
studies have demonstrated tHMRKY TFs are implicated in plant defense
responses (Zhou et al. 1997), sugar signaling @ual. 2003) and chromatin

remodeling (Kim et al. 1998). FurthermoM/RKYs have been found to play
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essential roles in various normal physiological cesses, including
embryogenesis, seed coat and trichome developreengscence, regulation of
biosynthetic pathways, and hormonal signaling (3ohret al. 2002; Lagace and
Matton, 2004; Xie et al. 2005; Xu et al. 2004; Zhaat al. 2004; Zou et al. 2004).
As alluded to earlierabiotic and biotic stresses are among the majcereak
factors influencing the expression WRKYgenes in plants (Eulgem et al. 2000;
Jiang and Deyholos, 2008; Jiang and Deyholos, 2B@&amoorthy et al. 2008;
Ryu et al. 2006; Ulker and Somssich, 2004) and Hmeen demonstrated to be
involved in the defense against phytopathogens asdbacteria (Asai et al. 2002;
Chen and Chen, 2002; Dellagi et al. 2000; Dond.€2@03; Zheng et al. 2007);
fungi (Marchive et al. 2007; Shimono et al. 200Ag#&g et al. 2006); and viruses
(Oh et al. 2008; Yoda et al. 2002).

The responses of Arabidopsis to pathogens have bbserved to be
mediated by signaling pathways (Liu et al. 2005;Ddwell and Dangl, 2000;
Thomma et al. 1998). For example, salicylic a@d) plays a positive role in
plants against biotrophic pathogens, whereas jasmacid/ethylene (JA/ET)
appears to be important in the case of necrotrgpétiicogens (Berrocal-Lobo and
Molina, 2004; Berrocal-Lobo et al. 2002; Staswidkaé 1998; Thomma et al.
1998). It is also known that these (SA and JA/Eignaling pathways are
mutually antagonistic (Kunkel and Brooks, 2002).n Arabidopsis, it was
observed that 49 out of ZAWRKYgenes are regulated Bgeudomonas syringae
or SA treatment (Dong et al. 2003). On the otherd) of JA-responsive TF in
Arabidopsis, AtIWRKY TFs are in some of the greatesiber (Zheng et al.
2006). Moreover, it is observed that cross-tallSaf and JA-dependent defense
response could be mediated by AtWRKY70, which iswmstream of
nonexpressor of pathogenesis-related geMdPR() (Li et al. 2004).

Previous studies showed that abscisic acid (AB&)a aegative factor in
the SA and JA/ET signaling defense response, didncoease disease resistance
(Audenaert et al. 2002; Henfling et al. 1980; Kagal. 2004; Mohr and Cahill,
2003; Thaler and Bostock, 2004). However, recesearch demonstrated that

ABA has a positive effect on callose depositionjohitould lead to resistance of
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plants towards pathogens (Mauch-Mani and Mauch5200n et al. 2005; Ton

and Mauch-Mani, 2004). Although WRKY TFs have belmonstrated to be
involved in abiotic stress and ABA signaling (Jiaargd Deyholos, 2006; Pnueli et
al. 2002; Xie et al. 2005; Xie et al. 2006; Zhouwakt2008), there are no reports
available on the role of WRKYs in ABA-mediated hostress responses. The
role of other hormones, such as cytokinins, has lreeestigated by many groups
and it was observed that cytokinins serving as gedous inducers for distinct
classes of pathogenesis-related (PR) proteinsesressary for the biosynthesis of
SA and JA (Sano and Ohashi, 1995; Sano et al. 13860 et al. 1994). Others
have observed that the effect of cytokinins is ratmti through the stimulation of
ethylene production (Cary et al. 1995). Howevenether cytokinins induce the
expression of PR genes through WRKYSs is not préselgar.

Despite the obvious importance of WRKYs in respsrisepathogens and
hormone signaling, there are no reports yet dasgWWRKYTFs in canola and
their role(s) in mediating responses to pathogefrs.our previous microarray
analysis of canola responseS3o sclerotiorumwe identified three WRKY genes
whose transcript abundance was significantly adigdty this fungus (Yang et al.
2007). These results prompted us to systematiaddigtify and examin@VRKY
TF genes in canola using the large set of availableressed sequence tags
(ESTs). In this study, we analyzed ESTs from ppliavailable sequence
information of canola and identified 46 sequencéh similarities to Arabidopsis
WRKY TFs. We investigated their evolutionary relatitps with counterparts
from Arabidopsis and rice. We examined the sublzellipbcalization of four
BNnWRKY proteins using green fluorescent protein RRF Subsequently, we
studied the responses of representative membersooophyletically distinct
WRKY clades to two fungal pathogens as well as filant hormones molecules

in order to gain further insights into their rolascanola defense responses.
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Materials and Methods

BnWRKY gene identification

Thirty-six WRKY domain sequences (WRKY-seed) dovaded from Pfam
http://pfam.sanger.ac.uk/family?acc=PF03106 weredu® search the dbEST
(http://www.ncbi.nlm.nih.gov/dbEST/index.html) datds (release 053008) for
WRKY genes inB. napus(oilseed rape and canola¥ing the tBlastn program.
The significant hits (E < 1E-4) were retrieved &nidrosoft Excel 2003 was then
used to obtain unique sequences based on the Gledfarssion numbers. 177
unique ESTs were retrieved and organized into aTBAfdrmat file before input
into ESTpass program (Lee et al. 2007) for cleansitustering, and assembling
of the unique ESTs. To confirm that the obtainedtigs and singlets encode
WRKY proteins, the nucleotide sequences were taéedlin six possible reading
frames using OrfPredictor (Iseli et al. 1999; Minat. 2005) into amino acid
sequences, which were then examined for the existai the heptapeptide
WRKYGQK and its variants. The resulting 36 contagsl 38 singlets were used
as guery sequences in a BLASTn search ag8nsapusEST dataset in NCBI
dbEST and Shanghai RAPESEED database (http://repgdantsignal.cn/, (Wu
et al. 2008)) in order to obtain maximum sequerogth for eaclBhWRKY and
339 unique ESTs were retrieved. We also used avkeg search ofWRKYgenes
in B. napusin the non-redundant (nr) database of NCBI andiobtl two cDNA
sequences (GenBank Acc. DQ539648 and DQ209287§hwhere annotated to
be BhWRKY40 Altogether we obtained 341 unique sequences basethe
accession numbers. We then used the ESTpass prégraleansing, clustering,
and assembling of the unique ESTs. The resultantigs and singletons were
then used as query sequences in a Blastn searotstagaabidopsis to find the
best hit (putative orthologs) among the ARWVRKY genes. Afterwards, the
putative transcripts were analyzed using OrfPredi@seli et al. 1999; Min et al.
2005) to predict open reading frames (ORFs) andiobhe translated amino acid
sequences. The amino acid sequence of the laf@Rst for each putative
transcript was filtered out and entered into the ARV program
(http://smart.embl-heidelberg.de/smart/set_modeM@RMAL=1) to predict the
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WRKY domain. In case of the absence of the charattefeatures of the WRKY
domain for a particular transcript, it was transthin six possible reading frames
in DNAMAN (V4.0, Lynnon BioSoft) and manually chestf to output the amino
acid sequences. At this step, we obtained 46 enBpWRKY genes and
identified thoseBnWRKYgenes that contain incomplete or no WRKY domaith an
therefore we used RT-PCR together with 3'RACE tteed the WRKY domain

sequences.

Plant growth and gene cloning
Wild-type canola'Westar’) plants were grown in Sunshine Soil MiXSungro,

Vancouver, BC, Canada) in the greenhouse with aopleoiod of 16 h light
(combination of natural light and T5 fluorescenbda with a light intensity of
approximately 20QE (umol) m?s?)/ 8 h dark, and a temperature of 21 °C
day/18 °C night for 18 days. Young leaves werevésted for RNA isolation
using the RNeasy Plant Mini kit (Qiagen, Mississau®N, Canada). RNA
integrity was checked by electrophoresis on a fideteyde agarose gel and
guantified using the NanoDrop 1000 (NanoDrop Tetbgies, Inc., Wilmington,
DE, USA). First-strand cDNA was synthesized frompg of total RNA using
Superscript lI(Invitrogen, Burlington, ON, Canada) and Oligo(gT primers
(Fermentas, Burlington, ON, Canada). PCR primeerewdesigned using
PrimerSelect (DNAStar Inc.) or Primer 3 (v0.4.0tphffrodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi) and are listed in T@aldl-1. PCR was conducted
in a 50-uL final volume including.5 pL of cDNA template, 1#®fx buffer,200
KM deoxynucleotide triphosphates (ANTPs) (Fermen#¥ nM of each primer,
and 2 units of PlatinunPfx polymerase (Invitrogen). The PCR conditions
included an initial denaturation at 94 °C for 2 pfwllowed by 35 cycles of 94 °C
for 30 s, 50 °GQor 30 s, 68 °C for 1 min per kb, with a final exsgon at 68 °C for
5 min. PCR products were gel purified using the QIAquiad gxtraction kit
(Qiagen) and cloned into the pJET1.2 vector sugphgh the CloneJET PCR
cloning kit (Fermentas) and sequenced from the émnds using the BigDye
reagent on an ABI3700 sequencer (Applied Biosysté&mster City, CA, USA).

132



Table 4-1 Primers used in this study.

gene

primer sequence+{53")

BNnWRKY1

BNnWRKY2

BNWRKY3

BnWRKY4

BNnWRKY6

BNnWRKY7

BNnWRKY8

BNnWRKY11

BnWRKY15

BNnWRKY17

BNnWRKY18

BNnWRKY20

BnWRKY21

BNnWRKY22

BnWRKY?24

BNnWRKY25

F: ATCTTGGTCGGATGGTGATCTT

R: TCCCGCCTGAAACACCAAACT
QF:AGGGAAACCACGACCACGAT
QR:GGGTCTTTACCACTCGGTTCTTT
F:CACAGTTTAAGCAAAGACTCAGTC
R:CCGGTAATTTCCCTTGACCA

F: TTTTTGGTTTGAGCTTGGTTTGTTA
R: TCCCCATGTACAAAAGAATCCAC

F: CGATGTCGGAGAAAGAAGAACGTC
R: AACTGGCTGCTGCTGCTGATTT

QF: GCG GCC GCA ACA ACA AAT GAC
QR: CGA CGG AGA GCC ACT GGA AAACTG

GFP-F-TTAGGTCATGATGGACATAGGATGGTCT GGTCT
GFP-R:-TTAGGTCATGACAGCTCCACCTCCACCTCC
TTGATTTTTGTTGTTTCCTTCGCC

F: TTTGGTCTCTCGGTGCTCTT

R: CAGTTTAGGGCCCACTCTGT

F: GACCGAAGCGTAGACCGACTAA
R: TGCACCCAAAACAATTTTTCATCAAG
F:CATCATGGCCGTCGATCTAATG
R:ACAAGTCAAAGTCATGCCGAAGC
QF:CATCGAGCATGAGCACTCTCA
QR:GGTTCTCTTCGGCCGATTTT
F:-TAGATCGTACTCCAACCGGACA
R:CTTCCGCAGAAGGTTTTTGATTAC
F-TTTTCCCAGATCTTCAAACTTTTC
R:CTAATTCTCAACCATTCAAGCAGAGC
F:AATGGACTGTTCATCTTTTCTTGAC
R:CACTAACGTTTCCATCTTTTTCTCC
QF:GTGCAGAGGATTCGTCCATACTG
QR:GATCCACCTTGGCTTGTAGCA
F:AGATAATGAACCCCCAAGTTGATA
R:TTCTAAGGACCCGATTGTATTCTC
QF:CCATGGATCCTCACACTCACCTT
QR:GGTTGGTGGCGTCTGAAGAG
F:GTTTTGCTTTCGCTTCCTCATCAT
R:AATCCTACGTTTACCCCTTAAACC
F:CAAATGGCCGACGATTGGGATCTC
R:CTAGTCCCCCGCGAATCATA

F: TTGATGAAACCCTAATGATGATGC
R:AGATGTTGGGTAGCGGGTTTGACT
F:CCATGTCGTCCACTTCTTTCACCG
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BNnWRKY26
BnWRKY27

BnWRKY28

BNnWRKY?29
BNnWRKY32

BNnWRKY33

BNnWRKY35

BNnWRKY36

BNnWRKY39

BNnWRKY40

BNnWRKY42

BnWRKY44

BnWRKY45

BNnWRKY50

BNnWRKY53

R:TAACTTCAGCCCCAAGGATG
QF:AGACGAGAGAGCGGTTCTCACT
QR:TTCAGCCCCAAGGATGTTCT

GFP-F.CATGCCATGGTGAGTAGGAACTCTAAC
GFP-R:CATGCCATGGCAGCTCCACCTCCACCTCC
TGAGCGACGTGGCGCGGTTGG

RACE-F:ATGGCCTCTTTCAACCAGCAAAG
F:CGTCCTTTACGCCATAGTTTGTC
R:CCACCGTCCCCGGCGGACCC

F:CGCAATCCCCAAACCTAAAAATCT
R:TGTACATGCAAACAAGAGAGACAA
QF:GCCGTCAAAAACAGCCCTTA
QR:CCGTTGGATCTTGGAACGAT
RACE-F:GAGAAAGAGAGATATGGGTGAG
F:GCCTGGAGGAGACAGACAGAA
R:CAAGAACAAGGAGACTGAAAATGGA
QF:ACCAGAGCCAAAACGGAGGTT
QR:ACCAGCTGCGTGAACTACGA
QF:AGAGGACGGTTACAACTGGAGAAA
QR TGTCGGACAGCTTGGGAAAG

GFP-F:CATGCCATGGCTGCTTCTTCCCTTCTTC
GFP-R:TTAGGTCATGACAGCTCCACCTCCACCTCC
AGACAAAAACGAATCAAAGAAAGA

F:-TAGACATGGACAACTTCCAAGGAG
R:CGAATTTTTATAACGACCTTGAGCA
RACE-F:CAGTGAGGGGTCCGATAAGA
F:AAGAGCGGATCCAACTGTTCTC
R:ATGGGTTGCTGATGTTTATCACTTT
F:CTAGTTTGGGTGGAAGGAACTAAA
R:AAATCCAAGCGTAGACGCAAA
F:CCATGGACCAGTACTCATCGT
R:TCTCTCACATATGCCAAGTTCAAT
QF:-TGCTCCAAGCTGTTCTGTCAA

QR TGGCATTGGATGGTTATGTTCA
F:ATATGGCACACACAGAGAGTGGA
R:AAAAACTCAAAACCGGCCAAT
RACE-F: TGTCCGGTCAAGAAGAAAGTAGAG
F:GGTACGACCGATACATCAACGA
F:GGGGAGCAAGAAATGGAGGATAG
R:GTACAATTCACGCATTGCTCAG
QF:TGCACATCTTCCCTCCCTTT
QR:TGCGCCAGTTTCATTCATCTAA
F-TTTGAGTTATGAATGATGAAGAGACA
R:CATTGTTAAGTCTCAAGAACAGATTCA
F:CTAAATGGAAGGTCAAAAAGCTATGT
R:CAAGAAGAGTGCTGCGGCTACGAC
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BNnWRKY65

BNWRKY66

BNnWRKY69

BNnWRKY70

BNnWRKY72

BnWRKY74

BNnWRKY75

BnACT2

BnGAPDH

QF:CAGAACTGTTGGGCAACGAA
QR:GGGTCCCCTGCTGACAAGTG
F:CCTCGTCTCCCTTCAGCAACTCAG
R:CACCACGTGTCAAAAGATCTCCAC
QF:CATGGGCCTGGCGTAAGTAC
QR:TTCCTTGCCGGACAACCTTT
F:AGACTCTCATCTACAACTCTAAACG
R:CCATTCTCTGTGTACATCAACCA
RACE-F: GATGCACCGTAGAGGAATTCAAGA
QF:GGTTCTACGACGCGTCCATCT
QR:TCTCCGCCTACTGAAAAACCA

F: CATGCCATGGATGTTGCTAATAATAACA
R:GCCTGATAATTATTTCTCTAGACAAGATGA
QF:CTCTTGTCACCGCCGTTGA
QR:TTAACGGGTCCAAGTCTTTTCC
F:AATGGAGGTTCTTCTGAAATTACCC
R:CTAGCTTTTCTCTTCCTTGTTCACGA
F-ATTTGGGGGTTTCAATGTTTTGGC
R:TGCAGATCGCAGCTACTAGACC
QF:-TCGAGCATATCCTCACCCAAA
QR:GCAGCACGAGCTCTCAGAATT

GFP-F:CATGCCATGGAGGGATATCAAAATGGA
GFP-R:-TTAGGTCATGACAGCTCCACCTCCACCTCC
ATTAAAAGAAGAGTAGATTTG

QF:ACGAGCTACCTGACGGACAAG
QR:GAGCGACGGCTGGAAGAGTA
QF:CCGGTATGTCCTTCCGTGTT
QR:TGCCCTCAGATTCCTCCTTGA

F, forward primer for RT-PCR; R, reverse primer RF-PCR; QF, qRT-PCR
forward primer; QR,qRT-PCR forward primer; RACE-B,RACE forward
primer; GFP-F, forward primer for N-terminal GFPsion; GFP-R, reverse

primer for N-terminal GFP fusion.
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For rapid amplification of cDNA ends (3’'RACE)rdt-strand cDNA was
made from 2ug of total RNA extracted from wild-type candlev. Westar) using
Superscript Iend an oligo(dTy); adaptor sequence (Frohman et al. 1988), and 0.5
pnL of cDNA templatevas used for 3' RACEReactions were conducted in a 50-
pL final volume including 1x Taq buffer, 0.2 mM dR$, 0.4 uM of each primer,
and 0.2 pL (1 unit) of PlatinunTag polymerase (Invitrogen).The primers
designed with PrimerSelect (DNAstar) are outlinedthe Table 4-1 and the
adaptor sequence was 5-GACTCGAGCGACATCGATFBbhman et al. 1988).
The PCR conditions included an initial denaturawdé®4 °C for 2 min, followed
by 35 cycles of 94 °C for 30 s, 50 °C for 30 s, 2 for 1 min, with a final
extension at 72°C for 5 min. PCR products werefipdr and cloned into the
pGEM-T vector (Promega, Madison, WI, USA) or theEpl.2 vector
(Fermentas) and sequenced. Sequences were anayziedranslated using
DNAStar. Based on the sequenced cDNA sequences3i@mCE, new primers
were designed, which were then used to clone tlidehgth cDNAs of some
BNnWRKY genes. At least two independent clones wsguenced from both

ends.

Phylogenetic tree construction and bioinformatics

The WRKY domain boundary was defined as previodsiscribed (Eulgem et al.
2000). The peptide sequences of the domains wliegeed using ClustalX
(v1.83) with a gap opening penalty of 35 and gageresion penalty of 0.75 in
pairwise alignment, and a gap opening penalty crid gap extension penalty of
0.30 in multiple alignment parameters settings.e Thultiple alignments were
adjusted with gaps manually inserted for optimagrahent based on the
conserved features of the WRKY domains. The marinmarsimony algorithm
implemented in MEGA4 (Tamura et al. 2007) for ammod sequences were
used for phylogenetic tree reconstruction accordm&aldauf, (2003) and Hall,
(2007). One hundred bootstrapped data sets werktasestimate theonfidence
of each tree clade.The protein sequences of Arabidopsis WRKY TFs were
retrieved from TAIR (www.arabidopsis.org) and ri@dRKY TFs from the
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Database of Rice Transcription Factors (DRTF, Httgf.cbi.pku.edu.cn/). The

nomenclature of rice(ryza sativacv japonica) WRKY TFs was as previously
proposed (Ross et al. 2007). Putative ortholodWWRKYgenes were identified

in both Arabidopsis and rice using the translatesina acid sequences in
InParanoid (Remm et al. 2001).

Subcellular localization and confocal microscopy
The coding regions (CDS) oBnWRKY6 BnWRKY25, BnWRKY33and

BnWRKY75vere amplified by RT-PCR from canola (Westar) cDiNdsing the
primers listed in Table 4-1. PCR products werdfiaar using a QIlAquick PCR
purification kit (Qiagen), restricted bico | (New England Biolabs, Ipswich,
MA, USA) and/orBsp HI (Fermentas), purified again and cloned intdl |
digested pCsGFPBT (GenBank: DQ370426) vector wi@GlyaAla- rich peptide
linker between CDSs and sGFP. All constructs weguenced and mobilized
into AgrobacteriumtumefaciensGV3101 through the freeze-thaw method and
transformed into wild-typdérabidopsisthaliana (Col-0) employing the floral dip
method (Clough and Bent, 1998). Resistant linesevgelected on %2 x MS
containing 1% (w/v) sucrose and 50 mg/L hygromygi(Sigma-Aldrich) for 7 d
before being transferred into soil to grow thenpdato maturity and to harvest T
seeds, which were further sown on the same typéygfomycin-containing
medium. Preliminary experiment was performed entdy the position of nuclei
using nuclei staining chemical-Hoechst (Sigma-Ald)i Five-day-old seedlings
from ten independent;Tines were mounted on slides for GFP observatiuteu

a confocal microscope (Carl Zeiss). At least foetls were screened for each

line.

Fungal pathogen inoculation and hormone treatments
Wild-type canola(cv. Westar) plants were grown as described prelyoin a

greenhouse for 18 days. Potato dextrose agar (RD#) plugs o5. sclerotiorum
were prepared as described earlier (Yang et al7)280d placed on the first and

second true leaves, which were wounded slightlye preparation of spores Af
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brassicae and inoculation of canola leaves were performed dascribed
previously (Sharma et al. 2007). Leaves of uniteted/mock plants were
treated similarly with PDA agar plugs without the/ealia or with water in the
case ofA. brassicae Plants were placed in a humidity chamber fohZ#efore
being placed in the greenhouse. Tissues were $tad/d2, 24, 48 and 72 h post
inoculation and kept at -80 °C after being flasbeén in liquid nitrogen. JA, SA,
BAP and ABA were applied by spraying 50 uM JA, 1 &, 20uM BAP or 50
uM (x)-ABA (Sigma-Aldrich, St. Louis, MO, USA). Ateck solution (500 pM)
of JA in water first prepared and then diluted with% (v/v) ethanol to 50 puM.
ABA was dissolved in absolute ethanol to prepa0amM stock solution and
then diluted with 0.1% (v/v) ethanol to the finad 1M solution. SA was
dissolved in water to prepare a 100 mM stock sotuéind the pH adjusted to 6.5
using 1 M KOH, before dilution in water to make thenM working solution,
BAP was dissolved in 1 M NaOH to prepare a 1 mMistolution after which it
was diluted with water to the 20 uM working solutio The mock were 0.1%
(v/v) ethanol for JA and ABA, water adjusted to pFp with 1 M KOH or 1 M
NaOH for SA or BAP treatments, respectively. E¢&m@d treatment wasarried
out in an airtight clear acrylic chamber (1.5 m 8 &1 x 0.6 m) placed in the
same greenhouse, into which 100 ppm ethylene gas iffPraxair, Mississauga,
ON, Canada) was passed at a rate of 2 L/min. Mwahkts were placed in a
separate chamber into which air (Praxair) was phasdhe same rate. Leaves
from mock and hormone-treated plants were harvest€dand 24 h time-points,
flash frozen in liquid nitrogen and stored at —80 The entire sample preparation

was repeated three times at separate times.

Quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from mock, inoculated or rhone-treated leaf tissue

using the RNeasy Plant Mini kit (Qiagen) with ordeocon DNA digestion. RNA
was quantified with a NanoDrop ND-1000 (NanoDropcHrmologies, Inc.) and
the integrity of the RNA was assessed on a 1% (ag@grose gel. Primers were
designed using PrimerExpress3.0 (Applied Biosys}efmasgeting an amplicon
size of 80-150 bp. The primers used are listetienTable 4-1. The specificity of
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all primers designed was submitted to a BLASTn @deagainst the NCBB.
napusnr and EST databases and any nonspecific primerg wliminated or
redesigned. Hence, the results from gRT-PCR armsalgsight represent the
response of specifiBnWRKYgenes. The assay was performed as described
previously (Yang et al. 2007). gRT-PCR for eaclmegavas performed in
duplicate for each of the three independent bicklgieplicates. Significance was
determined with SAS software version 9.1 (SAS tagilnc.) p value <0.05).

Results

Identification of 46 WRKY transcription factor genes in canola

Although the complete sequence of the canola genbae not yet been
determined, the number of publicly available ESTas%93,895 as of May 30,
2008. It is well known that gene discovery and geaaharacterization through
the generation of ESTs is one of the most widegdusethods (Rudd 2003). We
searched the dbEST database and identified 343i@id@nBank EST accessions
from B. napusthat showed significant similarity to the 38RKYseed sequences
and 72AtWRKYgenes. A keyword search in NCBI “nr” dataset me¢a two
previously annotateBnWRKYsequences. We then used ESTpass to remove four
chimerical ESTs and clustered the remaining 339 <Ef@io 69 contigs and 66
singlets. For subsequent analyses, we also idehtihe largest open reading
frame of each of the 135 contigs or singlets usinfiPredictor (Iseli et al. 1999;
Min et al. 2005). We next performed a tBlastn skarsing the 3&VRKY seed
sequences in the Dana-Farber Cancer Institute (DbiBeed rape gene index
(BnGl, release 3.1) and identified 70 tentativesasuses (TC) and 79 singlets,
which consisted of 314 ESTs. We further comparad identified 339 EST
sequences to those 314 ESTs from BnGl and foundthiose 314 ESTs were
included in our dataset. The difference in the bera of WRKYESTs between
the two datasets could be explained by the fadt weautilized a more recent
release of the dbEST and also mined the Shanghd?BSEED database
(http://rapeseed.plantsignal.cn/, (Wu et al. 2008)h the ESTs not available in
NCBI dbEST database until the end of 2008. Aldw turrently available
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information may be skewed because of the tissug dfidhe database (e. g most
of the ESTs are  from seed coat and embryo, see
http://www.brassicagenomics.ca/ests/), which maysulte in the over-
representation of some genes. As the contigs/ssgletput from ESTpass were
annotated based on their similarity to ArabidopsRKY genes, we were able to
identify the presumptive orthlogs of the respectiganola WRKY genes.
Therefore, the generic names were given accordirige Arabidopsi$VRKYs to
provide a unique identification for eaBmWRKY(Table 4-2).

We noted that among all titnWRKYgenes we annotateBhWRKY11
has the largest number (40) of ESTs, followedBim/VRKY 32wvith a total of 26
ESTs, whileBhWRK26, 30, 36, and66 have only one EST each (Table 4-2 and
Table A-4). To facilitate the following phylogenetGFP fusion, and gRT-PCR
analyses, we designed primers based on the idhtHSTs for each of the 46
BnWRKYgenes to obtain full length cDNA sequences, astléar each of the
coding regions, employing RT-PCR together with 3G As a result, we
succeeded in cloning the cDNA sequences of 38 esel6BnWRKYgenes,
among which we identified two different alleles fi8 BhWRKYgenes (Table 4-
2). At this step, we were able to identify putatierthologs of thesBnWRKY
genes in both Arabidopsis and rice using the praoghaParanoid (Remm et al.
2001) (Table 4-2).

Although WRKY proteins have a conserved heptapeptdRKYGOK
(Eulgem et al. 2000), many studies observed slighations of the sequence for
a number of WRKY proteins in Arabidopsis, rice,dobo and barley (Mangelsen
et al. 2008; van Verk et al. 2008; Xie et al. 20@hang and Wang, 2005).
Similarly, a number of Bn(WRKYs have amino acid saaee substitutions in the
conserved WRKY signature. For example, the follaywariations were noted;
WRKYGKK in BhWRKY50, and WRKYGRK in BhWRKY51 (Figw A-2).
We also observed a 25 amino acid insertion in tiier@inal WRKY domain of
BnWRKY26, compared to AtWRKY26 (Figure A-2), sugtieg a divergence

between them during the evolutionary process.
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Table 4-2B. napugqcanola) WRKY transcription factors identifiedtims study.

AGI, Arabidopsis genome initiative.

gene GenBank Acc EST Arabidopsis homolog/AGI  Rice homolog/locus® cloning
No. count No. strategy
BnWRKYI EU912389 22 AtTWRKY1/At204580 OsIWRKY78/0s07g3948 ar RT-PCR
FI012166,
BnWRKY2 FI384104 13 AtTWRKY2/At5256270 OsWREY30/0s08g38990 RT-PCR
EU912401,
BnWRKY3 FI384106 5 AtIWRKY3/4r2g03340 OsIWRKYS5/0s12g32250 RT-PCR
BnWRKY4 EU912405 3 AtTWRKY4/Atigl3960 OsWREYS5/0512g32250° RT-PCR
BnlWRKY6 EU912410 2 AtIWRKT6/4t1g62300 OsTWREY2/Os01gi4440 RT-PCR
EU912414.
BnWRKY7 FJ384112 18 AtTWRKY7/Atdg24240 OsIWRKY51/0s04g21950 RT-PCR
BnWRKYS EU912418 3 AtTWRKTYS8/4t5e46350 OsWREY49/0s05g49100 RT-PCR
BnWRKYIO0 N/A 5 AtTWRKYITOAtIgi 5600 N4
EU912350,
BnWWRKYI1I FI384101 40 AHTWRKTT1/At4g31550 OsIWRKY51/0s04g21950 RT-PCR
BnWRKYIS EU912391 4 AtTWRET15/4t2223320 OsWREYS3/0s12g40570 RT-PCR
EU912392,
BaWWRKYI7 FI384102 13 AtTWRKY 7/A4t2g24570 OsIWREY31/0s04g21950 RT-PCR
EJ210288,
BnWRKYIS FI384103 6 AtTWRKTY1 8/ 4t4g31800 OsIWREY76/0s09g25 o60° RT-PCR
BnWRKYI9 N/A 5 AtWRKYI19/At4gi 2020 Ni4
BnWRKT20 EU912393 14 AHTTRET20/At4g26640 OsIWRKY78/0s07g3 94807 RT-PCR
BnlTRKY21 EU912394 25 AtWRKY21/At2g30590 OsWRKYS3/0s12g40570 RT-PCR
EU912395,
BnlWREY22 FI384105 3 AtWRKY22/Atdg1250 OsWRKY39/0s02g16540 RT-PCR
BnlTRKY24 FJ210289 3 AtTWRKY24/At5g41570 OsIWRKY23/0s01g53260 RT-PCR
BnWRKY25 EU912396 10 AtWRKY25/4t2g30250 OsWREY24/0s01g61 080° RT-PCR
BnIWREY26 EU912397 1 AtTWRKY26/At5g07100 OsWREY53/0s05g277307 3RACE
BnWRKY27 EU912398 3 AHWRKTY27/At5g52830 OsIWRKY39/0s02g16540 RT-PCR
OsWREYI11/0s01g43650
or
BnWRKY2S8 EU912399 3 AtWRKY28/At4gi8170 OsWRKY49/0s05g49100 RT-PCR
BnlWRKY29 EUS12400 5 AHTVRKT29/ 414223550 OsIWRKY39/0s02g16540 3IRACE
BnWWRKY30 N/A 1 ATWRKY3O/At5g24110 N4
BnlWRKY31 N/A 6 AtWRKY31/At4g22070 N/A4
BalWREY32 EU912402 26 AtTVRKY32/414g30935 OsTWREYS52/0s08g17400° RT-FCR
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BnWRKY33 EU912403 12 AtWRKY33/4t2g38470 OsTWREY53/0s05g27730 RT-PCR
BnWRKY34 N/A 2 AtWRKY34/At4g26440 N4 in silico
OsWRKY66/0s02g47060
OR
BnWRKY35 FI012167 2 AtWRKY35/At2g34830 OsTWREY37/0s04g50920 RI-PCR
BnlWRKY36 EU912404 1 AtWRKY36/4t1g69510 OsTRKY97/0s01g09080° 3RACE
FJ210290,
BnWRKY39 FJ384108 4 AtWRKY39/4t3g04670 OsWRKYS3/0s12g40570 RT-PCR
EU912406.
BnWRKY40 FI384109 13 AtWRET40/At1g80840 OsWREY7I/0s02g08440 RI-PCR
EU912407.
BnTWRKY42 FI384110 4 AtWRKTY42/At4g04450 OsTWRKY43/0s035g4921 o RT-PCR
BnWRKY44 EU912408 3 AtWRKY44/4t2g37260 OsWREYSE3/0s12g32250° 3RACE
BnWWRKY45 FI012169 2 AtWREY45/At3g01970 OsWREY72/0s11g29870 RI-PCR
BnWREY46 N/A 3 AtWRETY46/4t2g46400 OsTWRKY74/0s05g27730 in silico
OsWRKY67/0s05g09020
BnTWRKY50 FJ012170 2 AtWRKY30/At5g26170 or OsWREY7/0s05g46020 RT-PCR
BnWRKEY31 N/A 2 AtWRKYS1/At5g64810 OsWRKY7/0s05g46020 in silico
EU912409,
BnWRKY33 FI384111 11 AtWRKY33/4t4g23810 OsTWREY93/0s06g06360 RT-PCR
BnWRKY56 N/A 2 AtWRKY36/4t1g64000 N4 in silico
BnWRKY65 EU912411 9 AtWRKY65/4t1g29280 OsWRKYI3/0s01g54600 RTI-PCR
BnlWREY66 EU912412 1 AtWREY66/4t1g80590 N4 RTI-PCR
BnWRKY69 EU912413 2 AtTWRKY69/4t3g58710 OsTWREYI3/0s01g54600 3IRACE
EU912415,
BnWRKY70 FJ384113 6 AtWRKY70/At3g56400 OsWRKY45/0s05g25770 RTI-PCR
FI012171.
BnWREY72 FI384114 13 AtWRKY72/At5g15130 OsWRKY73/0s06g05380 RTI-PCR
BnWRKY74 EU912416 6 AtWRKY74/4t5g28650 OsTWRKEYS3/0s12g40570 RT-PCR
BnWRKY75 EU912417 2 AtWRKY75/4t5g13080 OsWRKY72/0s11g29870 RTI-PCR

#Putative orthologs were identified by InParanoitdpi#inparanoid.sbc.su.se/cgi-

bin/index.cgi) with a score of 1 (the maximum sg¢ore

 No ortholog was identified (score <1), instead htogy was identified by
InParanoid. NA, the full-length cDNA sequences waret cloned and/or

complete protein sequences are not available fogusParanoid.
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Phylogenetic analysis of BhAWRKY proteins
From the 46 canola WRKY genes identified, we weble @40 extract 52 WRKY

domains which are approximately 60 amino acidemgth. In 11 BhAWRKY TF
proteins, we identified two separate WRKY domaiBgre A-2), and both N-
and C-terminal WRKY domains of these proteins weaneluded in the
phylogenetic analysis. The amino acid sequences algned with each other
(Figure A-2) and a consensus maximum parsimony (ME¢ was inferred
(Figure 4-1). To gain insights into the WRKYs fraranola and the models,
Arabidopsis and rice, we selected putative orthlofjshe identified BhAWRKY
TFs from these two model plants. Subsequentlyregenstructed a rooted MP
tree using a WRKY protein from the world’s smallesticellular green algae
Ostreococcus tauWRKY as the outgroup (Figure A-3). The generdifel tree
of BhAWRKY TFs demonstrated a polyphyletic naturdiich is consistent with
previous studies (Babu et al. 2006; Mangelsen.e2@)8; Ulker and Somssich,
2004).

We further classified these identifidBnWRKY TFs into three major
groups as previously described (Eulgem et al. 20@6¢ordingly, the Group Il
proteins are divided into five subgroupfrom our study, at least two
representatives for all subgroups of WRKY proteaese identified in the canola
genome (Figure 4-1). For example, tweB@®WRKY<EBnWRKY 12, 3, 4, 19, 20,
25, 26, 32, 33, 34 and44) code for proteins with two WRKY domains and clgar
cluster with Group | of the AtWRKYs. The N- andt€minal domains of these
twelve BnWRKY form two different clusters named @poIN and Group IC
(Figure 4-1). Interestingly, the 28 identified @pll WRKY members of canola
were distributed unevenly among the five subgrofgodgroups lla-e, Figure 4-
1). Two BnWRKYs (BnWRKY18, 4pformed a distinct subclade with the
characteristic members of subgroup lla. Five aWRKYs (BhWRKY6, 31,
36, 42, 72) belong to Group lIb; eight (BN WRKY8,, 28, 45, 50, 51, 56, 75)
belong to Group lic; seven (BN WRKY7, 11, 15, 17, 29, 74) belong to Group
lld, and six canola WRKY (BhWRKY?22, 27, 29, 35, ,&)belong to Group lle.

Group Il is represented by four single WRKY domeanola proteins
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Figure 4-1 A bootstrap consensus maximum parsinices of WRKY TFs in

canola. The phylogenetic tree was based on th@amcid sequences from

WRKY domains only. Only the ~ 60 amino acid regiglin the WRKY domain

were aligned using ClustalX (v1.83) and were furtbgamined manually for
optimal alignment.
percentage of replicate trees in which the assetit#txa clustered together in the

The parsimony tree was drawmgSMEAGA4.0.

The

bootstrap test (500 replicates) is shown next éokttanches.The two letters N

and C after group | represent the N-terminal amdG@herminal WRKY domains

of group | proteins, respectively.
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(BhWRKY46, 53, 66 and 70). The total number of @danWRKY genes will

remain unknown until the whole canola genome amdralysis is completed.

Nuclear localization of four BhAWRKY proteins
The function of a TF requires that it can be |laoadi in the nuclei, although TFs

targeting chloroplasts, mitochondria, or endoplasneticulum (ER) have also
been identified (Schwacke et al. 2007). To inged@ whether the identified
BnWRKY TFs can be targeted to the nucleus, we tedefourBnWRKYgenes,
based on their known functions in mediating deferesponses in Arabidopsis
(Genevestigator, (Zimmermann et al. 2004)) for studies. We fused the coding
regions of BnWRKY®6 25, 33, and 75 to the N-terminus of synthetic green
fluorescent protein (SGFP) (Chiu et al. 1996) axpressed them in Arabidopsis
under the control of the constitutive cauliflowerosaic virus (CaMV)35S
promoter. Analysis of conceptually translaBdWRKY6 25, and 33 coding
sequences revealed the presence of a monopartileanuocalization signal
(NLS), when submitted to PSORT (prediction programprotein localization
sites, http://psort.nibb.ac.jp). However, no NLSswdetected in the translated
BNnWRKY75 sequence.

In order to determine whether the aforementionedlW®are targeted to
the nucleus, we analyzed transgenic Arabidopsisdlisgs harboring the
respective four constructs. Firstly, we staingkedling with Hoechst, only nucli
can be stained by this chemical and later on tmeesauclei was observed to
harbor green signal under fluroresence microscdpya(not shown). In all four
cases, green fluorescent signals were observediotihe nucleus (Figure 4-2A-
D). With the control vector alone, GFP signals evelistributed in both the
cytoplasm and nucleus (Figure 4-2E). Our resaligcate thaBnWRKY6, 2533,
and 75 are indeed nuclear-localized proteins, which isststent with their

predicted function as transcription factors.
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Figure 4-2 Nuclear localization of four BAWRKY pewts. Transgenic )
Arabidopsis roots of five-day old seedlings wereseasved under confocal
microscopy. Panels A-E represent the subcelldaalization of BhWRKY6-
sGFP, BnWRKY25-sGFP, BnWRKY33-sGFP, BnWRKY75-sGFPnd a
pCsGFPBT vector control, respectively. In eachecéise extreme left panel is
GFP fluorescence, the middle bright field and tightrrepresents an overlay of
the two images.
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Expression analysis oBNnWRKY genes in response to fungal pathogenS-
sclerotiorum and A. brassicae

Because sub-functionalization often follows theetigence of paralogous genes
(Duarte et al. 2006), we investigated the respoon$espresentatives of each of
the three majoWRKY clades through quantitative real time-PCR (gRT-RCR
We selected 18nWRKYgenesWRKY16, 11, 18, 20, 25, 28, 32, 33, 40, 45, 53,
65, 69, 70 and75, as representatives of each clade (Table 4-2r&idprd). After
challenge with the fungal pathogé&h sclerotiorumtranscript abundance of 13
BnWRKYgenes was observed to be significantly (t-tesf.0=) changed with10
being increased, two being decreased and one hiBogeased at 12 h but
subsequently increased at 72 h (Figure 4-3BRWRKY 625, 28, 33, 40, 45, 53,
65 69 and 75 were highly induced at 48 h after inoculation. wdwer,
BnWRKY?20and 32 were repressed By sclerotioruminfection. Bh WRKY lwas
observed to be repressed at an earlier time-paihth] but induced later (72 h,
Figure 4-3A). We then examined the changes in ¢rgstsabundance of these 16
BnWRKYgenes in response to a second fungal pathdgelrassicaewhich is
also a necrotrophic pathogen. The symptom devedopnin these two
pathosystemsS, sclerotiorumandA. brassicagis different with respect to time
required, withA. brassicaeequiring a much longer period before visible dse
symptoms could be observed (Agrios 1997; Liangl.e2@08; Yang et al. 2007;
Sharma et al. 2007). Accordingly, the transcripiradance of only fouBhWRKY
genes were significantly affected By brassicaewith two BnWRKY33nd75)
being significantly increased at 48 h post-pathoggmllenge and two
(BhWRKY70at both 48 and 72 h alBhWRKY6%nly at 72 h) with decreased
transcript abundance (Figure 4-3B). In summaryr mesults indicate that
BnNnWRKY33and 75 are induced by botB. sclerotiorumandA. brassicag with
BnWRKY75exhibiting a similar temporal pattern of changes transcript
abundance in respond to the two fungi. HowenWRKY69and 70 had
different responses t8. sclerotiorumandA. brassicae Our results suggest that

even though both pathogens investigated in thidyshwe necrotrophic, they elicit
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Figure 4-3 Expression analyses BhWRKY genes in response to fungal
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slightly different responses with respect to changeranscript abundance of
BnWRKYgenes.

Response of selectetBnWRKY genes to hormone treatments
To investigate the hormonal control mechanisms dyidg BnWRKY gene

expression, we treated canola plants with five phgtmones, JA, SA, ABA,
BAP and ET and analyzed the changes in transchphdance of these 16
BnWRKYgenes using gRT-PCR. In order to ensure thahdheone applications
were eliciting appropriate responses in plantsfivgé examined the responses of
a few additional canola genes that are proposedaetorthologs of Arabidopsis
genes previously reported to respond to these hwmemo These Arabidopsis
genes were twbZIP transcription factorsTGA2 TGA5for SA (Cao et al. 1994;
Kesarwani et al. 2007; Zhang et al. 2003); allexideocyclase AOC) (Stenzel et
al. 2003) and plant defensin 1RF1.2 for JA (Thomma et al. 1998); ethylene
insensitive 2 EIN2) (Alonso et al. 1999) and ethylene responsiveofadERF2
andERF4 (Fujimoto et al. 2000) for ET; ABA insensitive(BBI5) (Finkelstein
et al. 2002; Finkelstein and Lynch, 2000; Li et ap05) for ABA, and
Arabidopsis response regulator ARR§ (Imamura et al. 1998) and cytokinin
response 1(QRE (Mahonen et al. 2006) for BAP. We observed ttia
abundance of transcripts for all of these genes sigsificantly increased in
response to the hormone treatments (data not shoeamfirming that our
hormone treatments elicited appropriate responses.

Our results demonstrated that, among theBb&VRKY genes studied,
BNnWRKY4069 and 75 were induced by ET anBnWRKY53was repressed by
ABA at 6 h (Table 4-3, Figure 4-4A). In contraBhHWRKY 2532, 45, 69 and70
were repressed by BAP at 6 h (Table 4-3, Figuré}j-4At 24 h,BnhWRKY 128,
32, 33,45, and75 were specifically induced by ET aBthWRKY 7Qvas repressed
by ET (Table 4-3, Figure 4-4A). Thr&WRKYgenes exhibited modulation of
expression in response to two hormones (Table #8% h, both JA and ET
repressedBnWRKY1lland both ET and BAP repressBaWRKY 1,20 and 32
(Figure 4-4C, Table 4-3). However, none of the egemwere observed to be
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Table 4-3 Expression analysesBifWRKYgenes to five plant defense-related hormone tremisrassayed by qRT-PCR. Results are
presented as a ratio of transcript abundance atnient/mock on a linear scale. Data were meahreétbiological replicates + S.E.
The asterisk indicates that the corresponding geaee significantly up- or down-regulated under &strtreatmenby t-test (* for
p<0.05 and ** for p<0.01).

gene JA ET SA ABA BAP
Bh 24 h 6h 24h 6h 24h Bh 24h 6h 24h
BnWRKYT 247 (£140) 1.1 (2006) 083 (003 1.13 (z0.03) 153 (:026) 110 (202) 254 (=131) 703 (2008) 050 (x0.02)" 058 (0.08)
BAWRKYS 064 (:014)  088(x029) 107 (2059) 3.98 (:0.81) 199 (£039) 129 (20.37) 2.17(:0.17) 123(x013)  072(x013)  0.64(:022)
BnWRKY11 063 (x0.01)*  085(x0.12) 070 (+0.00)™ 1.02 (x0.10) 163 (£021) 122 (x029) 1.16 (x0.03) 1.06 (x037)  064(x0.11)  0.97 (x0.05)
BnWRKY18 199 (x064)  131(x033) 174 (x020) 160 (20.33) 11.65 (:4.02) 648 (+059) 3.01 (x0.62) 107 (x039)  071(x027) 038 (20.11)
BnWRKY20 — 0.85(x024)  005(x012) 068 (x004) 138 (x013) 138 (+035) 119(x015) 077(x015)  087(x003) 061007 050 (014)
BnWRKY25 171 (x054) 153 (x0.16) 182 (:0.16)  2.34 (x0.50) 160 (£0.39)  0.02 (+0.00) 251 (+145) 1.83 (019)*  055(:0.07) 042 (x0.13)
BnWRKY28  0.75(:011)  155(x025)  0.86(x0.25) 140 (2005)™ 137 (:045) 3564 (:300) 1.00 (x0.09) 1.75 (£1.02) 1.00 (£0.38) 1.32 (x0.73)
BnWRKY32  1.11(z015) 114 (x0.15) 081 (x0.04)*  1.33 (20.06)" 144 (:034) 068 (x008) 127 (x017) 097 (:012)  0.73(x0.04)  0.82(20.14)
BnWRKY33 068 (x030) 076 (x009)  3.89(:0.09) 238 (x0.31) 480 (+123) 140 (x0.36) 050 (20.15) 1.00 (20.21) 109 (x017) 087 (20.18)
BnWRKY40  084(x02) 117 (:044) 474 (005 649 (+163) 217 (+D47) 099 (024) 128 (2047) 169 (x074)  061(x0.05*  0.56 (x0.16)
BnWRKY45  15(:051) 001 (x021)  120(:017) 341 (x0.39) 139 (#017) 111 (x020) 2.35 (+107) 171(x021)  063(+001)* 094 (x021)
BnWRKY53 030 (:0.14) 089 (x050) 214 (:0.07)  0.75 (x0.10) 814 (£160) 233 (+1.05) 045 (x000)* 081 (x0.37) 1.43(x019)  2.08 (20.69)
BnWRKY65  141(x036) 158 (x051) 182 (x0.70) 146 (20.33) 164 (:0.40) 184 (x071) 077 (x0.19) 116 (:042)  078(x017)  0.50 (x0.05)*
BnWRKY69  071(x0.10)  1.04 (:027) 129 (+0.01)™*  1.76 (20.29) 129 (:0.16)  1.15(x0.19) 042 (x008)  1.17(:041)  065(x0.08*  0.56 (:0.10)"
BnWRKYT0  0.84 (0.16)  1.12(x021)  143(x0.24) 052 (000)™ 1398 (601) 366 (:2.00) 0.85 (20.12) 1.01(x036)  046(x0.04)"  0.83 (x0.26)
BNWRKYT5  155(x036)  230(x093) 239(x003) 921 (2063) 1758 (+1254) 819 (3461) 453 (x2.14)  203(x043)  050(x024) 060 (20.30)
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Figure 4-4 Expression analyses BAWRKYgenes in response to different hormone
treatments. Changes BnWRKYtranscript abundance as a result of hormone agijit
at (A) 6 h, (B) 24 h and (C) those that responohtwe than one hormone at 6 h.
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affected by the two hormones at 24 h. In addittmsth ABA and BAP repressed
BNnWRKY69(Table 4-3, Figure 4-4A). None of theBnWRKY genes were
affected by three or more hormones (Table 4-3).

As indicated earlier, JA and SA are important siigigamolecules which
are implicated in plant defense responses (Don@g;1Burrant and Dong, 2004);
and other phytohormones, through their effect on &AJA signaling, may
influence disease outcomes (Robert-Seilaniantzl.e2097). BnWRKY 1lwas
observed to be repressed by JA at 6 h althoughigwfisant change was
observed at 24 h (Table 4-3). In response to $atiment, we observed that that
the transcript abundance for seven ge®@ANRKY6 18, 33, 40, 53, 70 and75)
exhibited modulation at 6 h and thr&&n{VRKY5370 and75) at 24 h (Table 4-
3). However, these observed changes were naostgtally significant.

In summary, SA did not significantly affect thersaript abundance of
any of theBnWRKYsgested whereas ET, ABA, JA and the cytokinin BAB d
affect the transcript abundance of varidisWRKY genes investigated in this
study (Table 4-3). Athough the 16 genes testedhdidshow significant change
in expression levels after exogenous treatments @&, there is the possibility

that otheBnWRKYgenes may be responsive to SA.

Discussion
In this study, we describe the identification andatation of cDNA sequences of

46 members of th&/RKY gene family in canola and their classification into
groups | to Il (Figure 4-1, Table 4-2). Among #éBnWRKYgenes identified,
both the hallmark WRKYGQK motif and its variants neeidentified in the
translated amino acid sequences. A recent stuahpdstrated that AtIWRKY TFs
bearing the WRKYGQK motif exhibit binding site peeénces, which are partly
dependent on the adjacent DNA sequences outsidleeof TGACY-core motif
(Ciolkowski et al. 2008). For those WRKY TFs tlgiat not contain the canonical
WRKYGQK motif, a binding sequence other than the bd% element
((CITYTGAC(C/T)) may exist. For instance, the bimgl sequence of tobacco
(Nicotiana tabacum NtWRKY12 with a WRKYGKK motif is TTTTCCAC,

which deviates significantly from a W-box (van Veegk al. 2008). Moreover,
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soybeanGlycine maxGmWRKY6 and GmWRKY21 lose the ability to bind to a
W-box containing the variant WRKYGKK motif (Zhou el. 2008). Finally,
mutation of amino acid Q to K of AtWRKY 1 was obged to finally lead to the
affected binding activity to the consensus W-boxdDb et al. 2007). We propose
that the BnWRKY TFs that lack the canonical WRKYGQ@i6tif might not be
able to interact with the W-box and, therefore, nhaye different target genes
and divergent roles, a proposal that must be eerifn future studies.

Complete or partiaWRKY domains are found in ESTs from many
species of land plants (Zhang and Wang, 2005). iRigce87 WRKY genes were
identified in the mos$hyscomitrella patengGuo et al. 2008). So far, MRKY
genes have been identified in the archaea, eulmdtes fungi, or animal lineages
(Zzhang and Wang, 2005). However, in the genomeshefprotist,Giardia
lamblia and Dictyostelium discoideuma single WRKY gene with twoWRKY
domains was recently identified (Ulker and Somss&®04; Zhang and Wang,
2005). Further examination of the two WRKY domains exigtim the two
organisms indicates that th&. lamblia WRKY TF has a WRKYGSK
heptapeptide at its N-terminal and a WKKYGHK at@germinal, whereas iD.
discoideum both WRKY domains have a classical WRKYGQK hepi#jule.
This suggests an ancient origin of the canonicaKlWEQK heptapeptide and its
variants. In the green alga@hlamydomonas reinhardtia WRKY TF containing
two WRKY domains (Acc. XM_001692290) was also ideed (Guo et al. 2008;
Zhang and Wang, 2005). In the genome of the rgceeuenced of world’s
smallest free-living eukaryote- the unicellular ariophytic alga,Ostreococcus
tauri, a WRKY gene containing a single WRKY domain andW&KYGCK
heptapeptide is also present (Acc. CAL54953).

The identification of WRKY genes in primitive eukates suggests an
ancient origin of the WRKY family, and that thisnidy emerged before the
evolution and diversification of the plant phylah@hg and Wang 2005). During
this long evolutionary history, the WRKY gene faynigjreatly expanded, as
demonstrated by the increased numbergV&KYgenes in higher plants (Guo et

al. 2008), and this expansion may be due primaoilgegmental duplications of
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genomic fragments as a result of independent pailyplevents (Bowers et al.
2003; Cannon et al. 2004; Thomas et al. 2006; Zhand Wang, 2005).
Comparison of a genomic region harboring five geneg of which iSWRKY 10
between tomato, Arabidopsis aBdpsella rubellahas revealed a great degree of
microsynteny between closely and distantly relatidotyledonous species
(Rossberg et al. 2001)An overall genomic duplication event has been idfiedt

to exist in the tribeBrassiceaeaafter a comparative genomic analysis, and many
genomic units that are conserved between canoladeadaidopsis have also been
identified (Lysak et al. 2005; Parkin et al. 200®mwn et al. 2006). A further
comparative genomic analysis of ti¢RKY¥containing regions between canola
and Arabidopsis should enable us to reveal thenextfemicrocolinearity between
these closely related species and a better unddimstpof the expansion of the
WRKYgene family in canola.

WRKY TFs are involved in the regulation of variduislogical processes,
including pathogen responses and hormone signgliudgem and Somssich,
2007). A previous expression analysis of AtWRKYnge demonstrated that
nearly 70% are differentially expressed in respdiespathogen infection or SA
treatment, suggesting important rolesW8RKYin defense responses (Dong et al.
2003). Recently, two studies on the rMd&RKY genes also demonstrated that
many are responsive to JA, SA and ABA treatmentar(&moorthy et al. 2008;
Ryu et al. 2006). Transcriptional activation of -S#d JA-responsive genes is
essential for the induced resistance conferredhey tivo signaling pathways
(Durrant and Dong, 2004; Penninckx et al. 1996;nekx et al. 1998).WRKY
TFs are also reported to participate in diseasestaeee in Arabidopsis and
tobacco, through modulation of SA- or JA-respongjeee expression similar to
that induced by the TGA class of basic leucine-gippanscription factors (Asai
et al. 2002; Chen and Chen, 2002; Robatzek and Scdm£002; Xu et al. 2006;
Zheng et al. 2006).

Previous studies from our laboratory, as well as¢hof others, revealed
that few genes related to SA-signaling were moedldly infection of canola with
S. sclerotiorun{Liang et al. 2008; Yang et al. 2007), suggestirag SA does not
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play a crucial role in mediating responses of can this pathogen. The
responses of Arabidopsis £ brassicicolawhich causes black spot in canola as
A. brassicaedoes, also appear to be mediated through JA oh&te8A (Vijayan
et al. 1998), which is similar to responses to otmecrotrophic fungi including
Pythiumspecies (Lippok et al. 2007; Robatzek and Soms&2i@d]). Hence, it is
possible that WRKY TFs may play an important role suppressing the
involvement of SA in response to those pathogerss suggestion is consistent
with the conclusion thaatWRKY 33which is induced by many pathogens, acts as
a positive regulator of JA- and ET-mediated defesigaaling but as a negative
regulator of SA-mediated responses (Zheng et &1620 As mentioned earlier,
bothA. brassicaeas well asS. sclerotiorunare able to inducBNnWRKY330ne of
the genes belonging to group I. Moreover, it hagnb demonstrated that
pathogen-inducedtWRKY 33expression does not require SA signaling (Lippok
et al. 2007). Similar t&AtWRKY33AtWRKY 25acts as a negative regulator of the
SA-mediated signaling pathway (Zheng et al. 200/4)e increased abundance of
BnWRKY25lue to infection bys. sclerotiorumbut not in the case &f. brassicae
challenge, also suggests that it might work asgative regulator of SA-related
signaling pathways in the candha-sclerotiorumpathosystem but not in the
canolaA. brassicagpathosystem. Of the other group | members ingatgd in
our study BhWRKY1, 20 and 32BnWRKY1 was observed to be significantly
induced byS. sclerotiorumonly at 72 h (Figure 4-3) anBnWRKY20and -32
were repressed b$. sclerotiorum(Figure 4-3), indicating the differences in
behavior of group | Bh(WRKYs in response to fungathmgens $. sclerotiorum
andA. brassicag

It is possible that several BhAWRKY TFs may alsarnivelved in signaling
the responses of canola to the pathodgnsclerotiorumand A. brassicae For
instance, the transcript levels of two genes ofgiwip Ila: BhWRKY 18nd40,
orthlogs of which are known to act as negative lle@gus of plant defense in
Arabidopsis (Mahonen et al. 2006), were observemhd¢tease in response &
sclerotiorumand A. brassicaechallenge. FolA. brassicag the differences in

transcript abundance between controls and inoallalnts were not statistically
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significant (Figure 4-3). In addition, it has beeported thaAtWRKY6 acts as a
positive regulator of the senescence- and pathadgfense-associate®@R1
promoter activity, and is also induced by SA andté@al infection (Robatzek
and Somssich, 2001). Since leaf senescence ia biftked to plant defense
(Quirino et al. 1999), the induction &nWRKY6by S. sclerotiorumABA and
SA at an early time-point (6 h), but nAt brassicaemay play a role in leaf
senescence, which is observed very early in 8e sclerotiorurrcanola
pathosystem. We also observed that the group BlMMRKY8, 45 and Il
(BhWRKY7b BnWRKYs in our study were all induced Wy. sclerotiorum
infection and ET, wheredBnWRKY 75vas induced only byA. brassicagFigure
4-3, Table 4-3). Changes in expressioBo¥WRKY75nduced by both pathogens
suggest that an ET-mediated signaling pathway neaymolved in mediating the
responses of canola to necrotrophic pathogengrahidopsis, mining of a public
microarray database revealed tA&tVRKY45and AtWRKY 75were also induced
by ET, whileAtWRKY 28s repressed by ET (Genevestigator, (Zimmermarah. et
2004), data not shown), suggesting that orthol@gaden canola and Arabidopsis
may not necessarily have the same role in ET-medlisignaling. Further studies
about the role of these three WRKY TFs in mediatilgfense responses are
ongoing in our laboratory.

Although BnWRKY11 (Group Ild) was not affected by eithes.
sclerotiorumor A. brassicaen this study, our previous microarray profilingy o
transcriptome changes in canola as a resu88. agfclerotioruminfection revealed
that transcript levels oBhNWRKY1land 15 increased while that @nWRKY 17
decreased at specific time points, although thenmade of response was less
than two-fold (Yang et al. 2007). Arabidopgis$WRKY 1land AtWRKY17are
both known to act as negative defense regulatos VERKY 1lappears to act
upstream of JA (Journot-Catalino et al. 2006), beeaof the fact that it does not
respond to JA (Zimmermann et al. 2004) (Genevestija However, the
expression oAtWRKY 1lhas been reported to correlate with the induabibthe
JA biosynthesis enzymes AOS and LOX 2 h after ehagé withP. syringae
(Journot-Catalino et al. 2006). Incidentally, tecumulation of JA also occurs
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within the first hour of the interaction witR. syringae(De Vos et al. 2005).
Taken together with our observations tBa\WRKY 11was repressed by JA and
ET treatments at 6 h, and was not induced by th®pans, it is possible that the
pathogen-induced accumulation of JA might reprebe Expression of
BnWRKY11,a suggestion that will form the basis for fututeidees in our
laboratory.

With the recently emerging role for ABA in defenssponses (Mauch-
Mani and Mauch, 2005; Ton et al. 2005; Ton and MaMani, 2004), it is
possible that ABA exerts some of these effects uiinothe modulation of
BnWRKY genes, specificalyBhWRKY53 and BhWRKY69 Similarly, the
cytokinin BAP has been implicated in both allewngtiand exacerbating the
hypersensitive response (HR), which is charactérizg tissue necrosis and is
frequently accompanied by the subsequent inductbnsystemic acquired
resistance (SAR) throughout the plant (Hare et29.7). Furthermore, cytokinins
can promote the susceptibility of biotrophs by icidg the necrotroph resistance
pathway, which is responsive to JA/ET (Robert-Sedlatz et al. 2007). As
suggested for ABA-mediated plant defense respornises, possible that the
BnWRKYs, which were observed to be modulated by gexous BAP
application, may be responsible, at least in partmediating the observed effects
with the necrotrophic pathogens.

Conclusions
In summary, we identified 46 BN WRKY TFs based oa plublicly available EST

resources of canola and cloned the cDNA sequences38 of them. We
characterized the responses of 16 selected gemassd lon their phylogenetic
relationship in response to two fungal pathogens fare hormone treatments.
Based on our data, we propose that BAWRKY TFs nptdny an important role
in the plant defense response, possibly by acsngpaitive or negative regulators
of plant defense, and canola may respond diffeyentlS. sclerotiorumand A.
brassicaefrom the standard point of a BhWRKY-mediated pldetense system.
Our results also confirm that there is cross-t&tnueen biotic stress and hormone

signaling. Functional redundancy in defense progrésnan inherent feature of
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WRKY genes (Eulgem and Somssich, 2007) and futtudiess will be directed
towards delineating the specific roles of individWdRKY TFs in those and
related pathosystems, in order to explore the pii$githat manipulation of
abundance of one or several of these proteins @&y to durable and robust
resistance to the pathogen, apart from contributingur understanding of the

molecular processes that occur during host-pathogeractions.

Accession numbers
The cDNA sequences of 38 BhWRKY TF genes clonedhis study were

deposited in GenBank under the accession No. EWEE23EU912407,
EU912409-EU912418, FJ012166- FJ012171, FJ210288210290 and
FJ384101- FJ384114.
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Chapter 5 Isolation, expression and characterizatio of two
single- chain variable fragment antibodies againsin endo-
polygalacturonase secreted b$clerotinia sclerotiorum

Introduction
Sclerotinia sclerotiorun{Lib.) de Bary is a necrotrophic, highly destruetiand

non-host—specific fungus which affects more tha@ glant species (Boland and
Hall, 1994; Bolton et al. 2006; Bom and Boland, @0@nd is prevalent in
temperate regions of North America, Europe and Mealand (Hambleton et al.
2002). Sclerotiniastem rot is a very serious disease in canola, wischn
important North American crop with 8.7 million toes harvested in Canada in
2007 (Anonymous, 2007)lt is very difficult to control this fungus due tong
survival of sclerotia (an overwintering structuragcospore dispersal potential,
limited sources of resistance in canola and relafesgties as well as the fact that
its host range is so broad, which can limit thee@fffeness of crop rotations
(Bolton et al. 2006). There are several fungicigéective in controllingS.
sclerotiorum but it is important to determine the need forgwide application
early using risk assessment tools (Thomas, 198kidgton and Morrall, 1993;
Turkington et al. 1991a; Turkington et al. 1991b).

Secreted virulence factors are essentialSorsclerotiorumpathogenesis
and include oxalic acid (Bateman and Beer, 1965s@& et al. 2000; Godoy et al.
1990; Guimaraes and Stotz, 2004; Kim et al. 2008kikan and Kelly, 2000;
Noyes and Hancock, 1981), hydrolytic enzymes (Kastzal. 2004; Li et al.
2004a; Li et al. 2004b; Yajima and Kav, 2006) aredesal other factors such as
oleic acid and sclerin (Erental et al. 2007; Hateal. 2006; Rollins, 2003; Vega
et al. 1970). The full virulence d&. sclerotiorumis thought to be due to the

synergistic activities of oxalic acid and endo-@lacturonases (Rollins, 2003).

A version of this chapter was published: Isolatiexpression and characterization of two single-
chain variable fragment antibodies against an emalggalacturonase secreted Bglerotinia
sclerotiorum Protein Expr Purif. 2009, 64(2):237-4.
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Polygalacturonases (PGs), encoded by multigendiémmnare produced in several
molecular forms with different specificities andeasubject to differential
regulation. This multiplicity can grant adaptiviexibility to pathogens when
infecting different hosts or plant organs (De Laeret al. 2001). Internal(1-4)
glycosidic bonds in de-esterified regions of theldhe lamella and primary cell
wall homogalacturonans are hydrolyzed by PGs, ameihwproduced in sufficient
amounts, determine the degree of maceration ottedetissues (Zuppini et al.
2005). One of the endo-polygalacturonases, SSP{1detected in the early
stages ofS. sclerotiorumpathogenesis and its expression is optimal in IéW p
environments (Li et al. 2004b; Rollins and Dickm&001). SSPG1d is highly
homologous at the nucleotide level to oth&. sclerotiorum endo-
polygalacturonases such as SSPG1la-c (FraissineefTacal. 1995).

By expressing recombinant antibodies against vmadefactors or coat
proteins, resistance or tolerance to the detrinhegifacts of phytopathogenic
organisms can be introduced into plants (Peschah @004; Tavladoraki et al.
1993). The detection of these polygalacturonases usingaiy-based tests may
have utility in confirming the presence of this fus, especially when used in a
panel format assay with other Sclerotinia-sped@fitibodies, for example a single
chain variable fragment (ScFv) that we have preslpweported (Yajima et al.
2008). Towards achieving this objective, we has@ated, expressed, purified
and characterized two recombinant ScFvs againsG&8Rising phage display
technology. In addition, we have expressed the cBMAcoding the ScFvs in
Arabidopsis thalianan order to characterize the transgenic plantsefdranced
tolerance tdS. sclerotiorum The properties of these two antibodies with eesp
to specificity, sensitivity, affinity, their abijitto detect SSPG1d in plant material
as well as the tolerance of ScFv-expressing tramsgA. thaliana to S.

sclerotiorum were characterized and our results are discussed.
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Materials and Methods

Culture of S. sclerotiorum

A strain of S. sclerotiorum(isolated from canola) was kindly provided by Dr.
Stephen Strelkov, University of Alberta. Sclerotiegre subcultured on solid
potato dextrose agar (PDA) medium (Becton DickinsdD, USA) under
continuous light at room temperature (RT). Afted&ys, agar plugs (0.2 cm
diameter) were removed with a sterile cork boremfrthe leading edge of the
mycelia and were subcultured on fresh PDA platesuio2 additional days. Agar
plugs (0.5 cm) were removed from the leading edgeyzelia and were used for
inoculation of liquid pectin media (50 mM N&I, 7.3 mM KHPO;, 4.2 mM
MgSQOy, 6.7 mM KCI, 0.07 mM FeS§ and 1% (w/v) pectin; (Yajima and Kav,
2006)). The cultures were incubated at RT withadgih (180 rpm) on a platform
shaker for 5 days. Mycelia were harvested fronseheultures by centrifugation
at 13,800x for 20 min.

Source of antigens
A cDNA encoding SSPG1d (GenBank accession no. ABGD) was kindly

provided by Dr. Dwayne Hegedus (Agriculture and iAgpod Canada, SK,
Canada). This cDNA was subcloned into the expoessiector pET30a (+)
(Novagen, WI, USA) aNdel/Xho| (New England Biolabs, MD, USA) sites for
the expression of an N-terminal polyhistidine tafjgeotein. This expression
construct was used to transfoEncolistrain BL21 (DE3) (Stratagene, CA, USA)
and gene expression was induced by the additionisopropyl p-D-1-
thiogalactopyranoside (IPTG,1 mM, Fisher, PA, USAY growth at 25 °C for 6
h. The expressed protein was purified using Ni-N(TAagen, ON, Canada) as
per the manufacturer's recommendations. The aminod asequence
NGSPTGKPTSGVPI from SSPG1d, corresponding to amarid sequence 294-
307 of the mature SSPG1d primary structure, preditd be hydrophilic using
the Protein Hydrophobicity Plots
(http://arbl.cvmbs.coloctate.edu/molkit/hydropathgiex.ntml) and, therefore,
likely to be antigenic was synthesised at the Alb&eptide Institute (API) at the
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University of Alberta.This peptide, henceforth referred to as peptidec3viéas
conjugated with both KLH for immunization and BSé¥ creening by ELISA.

Antigen preparation and mouse immunizations
Both antigens were used to immunize three-weekBdltiB/c mice as described

below. Tail bleeds were obtained from mice prioreach immunization. The
mice were primed with a maximum of 200 ul (100 |2 subcutaneous sites) of
Freund’s Complete Adjuvant (FCA, Difcl, USA) containing 2Qug of antigen
(either peptide 3796 or recombinant SSPG1d (rSSPGIdhree boosts of 20g
antigen using Freund’s Incomplete Adjuvant (FIAfdd) were given with a two-
week interval between boosts. One week after éacist, blood samples were
obtained by tail bleeds and the serum was usecetermine antibody titers as
described below. When titers were sufficiently higand four days prior to
euthanasia, 20 ug of the appropriate antigen sdspein sterile 1xPBS (137 mM
NaCl, 2.7 mM KCI, 10 mM NgHPQOy, 2 mM KH,POq, pH 7.4) was injected into
the tail vein. The mice were euthanized by ceiMicature or with an overdose
of carbon dioxide and the spleens of the euthanizede were collected
aseptically and used in the construction of heamy &ght chain antibody
libraries.

Antibody titres were determined by coating miceatiplate wells (Costar,
NY, USA) with 100 pl of 10 pg/ml solution of the @ppriate antigen, overnight
at 4 °C. Wells were washed thrice with 1xPBS alhdsuabsequent incubation
steps were performed at RT unless otherwise staW¥dlls were blocked with
200 pl of 2% (w/v) BSA for 2 h, followed by inculi@ with 100 ul of diluted
mouse serum (1:10, 1:100, 1:1000, 1:10,000 dilsdidor 1 h following three
rinses with 1xPBS. Horse Radish Peroxidase (HRRjugated goat anti-mouse
IgG+IgM ( Cell Sciences, CA, USA) was diluted 1@00in 1% (w/v) BSA in
1xPBS, added to wells (100 ul) which were incubdtedanother 2 h. Following
three rinses with 1xPBS, Sure Blue Reserve TMB &M@l Peroxidase
Substrate (10@l /well, Kirkegaard & Perry Labs, MD, USA) was adid® each
well and incubated for 1-5 min. Once a clear ddfece in colour development

between sample and background (controls) was obdgerthe reaction was
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stopped by adding 100 ul of 1 N HCI and absorbarataes at 450 nm were
determined using a plate reader (Spectra Max 196leddlar Devices, CA,
USA).

Isolation of ScFv using phage display technology
Total RNA was extracted from spleens with the RNddi kit (Qiagen, MD,

USA) followed by purification of mRNA using the mRNPurification Kit (GE
Healthcare, QC, CanadaDNA was synthesized from the purified mRNA using
the First strand cDNA synthesis kit (GE Healthcardjeavy and light chains
were amplified from the newly synthesized cDNA gsian oligonucleotide
primer mix Burmester and Plcukthun (2001) and Kesbdt al. (1997) according
to the PCR conditions described in (Burmester Riatikthun, 2001; Krebber et
al. 1997) Heavy and light chains were then spliced using lapping PCR,
cloned into the pJB12 vector (the pJB12 vector igslly provided by Dr.
Andreas Pluckthun, University of Zurich), which svdigested witlsfi | (New
England Biolabs, MD, USA), and used to transfoin coli TGl strain.
Transformation reactions were plated and cultune®xYT agar containing 1%
(w/v) glucose and 30 pg/ml chloramphenicol (Burreestnd Plctikthun, 2001;
Krebber et al. 1997)

The rescue of ScFv-displaying phages and seleofiamtigen binders by
panning was performed according to Krebber etl®197) and Tout et al. (2001)
with minor modifications. After transformation, lonies were resuspended and
used to inoculate fresh 5 ml 2xYT liquid medium t@oning 1% (w/v) glucose
and 30 pg/ml chloramphenicol, which were incubaed7°C with agitation (200
rpm) until the optical density (OD) at 600 nm reaa!®.5. At this point, another
5 ml of 2xYT medium containing 1% (w/v) glucose, 3@g/ml of
chloramphenicol, 1 mM IPTG and VCSM13 helper pha@xl® CFU;
Stratagene, WI, USA) was added and the culturasbeted overnight at RT with
agitation (200 rpm) for the rescue of phage pasickxpressing ScFv. The
overnight culture was centrifuged at 1,500r 20 min, 2 ml of PEG/NaCl
solution (20 % (w/v) PEG-8000; 14.6 % (w/v) NaCl)asvadded and the

supernatant was placed on ice for 1 h for the pration of phage particles. The
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precipitated phage particles were collected byrdegation at 4 °C for 20 min at
20,000xg and the phage pellet was resuspended in 1 mifB$x

In order to obtain phage-presenting antibodies \aifinity towards the
antigen, microtiter plates were coated overnight &€ with 100ul of 10 ug/ml
of the appropriate antigen (rSSPG1d or peptide B79€oated wells were
blocked with 200ul of 3% (w/v) BSA in 1xPBS for 2 h, and phage susgpen
(10° phages/10Q) was added to each well and incubated for ana®Her Wells
were then washed 10 times with 1XPBS containing%.(v/v) Tween-20 (PBST)
followed by another 10 washes with 1XxPBS. Phaggcpes that remained bound
to the antigen were eluted with 190sodium acetate buffer (0.1 M acetic acid,
pH 2.8 containing 0.15 M NaCl) and incubated forn@n, followed by
neutralization with 12 of 2 M Tris buffer (pH 9.5). The eluted phagetpdes
were used to infect a fresh culturetofcoli TG1 cells (ORgo of 0.5) at 37 °C for
30 min followed by another 30 min of incubationRif. Cells were plated on
2xYT agar plates containing 1% (w/v) glucose andu§0nl of chloramphenicol
and incubated at 30 °C for 16 h. This panning @doce was repeated 4 times as
described above, except that the PBST and 1xPBBesagere increased to 20 in

subsequent rounds of panning.

Screening of phage display library by phage ELISA
After each round of panning, 8-16 colonies werdgdacrandomly and cultured in

2xYT medium (1 ml) containing 1% (w/v) glucose ar8D pg/ml of
chloramphenicol at 37 °C, for the rescue and ismlabf phage particles as
described above. Phage ELISAs were performed erotiter wells coated with
10 pg/ml (100 pl/well) antigen and blocked with 3% (w/v) BSA inRRS (200
ul/well) for 2 h, washed three times with 1xPBS andubated with the phage
solution for 2 h. The wells were washed three siwwgh PBST followed by five
washes with 1xPBS and then HRP-conjugated anti-Mé&Bondary antibody
(2:5,000 dilution; GE Healthcare), was added toheaell (100 ul/well) and
incubated for 1 h. Wells were washed three timgk WBST followed by five
washes with 1xPBS and Sure Blue Reserve TMB Miclidreroxidase Substrate

was added to each well (100 pl/well) and incubditedl-5 min. The reaction
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was stopped by adding 100 ul of 1 N HCI and absarbaalues at 450 nm were
determined using a plate reader (Spectra Max 1G@perally, a background

subtracted absorbance value >0.2 was used asréshdhd value to select clones
that were considered to be “good binders”. The entadle sequences for these
clones were sequenced usin@@Dye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, CA, USA).

Production and purification of ScFvs
The sequence encoding both ScFvs (ScFv-rSSPG1&ahd3796) from phage

clones identified as being the binders that produttee highest background
subtracted signals were amplified by PCR using @rintontainingNde I/Xho |
restriction endonuclease sites and sub-cloned paib28a(+) expression vector
(Novagen, WI, USA). The sequence of the ScFvs duiced into the expression
vector in this manner was verified and then thevSadnstruct was transformed
into E. coli BL21 strain. The expression of ScFvs was induegd 1 mM of
IPTG and growth at RT for 6 h. Cells were harvedig centrifugation (5,00@x
for 5 min at 4 °C) and subsequently resuspendedysis buffer (50 mM
NaH,PO;, 300 mM NaCl, 10 mM imidazole, pH 8.0). Cells wdysed by the
addition of lysozyme (5 pg/ml; Sigma, MO, USA) teetcell suspension and
incubated on ice for 30 min. Inclusion bodies eamihg the expressed ScFv were
collected by centrifugation at 13,8apfor 10 min. ScFvs were extracted from
the inclusion bodies with a second buffer (8 M urE20 mM NaHPQO,, 10 mM
Tris, 5 mM imidazole, pH 8.0) and were purifiedngsiNi-NTA resin as per the
manufacturer’s instructions. The purified ScFv ilamdies were refolded

according to Das et al. (2004).

Biotinylation of ScFvs
Since both rSSPG1ld and ScFv-rSSPG1d contain a ipttihe tag, to

characterize the interaction between them, ScFREEI® was biotinylated for
subsequent detection with streptavidin-HRP. ScF¥63or ScFv-rSSPG1d (100-
1,000nQ) was mixed with biotinamidohexanoic acide®o-N-

hydroxysuccinimide ester (10 ul of 30 pg/ml in L&B.ong arm biotin, Sigma,
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ON, Canada) and incubated at RT for 1 h with intéemt mixing. Tenul of
glycine (10 mg/ml in water) was added to stop #ction and the mixture was
dialyzed against 1xPBS overnight at 4°C, followey dn additional 4 h of
dialysis in fresh 1xPBS (Delos et al. 2000). Inesrtb confirm biotinylation, 10
pl of diluted (10-, 100-, and 1,000-fold) biotinggd and non-biotinylated ScFvs
were applied to hybond-Nmembrane (GE Healthcare) and dried at RT for 10
min. The membrane was then blocked with 2% (w/SABn 1xPBS and washed
thrice with 1XTBS (50 mM Tris-HCI, pH 7.4, 150 mMaRI). Following washes,
streptavidin-HRP (1:1,000, Invitrogen, CA, USA) wadded to the membrane
and incubated at RT for 1 h. The membrane was wWashed once with 1XTBS
containing 0.05% (v/v) Tween-20 (TTBS), twice witRTBS, and then stained
with TMB peroxidase substrate (Vector Laboratori€s,, USA). The reaction

was stopped by immersion of the membrane in water.

ELISAs with ScFvs
In order to characterize the ScFvs, the respeeintigens [10Qul of 10 ug/ml of

peptide 3796 or rISSPG1d and control peptides/prot@BSA conjugated CipC
peptide fromS. sclerotiorumcorresponding to amino acids 38-49 of the CipC
protein; GenBank accession no. CD645941: KMFEDRQEBRE BSA
conjugated peptide 3795 corresponding to aminosatit¥4-127 of the mature
SSPG1d sequence: WDGKGTNGGKTKPK and BSA alone)lewesed to coat
microtiter plates at 4 °C overnight. Peptide 378HC peptide and BSA were
used as controls to test the specificity of SCF987BSA and mycelium frors.
sclerotiorum were used as controls to test the specificity oFV&rSSPG1d.
Wells were washed three times with 1xPBS and theckbd with 3% (w/v) BSA

in 1XxPBS (200 pl/well) for 2 h at RT. After wasbimith 1xPBS three times,
refolded, biotinylated ScFv-rSSPG1d or non-biotitgtd ScFv-3796 were added
to the wells (7 pg/ml, 10Ql/well) and the plates were incubated at RT for,1 h
after which the secondary antibody (1:2,000 dilutid00 pl of streptavidin-HRP
for ScFv-rSSPG1d; 1 pg/ml; or 1:1,000 dilution, J0OHRP-anti-His antibody
for ScFv-3796, Qiagen, ON, Canada) was added amdpltes incubated for

another hour at RT. Subsequent steps in the Eu8# similar to those used for

180



phage ELISAs described earlier. HRP-conjugatedHistantibody could not be
employed as the secondary antibody for detectior68PG1d because it would
bind to the polyhistidine tag of rSSPG1d in additio the ScFv.

Secreted proteins from culture filtrates of 5-dag &. sclerotiorum
cultures were prepared as previously describedirfapnd Kav, 2006). Wells
were coated with 20 pg/ml (100 pl/well) of cultuikrate at 4 °C overnight.
Subsequent ELISA steps were similar to those desdriabove except that a
series of dilutions (0, 0.50, 1.00, 1.50, 2.00 &@0 pg/ml, 100ul) of ScFv-
rSSPG1d were added to wells. In this case, dileet@bsence of a polyhistidine
tag on the secreted SSPG1d, we were able to usecHREgated anti-His

antibody as the secondary antibody.

Western blotting
The secreted fungal proteins and purified rSSPG&devseparated on a 12%

SDS-PAGE gel and transferred to a PVDF membramegusirans-blot SD semi-
dry transfer cell (Bio-Rad, CA, USA). Followingatrsfer, the membrane was
blocked with 3% (w/v) BSA in 1xPBS at RT for 1 hThe membrane was
incubated with biotinylated ScFv (ScFv-3796 or Se&8PG1d; 7 ug/ml, 5 ml)
for 1 h at RT, followed by streptavidin-HRP (1 udy/rd ml) for an additional
hour. The membrane was then washed 5 times wiSTand three times with

1XTBS. Immunoreactive bands were visualized withBlperoxidase substrate.

Determination of affinity constants
Surface plasmon resonance (SPR) using a Biacor® 3§8tem (BlAcore,

Uppsala, Sweden) was employed to analyze the gnoinScFv-rSSPG1d and
ScFv-3796 to rISSPG1d and/or peptide 3796. Fochiaeacterization of rISSPG1d
and ScFv-rSSPG1d interaction, CM5 (BlAcore) sertdops were coupled with
1,500 Resonance Units (RU) of rSSPG1d dissolvedOinuM sodium acetate
using the amine coupling method (Wizard procedy@orr et al. 1994)).

Ethanolamine-HCI was used to block the remainimgioupled sites on the chip.
A range of concentrations of ScFv-rSSPG1d or SEF6, which was dissolved
in running buffer (20 mM Tris, pH 7.0, 135 mM KA&,mM CaC}, 0.05% (v/v)
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Tween-20, 200 pM PMSF, 100 puM Benzamidine, SL iitbib (1:1,000
dilution)) was then passed over the immobilizedgams at a flow rate of 30
pi/min at 21 °C. BlAevaluation (BlAcore) versionl3vas used to determine the
ka, kdand Ky of each ScFv using a 1:1 binding with drifting &lase model.
High salt solution (20 mM Tris, pH 7.0, 800 mM K@ ,mM CaC}, 0.05% (v/v)
Tween-20) was used as the regeneration buffer.

A streptavidin-coated sensor chip was used to aeathe binding of
ScFv-3796 and peptide 3796. To accomplish thi:yMGo 1 mM of streptavidin
(Sigma, MO, USA) was coupled to a CM5 sensor clii@g0(RU) following the
amine coupling method described above. After bluglof uncoupled sites with
ethanolamine-HCI, the chip was washed by the igacdf 5 pl of 0.1% (w/v)
SDS thrice for 1 s each time after which biotingthtpeptide 3796 (50 nM) in
running buffer was passed through the chip. Ialid@5-50 RU of peptide was
bound to the chip and used for kinetic analysisdascribed previously for
rSSPG1d and the ScFv-rSSPG1d interaction.

Diagnostic assays with ScFv
Extracts of canola leaves or flowers from 6-weekl @lants grown in a

greenhouse with a photoperiod of 16 h light (corabon of natural light and T5
fluorescent tubes with a light intensity of 308 (umol) m2s™ or uV)/8 h dark
were obtained by grinding the tissue in 1x PBS (2&af/3.5ml 1xPBS; 19
flower/1.4ml 1xPBS) followed by centrifugation a0,000xg for 10 min and
collection of the supernatants. The leaf and flogsdracts were diluted 100-fold
in 1xPBS to which a series of rSSPG1d dilutiond,(@.5, 1.0, 5.0 and 10.0
ng/ml) were added. Plates were coated overnight@tusing 100 ul/well of the
mixture and then washed thrice by 1xPBS. Coatdtswesre blocked with 3%
(w/v) BSA in 1xPBS (200 pl/well) for 2 h and bioylated ScFv-rSSPG1d (7
pg/ml, 100 pl/well) was added to the wells and bated for another 1 h. The
plates were washed thrice with PBST and 5 time$ A#PBS. Subsequent
ELISA steps were as described in previous sections.
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Plasmid construction and transformation of Arabidopsis
The open reading frames of ScFv-3796, ScFv-rSSP&Ld re-amplified using

primers ScFv-3796-F1, and ScFv-3796-R1 (Table &4 )5cFv-3796 and ScFv-
rSSPG1d-F1 and ScFv-3796-R1 (Table 5-1) for ScBPG1d, and cloned into
pKYLX 71 vector. The two constructs together witle blank vector pKYLX71

were individually transformed into Agrobacteria GMA using freeze-thaw and
introduced into Arabidopsis (WS) by floral dippingseeds (T1) were harvested
and selected on half strength LS media (Caissorotaatries Inc., UT, USA)

supplemented with kanamycin (50 mg/l) for 10 d befbeing transplanted into
soil to grow to maturity (T2), with further seleag the same type of medium.

Homozygous lines were used in the g-RT-PCR andgilpit assay.

Quantitative RT-PCR (gRT-PCR)
Plants were grown in Sunshine Soil Mix 8ufigro Horticulture, Vancouver,

Canada in the greenhouse for three weeks and leaves haneested for RNA
isolation using RNeasy Plant Mini kit (Qiagen, M&sauga, ON, Canada). RNA
was quantified using NanoDrop 1000 (NanoDrop Tetdgies, Inc.,
Wilmington, USA). First-strand cDNA was syntheslzBom 2.5ug of total
RNA using Superscript I{Invitrogen, Carlsbad, CA, USA) and Oligo(dd)
primers (Fermentas, Vilnius, Lithuania). PCR pnigsevere designed using
PrimerExpress3.0 (Applied Biosystems, Foster c@®A, USA) targeting an
amplicon size of approximately 80-100 bp. The b$tgenes as well as the
primers used are shown in Table 5-1. The gRT-P€fayawas performed as
described previously (Yang et al. 2007) and eacte geas assayed in duplicate
using RNA from each of the three biological repigsa A two-tailed students*
test and one-way  ANOVA  were performed using PAST
(http://folk.uio.no/ohammer/past/) and SAS (SASitage Inc., NC, USA).
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Table 5-1 Primers used in this study

Primer name

sequence of primers

ScFv-3796-F1

ScFv-3796-R1
ScFv-SSPG1d-F1
ScFv-3796-F2
ScFv-3796-R2
ScFv-rSSPG1d-F2
ScFv-rSSPG1d-R2
At-UBQ-F
At-UBQ-B

CGCACGAAGCTTATGGACTACAAAGACATTGTG

GCGCATTCTAGATTACGCAGAGACAGTGAC C
CGCACGAAGCTTATGGACTACAAAGATATTGTG

AGCATGGAGGCTGAAGATGTTG

CACCACGTTTGATTTCCAGCTT
CAGCTCAGCAGCCTGACATC
GAGTCCCTTGGCCCCAGTAA

GGCCTTGTATAATCCCTGATGAA
AGAAGTTCGACTTGTCATTAGAAAGAAA
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Characterization of transgenic plant responses t&. sclerotiorum
Agar plugs of S. sclerotiorumfor inoculation were obtained as previously

described (Yang et al. 2007). Wild-typ&rabidopsis thaliana(WS) and
transgenicArabidopsisplants were grown in Sunshine Soil Mix 4 in theegre
house (22°C day/18°C night; 16 h photoperiod comftam of natural light and
T5 fluorescent tubes with a light intensity of 300 (umol) m?s™) for three
weeks. PDA plugs with mycelia were placed on twahef rosette leaves. After
inoculation, the plants were placed in a humiditarober for 24 h before being
returned them to the greenhouse. Photograph®ohticulated leaves were taken
at 36 and 60 h post-inoculation and lesion size mvaasured by Image Analysis
Software for Plant Disease Quantification (APS
Press, St. Paul, MN, USA). The whole treatmentseewepeated three times at

separate times and data were analyzed using SASlis&d analysis.

Results and Discussion

Immunization of mice, construction of a ScFv libraly and isolation of specific
ScFvs

Both peptide 3796 and rSSPG1d were used to immumize to obtain specific
ScFvs against these antigens. The rSSPG1d (~37 gD4&,21) used for
immunization was purified as an N-terminal polyidste-tagged protein.
Typically, the yield of rSSPG1d ranged from 120-%a9per litre of cell culture.
Its identity was verified by tandem mass spectroynédata not shown). After
immunization of mice, it was observed that the lzody titres were >10,000 for
all mice after the third boost injection, at whittime, the mice were euthanized
and their spleens collected. The variable regafriseavy (\;, 386-440 bp) and
light (V., 375-402 bp) chains were amplified using speg@fimer sets (Krebber
et al. 1997). Full-length ScFvs (~800 bp) were mdded in the 5’-\(-linker-Vy-

3’ configuration where the linker sequence is (Gly&yGlySer), (Das et al.
2004; Schouten et al. 1997Jwo phage display libraries were made using the
phagemid vector pJB12. The first library was faF®3796 (3.3x1d cfu/ml
after phage rescue) and the second was for SCFRGSS (1.9x19 cfu/ml after
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phage rescue). After panning, 13 “binders” speddipeptide 3796 and 8 against
rSSPG1d were identified.

Sequence analysis and identification of complemenity determining regions
(CDRs)

Nucleotide sequences of cDNAs encoding all 13 pep3i796-specific ScFvs and
8 rSSPG1d-specific ScFvs were determined. Theentide-derived amino acid
sequence revealed that all 13 peptide-specific dogavere identical and all 8
rSSPG1D-specific binders were identical. The mtae sequence for ScFv-
3796 and ScFv-rSSPG1d were submitted to GenBange@sion nosFJ526992
and FJ526993, respectively). The CDRs were predichased on the Kabat
database (Krebber et al. 1997), from these amirh sejuences. Interestingly,
when the amino acid sequences of ScFv-rSSPG1d (Ba7 K 5.65) and ScFv-
3796 (~27 kDa, pl, 9.13) were aligned with othereguinia-specific ScFvs
isolated in our laboratory, it was observed thatdmino acid sequence of CDR2
(VL) of ScFv 3796 was identical to CDR2 (\of two such previously described
ScFvs (Yajima et al. 2008). When the sequence aifvS3796 and ScFv-
rSSPG1d were compared, differences in the amind sefjuences of CDR1, 2
and 3 in both \ and \{ sequences were observed. Among the differenceR3CD
of Vi was observed to be the most significant in terinseguence as well as
length; ScFv-3796 had 8 amino acids in this CDR@®spared to 11 in ScFv-
rSSPG1d.

Purification of ScFvs and characterization of ScFvs
The yield of recombinant antibodies ranged from-%20 pg per litre of cell

culture. The purity as well as the molecular weiglh these recombinant
antibodies were confirmed by SDS-PAGE (Figure 5-1)Vhen the purified,

refolded ScFvs were used in ELISAs against thespeetive antigens, it was
observed that ScFv-3796 could specifically recogremd bind peptide 3796
(Figure 5-2A). However, ScFv-3796 could not det&$PG1d based on ELISA
results (data not shown). The absorbance valuesneld from the ELISAs were
significantly higher for peptide 3796 (around Os2dal.3 at 10 and 20 pg/ml
peptide respectively, p<0.05) compared to the opfegtides tested. It is evident
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Figure 5-1 Overexpression and purification of S8/#@6 and ScFv-rSSPG1d.
Lanes from left to right were protein marker, topasbtein of uninduced ScFv-
3796, total protein of induced ScFv-3796, purifi®dFv-3796, total protein of
uninduced ScFv-rSSPG1d, total protein of inducedrvS&SPG1d, purified

ScFv-rSSPG1d and protein molecular mass marker.
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Figure 5-2 Characterization of ScFvs. ELISA wasduto demonstrate (A) the
specificity of ScFv-3796 towards peptide 3796; @¥ specificity of ScFv-
rSSPG1d towards rSSPG1d; and (C) the detectioisBfa.d in 5-day old culture
filtrate by ScFv-rSSPG1d. Data are presented asimeaE of three biological
replicates and SAS statistical analysis (p<0.053 wsed to identify significant
differences among the samples as indicated by iffieretht letters above the

columns.
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from the results presented in Figure 5-2A that S8F96 did not recognize even
peptide 3795, which is also derived from SSPGlgsthg to the specificity of
this ScFv. ScFv-rSSPG1d binds rSSPG1d (Figure 5&l the absorbance
values for the rSSPG1d and ScFv-rSSPG1d interaatgsa 1.1 and 1.3 at 10 and
20 pg/ml of rSSPG1d, respectively, while the otlmmtrols resulted in
absorbance values close to baseline. In addivben ScFv-rSSPG1d was tested
against crude protein extracts prepared f@@nsclerotiorunculture supernatants
(i.e. the secretome), our results indicated thaFv88SPG1d was able to
recognize the target in a concentration-dependeariner (Figure 5-2C). We
were unable to detect SSPG1d in culture filtrassgiScFv-3796.

Detection of SSPG1d
To further verify the identity of the protein recoged by the recombinant

antibodies, we performed Western blotting experimenith 5-day-old culture
filtrates of the fungus. When the blots were poblwath ScFv-3796 or ScFv-
rSSPG1d, a single immunoreactive band was observdtie case of ScFv-
rSSPG1d but not with ScFv-3796, which produced tamdil faint bands,
possibly indicating that the observed bands in\Western blot for ScFv-3796
were the result of non-specific binding (Figure A-&nd B). The fact that only
one band is observed in the culture filtrate laoe $cFv-rSSPG1d served to
confirm the specificity of the ScFv-rSSPG1d for &3, as additional bands
would have been seen if ScFv-rSSPG1ld was non-gpeuif if the HRP-
streptavidin could bind to other secreted proteinsThe identity of the
immunoreactive band detected by ScFv-rSSPG1d wafiroed to be SSPG1d
by Mass Spectrometry (data not shown) further destmating that ScFv-
rSSPG1d was able to recognize the correct protem fa crude sample of
secreted proteins. The observed size differentedem native SSPG1d and
rSSPG1d is the result of the presence of a sigeptige in rSSPG1d that is

cleaved from the native SSPG1d during secretioth@yungus.
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Figure 5-3 Utility of ScFvs in Western blots andIEA. Western blot detection
of ISSPG1d using (A) ScFv-rISSPG1d and (B) ScFv-378toth panels, lanes 1
and 2 refer to rSSPG1d and protein fr@nsclerotiorumculture supernatants,
respectively. (C) Detection of rSSPG1d in plantasts by ELISA using ScFv-
rSSPG1d. Results indicate a concentration-depenthenéase in absorbance
when rSSPG1d was used to spike both leaf and floswtracts. Data are
presented as mean + SE of three biological reglicahd SAS statistical analysis
(p<0.05) was used to identify significant differescamong the samples as

indicated by different letters above columns.
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In order to evaluate the ability of ScFv-rSSPG1d 8cFv-3796 to detect
the presence of SSPG1d, we added different amaintSSPG1d to plant
extracts to determine their detection limits. RBhea our results, the presence of
5 ng/ml rSSPG1d could be clearly detected by S&SPG1d in both leaf and
flower extracts after these extracts were diluteigyre 5-3C, p<0.05), however,
ScFv-3796 was unable to detect rSSPG1d at all corad®ns tested. We
acknowledge that the observed detection limit foF\&rSSPG1d might not be
physiologically relevant and that a significant ambof work is still required to
determine the utility of ScFv-rSSPG1d in an effeetiletection assay. However,
the fact that this ScFv was able to bind rSSPG1plant material demonstrates
the potential that this ScFv may find use as phdiagnostic assays to detect the
presence of fungal SSPG1d in infected plants. &t acknowledge that there is
a possibility of cross reactivity with polygalachmases secreted by other fungi
that may be found in the field, and this will ndedbe addressed during the field

validation of such antibody-based diagnostic tests.

Characterization of ScFvs using surface plasmon resance
The kinetics of association and dissociation betwdlee ScFvs and their

respective antigens were determined by employing.S®When ScFv-rSSPG1d
was passed over immobilized rSSPG1ld and ScFv-3786 passed over
immobilized peptide 3796, we observed a very speaiteraction between the
antigen and the antibody (Table 5-2). Negativetrabsy which involved passing
similar dilutions of BSA over the immobilized argigs, did not reveal any
specific interaction. When ScFv-3796 was passed imvmobilized rSSPG1d, no
observable interaction was detected (data not showraking this result into
consideration with the observation described earfidicating that ScFv-3796
was unable to detect rSSPG1d in ELISA-based assayarrive at the conclusion
that ScFv-3796 is not suitable for potential useaeists for this enzyme. These
results are also consistent with the fact thatugesof ScFv-3796 in Western blots
results in the detection of multiple bands, unldev-rSSPG1d which is able to
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Table 5-2 Affinity and rate constants for the imigtion between ScFv-rSSPG1d
and ScFv-3796 with rSSPG1d and peptide 3796, régphc The apparent
association Kg) and dissociation rate constantgd)( are averaged over three
independent experiments. Data are presented as m&dh of three biological

replicates.

kax10® kax10” Kp x10

Ms™ st M
ScFv-rSSPG1d 3.58(+0.26) 2.95(+0.50) 8.43 (+1.28)
ScFv-3796 5.18 (+3.04) 2.58 (+0.66) 8.89 (+3.34)
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detect a specific band identified by tandem massctspmetry as SSPG1d.
Although it appears that ScFv-3796 is unable teaetSSPG1d, it does show
high affinity for peptide 3796, which was a regipredicted to be antigenic.
Although it must be verified by experimentationjsttempting to speculate that
the lack of reactivity of ScFv-3796 with SSPG1d nh@ydue to lack of exposure
of this region, illustrating the limitations of mlietive approaches in generating
useful antibodies.

The calculated K value for both ScFv-rSSPG1d and ScFv-3796 for thei
respective targets (Table 5-2) is within the normalge for ScFv antibodies
(Altschuh et al. 1992 ; Choulier et al. 2001; Huaigal. 2006; Leonard et al.
2007; Reiter et al. 1999). However, the affinitiese lower than those of
monoclonal antibodies, which is not unexpected esinmonoclonal antibodies
possess two antigen binding sites as opposed tainke antigen binding sites of
ScFvs. Therefore, higher avidity for ScFvs coutsgbly be achieved by the
covalent linking of the single chain antibodiesbgrmultimerization (Krebber et
al. 1997).

Characterization of transgenic Arabidopsis expressig ScFvs
In order to evaluate the utility of the cDNAs entagthe ScFvs to induce durable

tolerance tdS. sclerotiorumwe generated constructs for the in planta expmess
of these cDNAs in the binary vector pKYLX71, whidirects the expression of
the transgene under a control of douB&S promoter (Figure 5-4). These
constructs were used to transfofAmnthaliana

Six and five homozygous lines of transgenic Arapgle expressing
ScFv-3796 and ScFv-rSSPG1d, respectively, wereactaized for the presence
of the ScFv transcripts using g-RT-PCR. Four duhe six lines of Arabidopsis
expressing ScFv-3796 (ScFv-3796-123H, ScFv-379&18tFv-3796-111C and
ScFv-3796-62H) showed significantly elevated traipscdevels (10-18 folds,
Student’s t-test; Figure 5-5A). Similarly, four cfS/-rSSPG1d-1B, ScFv-
rISSPG1d-5A, ScFv-rSSPG1d-11A and ScFv-rSSPG1d-2#aependently
derived homozygous lines of Arabidopsis expresSicgv-rSSPG1d showed high
transcript levels (1910°folds, Figure 5-5B). However, the expression ekth
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Figure 5-4 Structure of ScFv constructs expresseudiaints. The Vand \fy
regions were connected by (GBer). The ScFv genes were inserted into pKYLX

71 usingHindIll and Xbal restriction sites.

194



Kk *H

ik
* K

Relative ratio Log 10 transformed (transgenic/vector)

* %

ik

*H

Relative ratio Log 10 transformed (transgenic/vector)

Figure 5-5 Transcript level of transgenic Arabidepsxpressing A: ScFv-3796;
B: ScFv-rSSPG1d. The asteriskes indicate the stgmif change by Students’ t-
test (p<0.05).
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ScFvs can not be detected by Western blotting aitit ScFv antibody (data not
shown).

To investigate the response of these homozygousgemic Arabidopsis
linee to challenge witls. sclerotiorumleaf inoculation was performed and lesion
size was measured and quantified at 36 and 60 tipmzulation. The lesion
sizes of these transgenic plant leaves comparedl|detype and vector control
did not show any significant difference for eitledérthe ScFvs tested (Figure 5-6
and 5-7). One reason for the lack of observeddal® may be that the levels of
ScFv were not sufficiently high, as evidenced byiaability to detect them using
Western blots, to be of utility in this regard.déed, it has been reported that the
overall levels and activities of ScFv antibodieswuanulating in the plant cytosol
may be determined by the intrinsic properties & #xpressed ScFv fragments
(De Jaeger et al. 1999). Due to the reducing ¢mmdi and the absence of protein
disulfide isomerases and chaperones, ScFv antibagkeerally accumulate to
low or undetectable levels in the cytosol. Howevteere are exceptional cases in
which the high-level expression of a functional $tis been achieved (up to 4%
total soluble protein) (De Jaeger et al. 1999; Beck et al. 2000; Nolke et al.
2005; Santos et al. 2004). Strategies developatiatulize expressed antibodies
have been reported including addition of C-termikBIEL peptide before ScFv
(Schouten et al. 1997; Schouten et al. 1996). Goetpto the ScFv fragment
without KDEL, which is undetectable, inclusion d{DEL result in maximum
expression levels of up to 0.2% of the total saytmotein (Schouten et al. 1997,
Schouten et al. 1996). However, in our case, ¢bention of the ScFv in the ER
would not be expected to afford tolerance to ththggen, and hence was not

attempted.

Conclusion
In this communication, we report the isolation efot recombinant ScFv

antibodies that were targeted to a cell wall deiggaeenzyme secreted by the
phytopathogenS. sclerotiorum Among these ScFvs, ScFv-rSSPG1ld was
observed to be capable of detecting both rSSPGhetkhas native SSPG1d
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Figure 5-7 Disease symptoms on Arabidopsis inoedlatith hyphal masses
(agar plugs) ofS. sclerotiorim Transgenic Arabidopsis expressing ScFv-
3796/ScFv-rSSPG1d also was infected as was the pRYLvector control and
the wild type plants at 36 h and 60 h post inocoitat
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secreted by this fungus. This ScFv-rSSPG1d mawnteay have utility in a
diagnostic test capable of better assessing the pgesed by this pathogen. In
addition, future studies will be directed towardstadmining whether ScFv-
rSSPG1d can inhibit the target cell wall degradingyme.

As a trial assay to hinder the infection@fsclerotiorumat an early stage,
we transformed three ScFv genes, which can recegroz only the recombinant
but also the native SSPG1d, into Arabidopsis. Higimscript levels of those
genes in transgenic Arabidopsis were analyzed by-BRR. However, at the
protein level, expression of the trangenes coult e detected by Western
blotting. It has been shown that multivalent recorabht antibody fragments
provide high binding avidity and unique specificity a wide range of target
antigens (Hendy et al. 1999; Hudson and Kortt, 198®ause the instability of
ScFv antibodies, especially in the cytosol, and ovatency, resulting in slower
on-rates and faster off-rates when compared to diwesponding full-size
antibody, may be overcome by the development obatlees or dimerized
antibodies (Schillberg et al. 2001).

In summary, we have successfully isolated and cheniaed ScFvs
against one of the virulence factors secretedbgclerotiorum ScFv-rSSPG1d
has potential applications in disease diagnosispunopurification of SSPG1d
and inhibition of infection on host b$. sclerotiorum We demonstrated the
application of phage display in isolating ScFvsiasfavirulence factors secreted
by this fungus and that ScFv-rSSPG1d is promisggah a diagnostic tool and
also for its apparent inhibitory activities agairighgal pathogens. However,
transgenic approachs to engineer Arabidopsis egiet againss. sclerotiorum
have not been successful most probably due tmthdelvel expression and/or the
stability of ScFv products in plants. The problemy be solved by improving
the stability of these antibodies in plants, alevith the possible targeting of the
ScFvs to the apoplast, where they can effectivedyitnalize the cell wall
degrading enzymes. Finally, a complete charaaon of the ability of these
two ScFvs to inhibit the activity of SSPG1d is veanted.
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Chapter 6 General discussion and conclusions

Canola is an important crop for Canada and is atsoof the top three oil crops
in the world (Snowden et al. 2007)S. sclerotiorumand A. brassicaeare two
significant pathogens that decrease the harvestabld of canola in Canada
(http://www.canola-council.org/contents10c.aspx).With a goal to better
understand canola response$taclerotiorumnfection, microarray analysis was
performed and genes responsive to pathogen challerege identified. Similar
studies with Arabidopsik: maculansand Arabidopsig. brassicicola have
recently been reported (Schaller et al. 2008; S¢hahl. 2008). The results
presented in this dissertation demonstrate thatamola after infection witls.
sclerotiorum the expression ratio of 1674 genes differed figamtly (P<0.05,
FDR <5%) from O (log-scale) at various time-poii2, 24 and 48 h). This
included 1134 genes that decreased in abundanceb4éhdhat increased in
abundance in the infected leaves when compared withoculated controls.
Several genes involved in JA biosynthesis, ROS-atedidefense responses and
cell wall structure and function were identifieddamalidated using gRT-PCR.
Although JA/ET-dependent pathways have been regpdngeothers to be involved
in plant responses to necrotrophic pathogens (Eguah 2009; Spoel et al. 2007,
Trusov et al. 2008), gene expression changes iesgeh the JA/ET mediated
signal transduction pathways that are associatéld 3vi sclerotioruminfection
had not been previously reported. Results predentthis dissertation, as well as
those from other groups published almost simultaslo(Zhao et al. 2007),
revealed that few genes known to be regulated byw#fe induced by the
pathogen, whereas several that are regulated bgTIMere modulated by the
pathogen. These results suggest that plant respda$. sclerotiorumare SA-
independent, and mainly JA/ET-dependent. In th@raest, another study found
that the response of ArabidopsisSosclerotiorums dependent on both SA and
JA/ET signaling (Guo and Stotz 2007). The obserdestrepancy between
different plant genera belonging to the same familgesponse t&. sclerotiorum
requires closer examination in the future.
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B. napusis a species susceptible $o sclerotiorumwhich suggests that
the observed changes of the abundance of transd¢dpgenes responsive to the
pathogen are the result of the compatible intevastibetween the host and the
pathogen. In addition, it has been observed trepartially resistant line RV289
of B. napustended to induce the expression of genes assdcwte defense
mechanisms earlier (24 h) than the susceptibletgpadStellar’, in which many
of these same genes are expressed later (48 hy @hal. 2007). Based on the
aforementioned results, Zhao et al. (2007) alsclooed that the temporal and
guantitative differences in gene expression magrdehe the outcome of these
two genotypes toS. sclerotioruminfection. In the future, studies towards
characterizing the role of JA/ET and JA/ET-mediagetie expression within the
context of compatible/incompatible interactions westn S. sclerotiorumand
plant hosts will be crucial in order to explore tmechanisms underlying host
susceptibility or tolerance to this pathogen.

To limit the invasion of pathogens by plants, igger defense responses
through modulation of other hormones and balaneeetiergy and nutrient needs
between defense and development (Thomma et al.)20@orrespondingly,
pathogens can counterbalance the responses fronts pdg an approach to
enhancing their virulence by regulating phytohore®rand its related signal
transduction events (Lopez et al. 2008). All thedservations indicate that
hormones play an important role in mediating plaaitiogen interactions
(Thomma et al. 2001). In order to test our hypsih¢hat canola plants respond
to necrotrophic fungi by triggering JA/ET signalipgthways,S. sclerotiorum
induced changes in the transcript abundance ofl@agemes that were presumed
to respond to SA, JA/ET signaling were investigatee observed tha$.
sclerotiorum like other necrotrophic pathogens, can trigger JA/ET signaling

pathway in plants (Figure 6-1; modified from Staallhich was consistent

207



T T
T B
" Lignin i?allose -
(e \\\ )
. PG —__ SN ~—
—»PGIP Cell Death
\\K‘ / \\
- Bypass resistance ™
1st layer of defense <.
/' N
3 layer of defense
fPR proteins }
MAPK I
A WRKY
\ Damage + PTI ‘“»ﬁ_:\JAfET
“— Phytoalexin // S
. “ROS yd
S. sclerotiorum | ond jayer of defense e
— e
U

Figure 6-1 Overview of the different layers of defe in plants response to the
pathogen $. sclerotiorummodified from Staal, 2006). Thé'layer of defense
response is to inactivate virulence factors inelgdPGs through PGIP and this
may also lead to the cell wall strengthening thiougposition of callose and
lignin. The 2% layer of defense is that triggered ROS as wellaavated
phytoalexins byS. sclerotiorunprotect plants from pathogens. THe layer of
defense of plants is that the defense hormonesn#AEA quantitatively and
gualitatively influence disease development buhdbdetermine resistance. If the
pathogen can overcome these three layers of defarigetion and finally leads

to cell death.
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with our microarray analysis (Chapter 2). Studigsorted in the literature have
also revealed that symptom development followingcrokeophic pathogen
infection was negatively affected by ET (Berrocabb et al. 2002; Wang et al.
2002). Our own observations reported in this diaten also revealed that
canola plants with decreased ethylene levels,rasudt of the expression 8iCC-
deaminase, were more susceptibleStosclerotioruminfection. When plants
respond tdS. sclerotiorumcurrent evidence suggests the presence of tayees
of defense responses (Guyon et al. 2004; Hegedak 2008; Kim et al. 2008;
Liang et al. 2008; Sexton et al. 2009; Soledad®.2007; Yang et al. 2007; Zhao
et al. 2007). The first layer of defense resposst iinactivate virulence factors
including endopolygalacturonase (PG) through pdigaronase-inhibiting
protein (PGIP) and the strengthening of cell wallgpough the deposition of
callose and lignin (Guyon et al. 2004; Hegedud.€2GD8; Kim et al. 2008; Liang
et al. 2008; Sexton et al. 2009; Soledade et &I72¥ang et al. 2007; Zhao et al.
2007). The second layer of defense triggers RQS$ nytoalexin production
(Guyon et al. 2004; Hegedus et al. 2008; Kim et2808; Liang et al. 2008;
Sexton et al. 2009; Soledade et al. 2007; Yand.e2(®7; Zhao et al. 2007).
Finally, the third layer of defense involves thamdl hormones JA and ET which
influence, quantitatively and qualitatively, diseaslevelopment but do not
determine resistance (Guyon et al. 2004; Hegedas. &008; Kim et al. 2008;
Liang et al. 2008; Sexton et al. 2009; Soledad®.2007; Yang et al. 2007; Zhao
et al. 2007). Therefore, it is possible that thecking of ET signaling in canola
impairs the third layer of the defense system,ileatb increased susceptibility to
S. sclerotioruncompared to the wild-type. Finally, the thirdéays proposed by
Staal (2006), also for the Arabidopsisimaculansinteraction, suggests that the
hormones SA, JA and ET quantitatively and qualitdyi influence disease
outcome but do not determine resistance. Overagprafrthese three layers of
defense by the pathogé&hn sclerotiorunresult in the infection and finally lead to
plant death. Our results are consistent with theeovations made by others that
ET plays a very important role in determining thgedse outcome (Bohman et al.
2004; Staal, 2006; Staal et al. 2006). Hences iprioposed that ethylene is
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indispensable for the defense response of Bragdmats toS. sclerotiorum
infection. Additional research using plants resistsusceptible to this pathogen
is required in order to fully delineate the roles JA/ET in determining the
eventual outcome of infection.

It is well known that downstream or cross-talk ajrinone signaling
pathways (JA/ET and SA), and transcription fac(@iss) such as TGA, WRKY,
ERF and JIN1/MYC2 play important roles in bindingdaactivating defense-
related genes (Dong, 2004; Eulgem and Somssicl7,; 2@irie-Berry et al. 2006;
McGrath et al. 2005; Wang et al. 2006). That TRs tediate the defense
reactions of plants to biotic stresses and the tcamscriptionally control the
expression of stress-responsive genes have beeamdated by several large-
scale transcription-profiling experiment€hen and Chen, 2002; Durrant et al.
2000; Maleck et al. 2000; Mysore et al. 2002). &mmple, many TFs including
ERF/AP2-domain, homeodomain, bZIP, Myb, WRKY faesliand other zinc-
finger factors are observed to be up-regulatedhdutie multiple compatible and
incompatible interactions (Riechmann and Ratclifff000; Rushton and
Somssich, 1998; Singh et al. 2002). Furthermareur microarray analysis of
canola response t&. sclerotiorum we identified threeWRKY genes whose
transcript abundance was significantly affectedy fungus (Yang et al. 2007).
In order to understand their role(s) in mediatinghala responses to two
necrotrophic pathogensS( sclerotiorumand A. brassicag and exogenous
hormone treatments, we identified and charactenzethbers of th&VRKYgene
family in B. napus(canola). The transcript abundance oBIBVRKYgenes was
observed to be significantly (t-test, P<0.05) akéelcin canola upon the infection
of S. sclerotiorumand the transcript abundance of only fBaiWRKYgenes were
significantly affected byA. brassicae It is possible that, in canola, the signaling
pathway response t&. sclerotiorumand A. brassicaemay involve several
BnWRKY TFs (Figure 6-1).

While SA did not significantly affect the transdrigbundance of any of
theBnWRKYdested, ET, ABA, JA and CK did affect the trangtabundance of

variousBnWRKYgenes investigated in this study. The WRKY donzaintains a
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conserved WRKYGQK heptapeptide and also #£ or GHC-type of zinc
finger motif (Eulgem et al. 2000). As in Arabidogstobacco and soybean, an
atypical WRKY domain, WRKYGKK was also identifiesh the current study
(van Verk et al. 2008; Zhou et al. 2008; Duan e2807). We propose that the
BnWRKY TFs that lacks the canonical WRKYGQK motifght not be able to
interact with the W-box and, therefore, may havHed@nt target genes and
divergent roles. However, further work to identifiye direct target can be
elucidated through Tilling microarray and/or Chramaimmunoprecipitation
(CHIP)-Chip (Gong et al. 200&'geen et al. 2000; Lander 199 future studies.
Moreover, investigation of the molecular eventsuodog in the stem oB.
carinatainoculated withS. sclerotiorunmay help to solve the puzzle of defense
response in plants since stem inoculation resutticated thaB. carinatais more
resistant taS. sclerotiorunthanB. napus(Liang, Strelkov and Kav, unpublished
observations). Further work needs to be perfornoedlucidate the response of
other stress-related TFs such as the ERF/AP2-dorhameodomain, bZIP, and
Myb to infection byS. sclerotiorumand hormonal stimuli, in order to gain more
insight in compatible/incompatible interaction.

ScFv antibodies targeted to virulence factors afjl pathogens may be a
practical way to engineer disease resistance intpléSchillberg et al. 2001).
ScFvs are very attractive for antibody-based gemetgineering due to its small
and almost equal affinity (Nolke et al. 2006). Bmbinant antibodies of the
ScFv type directed against fungal and viral pathedeve been successfully used
to engineer disease resistance (Peschen et al, 280kadoraki et al. 1993). As
an alternate approach to preventing infectiorBbgclerotiorurmat an early stage,
we isolated two recombinant ScFv antibodies thatewargeted to a cell wall-
degrading enzyme, SSPG1dIn vitro experiments demonstrated that ScFv-
rSSPG1d is capable of detecting both rSSPG1d dawehtive SSPG1d secreted
by this fungus. This ScFv-rSSPG1d may eventuadlyehutility in a diagnostic
test capable of better assessing the risks pos#udgathogen. This diagnosis of
the inoculum load in nature could help producersletermining the timing and
extent of prophylactic measures to be undertakeprégent the occurrence and
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the spread of the disease. However, our strateggngineer canola and
Arabidopsis producing these ScFvs specific to SIP@deds to be improved
further to increase the functional ScFvs antibqdssce ScFvs could not be
detected by Western blotting, although several lygous lines of transgenic
Arabidopsis showed significantly increased tramciévels. Furthermore, none
of the transgenic Arabidopsis lines expressing Sckere observed to be tolerant
to the fungal pathogen (Chapter 5).

It is worthy undertaking to express two to five 8sRargeting different
virulence/pathogenecity factors in proper companisefor the purpose of
development of durable and broad spectrum resisté&chillberg et al. 2001)
because the fact of the high binding avidity bigdand specificity to many target
antigens (Hendy et al. 1999; Hudson and Kortt 1998) addition, the isolation
and identification of cytosol-stable ScFv scaffoldsuld allow grafting of the
antigen-binding loops of low-stability cytosolic B to further improve their
accumulation (Worn et al. 2000). Cytosolic antip@kpression may be further
enhanced by the fusion of ScFvs to fusion protanners, such as maltose-
binding protein (MBP), glutathione-S-transferaseST® and other chaperones
that stabilize the antibodies (Shaki-Loewensteiale2005). Therefore, alternate
avenues for engineering durable resistanc®. teclerotiorunusing the antibodies
(ScFvs) described in this dissertation must bearpl in the future. In addition,
a lack of resistance in Arabidopsis does not mbahthese antibodies will not be
able to afford tolerance againSt sclerotiorumin canola. Transgenic canola
plants expressing the cDNAs encoding these ScFwus been generated and will
be characterized in the future once we obtain hggmzs plants. Nevertheless,
the enhancement and stabilization of ScFvs prodigti plants is an issue that
needs to be solved in the future. In additionurfeitstudies can be directed
towards determining whether ScFv-rSSPG1d can inhiarget cell wall
degrading enzymes, or if it can be engineered &s¢ss such inhibitory activity,

which may ultimately have applications in crop pution.
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Conclusion
Taken together, in the compatible interaction betwd3. napus and S.

sclerotiorum JA/ET-dependent pathways were shown to be indoinghe plant
response, in addition to the ROS-mediated defemsgonses, we observed from
the transcript profiling study (Yang et al. 2007)To further confirm this
hypothesis, presumptive genes related to JA/ETSRdvere investigated in the
compatible and incompatible pathosystems, and ETB whserved to be
indispensable for the defense respons®mafssicato S. sclerotioruminfection
(Yang et al. 3 chapter). Moreover, some BhWRKY sen@bserved to be induced
by both necrotrophic fungi and hormone stimuli, ethimay indicate that in
canola, defense-signaling response tow&dsclerotiorumandA. brassicaenay
also involve several BhAWRKY TFs (Yang et al. 4 deap As an alternate
approach towards hindering the infection Sif sclerotiorumat an early stage,
ScFvs specific to rISSPG1d were isolated througlg@ltisplay. Out of the two
ScFvs isolated, ScFv-rSSPG1d was observed to bableapf detecting both
rSSPG1d and native SSPG1d secreted by this fungugther optimization and
utilization of the generated ScFvs may be intemgséind should be performed in
the future.
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Appendix

Table A-1 Temporal changes in transcript abundantlee major clusters of

genes shown in Figure 2-3 (A-F)

Group A FC?
Symbol Spot Operon annotation 12h 24h 48h
AT1G23800 11799  mitochondrial aldehyde dehydrogeifat DH3) 1.1 1.36 1.69
AT4G39950 22542  cytochrome P450 79B2 1.02.2 2.14
24947:42
AT3G53990 11 expressed protein 0.93.04 1.83
AT3G61220 6772 short-chain dehydrogenase/redutdasiéy protein  0.86 1.11 1.61
AT5G06630 27608  proline-rich protein family 1.03.19 2.32
AT5G48950 25041  thioesterase-related 1.4B34 2.18
AT5G06760 19887 late embryogenesis abundant protelike 0.95 0.9910.99
AT5G24610 15924  expressed protein 0.m67 1.92
AT4G08370 27482  proline-rich protein family 1.3.14 2.15
Genomic sequence for Arabidopsis thaliana BAC
AT1G18270 18577 F15H18 from chromosome | 0.91.17 1.85
AT5G13170 17796  nodulin MtN3 family protein 0.980.6 2.48
glycosyl hydrolase family 27 (alpha-
AT3G56310 10130 galactosidase/melibiase) 0.88.35 1.87
AT1G55010 18012  plant defensin protein, putativeRP.5) 0.8 1.24 4.79
AT5G10980 24871 histone H3 1.02 1.08 1.69
ornithine--oxo-acid aminotransferase (ornithine
aminotransferase/ornithine ketoacid
AT5G46180 17753 aminotransferase), putative 0.971.13 2.87
AT5G49360 10620  glycosyl hydrolase family 3 0.98L.1 4.27
AT5G59290 6819 NAD-dependent epimerase/dehydritasity 0.87 0.93 2.21
AT2G26020 13424  plant defensin protein, putativieKP.2b) 091 1.29 3.8
AT2G36680 7480 expressed protein 1.ar41 2.03
AT1G02300 6893 Arabidopsis thaliana BAC T7123, ctetpsequence 0.97 1.11 2.66
AT5G28510 20083  glycosyl hydrolase family 1 214 1 2.13
4-aminobutyrate aminotransferase (gamma-amino-N-
butyrate transaminase/GABA transaminase/beta-
AT3G22200 12236 alanine--oxoglutarate aminotransferase) 0.927 2.01
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AT4G36040
AT3G15530
AT5G57655
AT4G27450
AT3G47340
AT5G44420
AT1G07040
AT3G07870
AT5G64370
AT3G03080
AT5G59530

AT4G27350
AT1G42990
AT1G64190
AT1G21410
AT2G48020
AT2G03760
AT2G26010
AT3G12490
AT5G42040
AT5G05340
AT5G44430

AT2G38400
AT4G35770
AT5G51570
AT3G06500

24825
5657
15606
26667
8702
15678
2458
12523
26635
14837
6753

19739
20863
11429
20828
23701
723
18032
21651
6462
17529
11070

5318
12794
17554
984

AT1G80920 027

AT1G67360
AT1G07890

AT1G15380
AT1G05100
AT5G40670

11033
15623

9000
16562
12917

DnaJ protein family

expressed protein

expressed protein

expressed protein

glutamine-dependent asparagine stagt

plant defensin protein, putativieKP.2a)

expressed protein

F-box protein family

beta-ureidopropionase

NADP-dependent oxidoreductase (R2xtive

2-oxoglutarate-dependent dioxygenagative
membrane lipo protein lipid attachment site-
containing expressed protein

bZIP family transcription factor

6-phosphogluconate dehydrogenaksed

F-box protein family

sugar transporter, putative

steroid sulfotransferase, putative

plant defensin protein, putativeKP.3)

cysteine proteinase inhibitor tegla

hypothetical protein

peroxidase, putative

plant defensin protein, putativeRP.2c)

0.98.96
0B64
0.9182
1ro1
1.11.65
0.95 1.16
1 1
0.89.92
0.983
0.66 0.9
0.88 1.29

0.96.03
2.46

1.2 1.13
0.61.26
0.887
1511.49
0.9 1.06
0.95 0.99
0.7%.04
0.71B45
0.86 1.22

alanine--glyoxylate aminotransferase (beta-alanine-

pyruvate aminotransferase/AGT), putative
senescence-associated protein senl
expressed protein

neutral invertase -related

11073;21

DnaJ protein family
stress related protein -related

ascorbate peroxidase, putative JAPX

glyoxalase family protein (lactoylglutathione lyase

family protein)
protein kinase family

expressed protein

222

0.8489
0.87 1.13
1.@p85
1.@403

0.83 1.1
701716
0.89 1.19

2.96
1.88
2.22
3.23
4.46
4.06
6.77
1.75
2.08
2.71
4.33

2.97
2.28
1.98
1.84
2.62

2.99

1.9
2.06
2.42
4.26

2.26
4.63
1.84
8.01

3.51
15
2.01

1.25 1.49 30.68

1.12.39
0.127

5.43
2.32



protease inhibitor/seed storage/lipid transfergqirot

AT3G22620 10047 (LTP) family 092 112 231
AT1G70780 24810 expressed protein 1.1885 4.65
AT1G20450 11667  dehydrin (ERD10) 0.89.14 1.86
AT1G31630 2101 MADS-box protein 0.981.4 2.18
AT5G61820 6221 expressed protein 0.8626 2.73
succinate dehydrogenase, iron-sulphur subunit,
AT3G27380 20341 mitochondrial (sdh2-1) 093 1.2 2.34
AT1G17170 15921  glutathione transferase, putative .6911.29 6.59
AT5G61510 24634  NADP-dependent oxidoreductase tipata 0.85 0.79 1.57
AT1G52030 13671  myrosinase binding protein, pugativ 137 12 22
AT1G52720 20965  expressed protein 1 1.17 531
AT5G14780 24471  formate dehydrogenase (FDH) 1041 2.95
AT2G16830 13357  hypothetical protein 1.08.14 2.22
AT3G05880 1888 low temperature and salt responmiotein LTI6A 0.99 1.53 3.69
AT1G21000 16592  expressed protein 01028 4.18
AT1G03910 6970 hypothetical protein 0.92.01 2.22
AT5G38540 11391 jacalin lectin famil 1.48 1.21 1.89
AT4G37010 15620  caltractin (centrin), putative 0.91.25 4.52
AT3G11900 14585 amino acid transporter family 0.2413 1.65
AT5G65860 22272  hypothetical protein 0.97 2.72
AT5G53560 27132  cytochrome b5 1.21.22 2.14
AT1G75830 17900  plant defensin protein, putativeRKP.1) 0.89 0.92 53
AT5G40760 15576  glucose-6-phosphate dehydrogenase .07 1.28 2.49
AT4G04620 27462  symbiosis-related protein -related 1.02 1.03 3.01
ESTs, Weakly similar to T06126 calcium-dependent
AT3G10300 6712 protein kinase [A.thaliana] 1.021.83 2.33
AT3G17860 21520  expressed protein 0.8677 2.6
abscisic acid responsive elements-binding
AT4G34000 8212 factor(ABF3) 0.77 0.98 1.86
glyoxalase I, putative (hydroxyacylglutathione
AT1G53580 8659 hydrolase) 0.93 0.95 5.82
AT3G02230 19236  reversibly glycosylated polypeptlde 1.06 1.15 2.28
AT4G19860 4229 hypothetical protein 0.8.21 1.85
AT5G10040 13007  expressed protein 0851 3.29
AT4G21980 22581  symbiosis-related like protein 1.0211 1.99
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24649;19

AT5G65110 10 EST 1.12 1 2.18
aspartate aminotransferase, chloroplast (transae
AT5G11520 24558 AJ/Asp3) 0.98 1.33 3.54
A020750_01 6422 EST 0.99 1.21 552
acetyl-CoA C-acetyltransferase (acetoacetyl-
AT5G47720 17712 coenzyme A thiolase), putative 1.00.93 4.17
AT5G03630 10934 monodehydroascorbate reductasatiyeit 1.02 1.7210.04
AT4G29270 8137 acid phosphatase-related protein 9 00664 2.65
aconitate hydratase (citrate hydro-
AT4G35830 27408 lyase/aconitase/ACO) [cytoplasmic] 1.14.02 2
AT1G13080 15718  cytochrome P450 family 1.0532 6.39
AT2G41710 26046  ovule development protein, putative 1.24 1.61 3.75
AT3G50260 14669  AP2 domain transcription factotafive 0.91 1.07 2.42
AT1G08630 13380  expressed protein 0.9615 4.78
AT3G17810 13625 dehydrogenase -related 0.966 4.25
AT3G02480 24087  expressed protein 1.1782 4.92
acetyl-CoA C-acyltransferase (3-ketoacyl-CoA
AT2G33150 688 thiolase), putative 0.781.31 4.58
AT3G05500 9979 stress related protein -related 1pr81 2.69
AT2G33380 16821  RD20 protein 0.89 1.4 3.63
AT1G76180 1822 dehydrin -related 0.94.11 4.42
AT3G29575 12410  expressed protein 0.8242 4.08
AT4G39730 5885 expressed protein 0.9587 2.49
AT1G54020 6284 myrosinase-associated protein, ipatat 1.07 1.68 2.99
AT2G29940 18093  ABC transporter family protein 111255
AT1G61120 2459 terpene synthase/cyclase family 0B81 6.23
AT3G06780 19426  glycine-rich protein nzs5 29
AT2G39330 8948 jacalin lectin famil 1.69 1.94 7
AT3G11410 13257  protein phosphatase 2C (PP2C)tiypaita 0.98 1.55 3.23
AT2G47770 22481  expressed protein 0.9415 8.18
cold-regulated protein CORG6.6 (stress-induced
AT5G15970 22646 protein KIN2) 1.14 0.56 2.41
AT5G13180 8203 No apical meristem (NAM) protein fgm 0.92 1.24 1.88
AT1G10070 27154 tat-binding protein -related 1.3372 2.16
AT1G47128 23156  cysteine proteinase RD21A 0.138 2.62
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AT2G28400 9849 expressed protein 0.83.5 2.82
AT5G47860 6131 expressed protein 0.8r34 2.29
AT4G16190 21950  cysteine proteinase 117 3.04
AT4G38060 5869 expressed protein 0.7432 2.54
AT3G14310 23969  pectin methylesterase -related 0®B79 1.43
Group B FC®

Symbol Spot Operon annotation 12h  24h 48h

1885;207
AT5G20620 19 polyubiquitin (UBQ4) 1.091.39 1.66
AT4G34150 1760 C2 domain-containing protein 1.8437 3.12
AT1G33590 25193 disease resistance protein-re(afRR) 1.6 1.67 3.01
AT1G06030 27227  fructokinase, putative 1.3r.91 2.47
AT1G28480 21101  glutaredoxin protein family 1331 22
AT3G26200 9034 cytochrome P450 71B22 1. 2271 2.63
AT1G76680 20628  12-oxophytodienoate reductase (PR1 0.96 1.73 2.62
AT3G57280 7715 expressed protein 1.1154 1.64
AT5G47240 3681 MutT/nudix family protein 0.84.21 2.14
AT2G29460 9874 glutathione transferase, putative 3111.58 2.56
AT2G28200 9873 zinc-finger protein -related 1.4832 2.19
AT1G23440 20486  expressed protein 1.0652 2.19
AT5G42050 26930 expressed protein 2.8117 3.25
16105;22
AT5G07440 947 glutamate dehydrogenase 2 1.82.3 6
AT3G19970 5713 expressed protein 1.6866 2.04
AT2G24550 3055 expressed protein 1.3861 2.61
AT3G02360 21642  6-phosphogluconate dehydrogenaksed 126 1.6 2.33
AT2G43510 21295  trypsin inhibitor -related 1.98.96 6.4
AT4G37410 1304 cytochrome P450, putative 3.8162 6.78
AT5G59820 20489  zinc finger protein Zat12 3.6386 4.55
AT5G39050 27428  transferase family 1.91.85 3.05
AT5G54500 4083 qguinone reductase, putative 1865 2.59
AT5G25880 13602 malate dehydrogenase - like protein 1.77 2.3 2.64
AT4G23100 8187 gamma-glutamylcysteine synthetase 24 11.54 1.83
mitogen-activated protein kinase (MAPK), putative
AT3G45640 17104 (MPK3) 1.31 255 3.78
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AT4G02380
AT5G58310
AT5G22270

AT4G30530
AT1G07610
AT5G13420
AT1G27980

A021142_01
AT2G39980
AT5G05600
AT2G32210
AT2G22470
AT4G37370
AT2G43020
AT3G53180
AT5G15080

AT4G23920
AT4G26080
AT2G29420

AT5G51070
AT1G54650
AT4G23600
AT5G53050
AT3G10260
AT5G42650
AT1G19670
AT2G43910
AT4G16500
AT5G13330

AT1G09970
AT1G70700

17450
17654
17754

5906
4181
15640
13931

4077
21487
25211
4189
2939
9068
22836
3980
18117

10885
20194
15629

8366
4785
15515
11170
5647
26886
20738
2865
12789
10737

9606
23372

late embryogenesis abundant préaeiily 5.96 6.0512.44

hydrolase, alpha/beta fold family 021 15 211
expressed protein 1.4078 10.88

glutamine amidotransferase class-I domain-

containing protein 2.144.25 3.67
metallothionein-related protein 1.#471 10.83
transaldolase - like protein 1.1437 2.5
sphingosine-1-phosphate lyasetedtla 1.76 19 33

Genomic sequence for Arabidopsis thaliana BAC

F1504 from chromosome | 1.02..67 2.09
transferase family 1.33.03 3.33
oxidoreductase, 20G-Fe(ll) oxygerfamily 1.93 2.58 8.28
expressed protein 2.96507 5.81
arabinogalactan-protein (AGP2) 1.945 4.52
cytochrome P450, putative 1.@815 8.35
amine oxidase family 0.96.62 2.76
nodulin / glutamate-ammonia ligakke-protein 1.5 2.9213.32
serine/threonine specific protémage -related 1.051.84 3.48

UDP-glucose 4-epimerase (UDP-galactose 4-

epimerase) (Galactowaldenase), putative 04936 3.51
protein phosphatase ABI1 0.9377 3.06
glutathione transferase, putative 4912.11 591

ATP-dependent Clp protease ATP-binding subunit

(ClpD), ERD1 protein precursor 0.82.24 6.06
expressed protein 2.5606 2.93
aminotransferase family 0.9966 2.83
hydrolase, alpha/beta fold family 571 3.76 3.32
expressed protein 0.9768 1.94
allene oxide synthase / cytochrBate0 74A 2.78 11.819.98
coronatine-induced protein 1 (CQRI1 1.74 8.81 8.88
thiol methyltransferase 0.9285 3.71
cysteine proteinase inhibitor [ketein 1.25 1.97 3.64
AP2 domain transcription factorifgm 1.29 255 9.01

leucine-rich repeat transmembrane protein kinase,

putative 1.23 2.14 2.16
expressed protein 1236 2.41
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AT2G06050 16793  12-oxophytodienoate reductase (QEREL) 1.38 2.71 1.98
AT5G26340 24836  hexose transporter, putative 2381 13.35
AT4G37990 10471  mannitol dehydrogenase (ELI3-2)atpe 1.18 3.07 6.83
AT3G07030 14834  hypothetical protein 1.13.68 1.97
AT1G72330 25587 alanine aminotransferase, putative 1.65 2.46 2.05
AT4G11800 10528  calcineurin-like phosphoesteragelya 0.91 1.61 2.47
AT3G14050 716 Arabidopsis thaliana RSH2 mRNA, catgkds 1.312.92 5091
AT2G23810 13275  senescence-associated proteinyfamil 2.13 4.94 7.72
AT5G01750 24854  expressed protein 1.4679 3.74
AT3G26190 13642  cytochrome P450 71B21 1.2847 2.26
AT2G36950 14530 heavy-metal-associated domain-guntpprotein 1.21 2.2 3.44
Group C FC?

Symbol Spot  Operon annotation 12h  24h 48h
AT5G03120 3692 expressed protein 1264 0.45
AT2G40100 21413 light-harvesting chlorophyll a/ndiing protein 0.92 0.4 0.48
AT5G08050 26943 expressed protein 0.4863 0.43
AT1G42970 21012 glyceraldehyde-3-phosphate dehydrage 0.560.46 0.52
AT4G34090 9113 expressed protein 0.7B66 0.52
AT1G31190 9118 expressed protein 0.53¥58 0.42
AT1G32220 7119 expressed protein 0.9187 0.49
AT1G69120 21115 floral homeotic gene APETALAL 0.9384 0.48
AT2G21530 14522 expressed protein 0.8264 0.53
AT5G39530 13343 expressed protein 1.@p87 0.49
AT4G15560 8662 DEF (CLAL) protein 1.00.72 0.5
AT4G15630 5835 expressed integral membrane proteinmon family 1.04 0.84 0.61

ESTs, Weakly similar to RS8_HUMAN 40S

AT5G20290 2751 RIBOSOMAL PROTEIN SiH.sapiens 0.79 0.76 0.45
AT1G29670 18236 GDSL-moatif lipase/hydrolase protein 1.3 0.51 0.37
AT3G63410 3138 chloroplast inner envelope membpantein, putative 0.61 0.58 0.48
AT5G66530 17762 aldose 1-epimerase family 0.96/5 0.47
AT3G11950 3242 UbiA prenyltransferase family 0.70.6 0.49
AT4G27520 26581 expressed protein 1.1163 0.47
AT1G08380 9644 expressed protein 0.8863 0.31
AT5G24300 22324 starch synthase, putative 0048 0.47
AT5G51820 22266 phosphoglucomutase (emb|CAB64725.1) 0.78 0.78 0.47
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AT1G66200
AT3G26000
AT3G61080
AT1G09340
AT4G37230
AT5G52100
AT4G16980
AT2G38530

AT4G38860
AT4G29140
AT3G59840
AT5G66670
AT1G79850
AT3G17930

AT3G51820

AT4G15510

AT3G52380
AT2G38140
AT5G51010
AT5G13630
AT4G15930
AT5G47550
AT1G44446
AT3G47520
AT4G17050
AT2G35260
AT5G09650

AT5G01530
AT5G55730
AT1G29070
AT5G23060

18889 glutamine synthetase -related 0®B87
3222 F-box protein family 0.7®.65
7959 expressed protein 0.9h57
16297 RNA-binding protein -related 0.7859
12827 photosystem Il oxygen-evolving ctampike protein 0.86 0.58
17710 dihydrodipicolinate reductase-gsalgirotein 0.76 0.67
22409 arabinogalactan-protein family 0.9281
25852 nonspecific lipid transfer prot2i(LTP 2) 0.77 0.68
auxin-induced (indole-3-acetic acid induced) protei
4182 putative 0.73 0.84
26641 MATE efflux protein - related 0.90.33
3410 expressed protein 0.8R68
15830 Atlda, putative 1.18 0.77
21015 chloroplast 30S ribosomal protdii §£S17) 0.85 0.55
14876 expressed protein 1.1667
15491,
5027 chlorophyll synthetase, putative 0.99.62
oxygen-evolving complex 25.6 kD protein,
19659chloroplast precursor, putative 0.89.52
33 kDa ribonucleoprotein, chloroplast (RNA-binding
5691 protein cp33), putative 1.140.66
21484 chloroplast 30S ribosomal protéh S 0.88 0.64
6362 expressed protein 1.2247
10595 cobalamin biosynthesis protein 1.0%8
21901 dynein light chain like protein D.90.79
10746 expressed protein 1.00.9
23044 chlorophyll a oxygenase (chloropbhydynthase) 1.120.81
6366 malate dehydrogenase [NAD], chi@stlputative 0.850.76
22547 expressed protein 0.6r82
12225 expressed protein 1.1781
26832 inorganic pyrophosphatase - liletgin 0.55 0.61
1748;9
634 light-harvesting chlorophyll a/b binding pratei 0.92 0.57
22316 fasciclin-like arabinogalactan-pioi{FLA1) 0.82 0.6
27106 plastid ribosomal protein L34 preou-related 0.780.68
15412 expressed protein 1.28.4
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0.64
0.51
0.51
0.58
0.37
0.56
0.54
0.35

0.53
0.55
0.57
0.55
0.59
0.52

0.67

0.53

0.66
0.59
0.55
0.62
0.62
0.45
0.54
0.78
0.59
0.56
0.66

0.5
0.63
0.65
0.57



AT3G54210 14858 ribosomal protein L17 -related girot 0.94 0.66 0.64
AT5G58250 12928 unknown protein (sp|P72777) -e€lat 1.17 0.48 0.46
AT5G44600 18130 hypothetical protein 0.7@.59 0.56
AT5G06290 24660 2-cys peroxiredoxin-related protein 0.58 0.43 0.58
AT5G55220 24541 trigger factor-related protein 069 0.61
AT3G49220 10141 pectinesterase family 0.9413 0.65
AT3G54600 8587 expressed protein 0.8¥75 0.52
AT3G53900 3981 uracil phosphoribosyltransferasateel protein 1.03 0.6 0.71
AT5G04970 10751 pectinesterase, putative 0.836 0.5
magnesium-chelatase, subunit chID, chloroplast (Mg-
AT1G08520 13666protoporphyrin IX chelatase) (CHLD), putative 1.08.63 0.63
AT3G18560 12320 expressed protein 0.9267 0.65
AT3G57610 24145 EST 0.62 0.78 0.64
AT5G55280 17658 plastid division protein FtsZ, piva 0.7 0.75 0.62
AT2G03350 1769 expressed protein 0.8862 0.53
AT2G40490 26049 uroporphyrinogen decarboxylase (JJpDtative 0.97 0.81 0.58
AT5G61980 13125 ARF GTPase-activating domain-coitgi protein 1.09 0.34 0.52
AT4G33680 24331 aminotransferase family 0.8174 0.73
enoyl-[acyl-carrier protein] reductase [NADH] (enr-
AT2G05990 5340 A), putative 1.07 0.65 0.82
AT5G20630 10796 germin-like protein (AtGER3) 1.58.55 0.93
AT3G08920 5524 rhodanese-like domain protein 0.0864 1.61
AT4G35250 21952 vestitone reductase-related 091 0.51
AT3G63190 24958 expressed protein 0.7548 0.46
AT1G73060 4006 expressed protein 0.8867 0.49
AT3G62030 16614 peptidylprolyl isomerase ROC4 0.72.5 0.65
AT4G01460 8107 bHLH protein family 1.530.65 0.85
29 kDa ribonucleoprotein, chloroplast (RNA-binding
AT3G53460 15624protein cp29) 1.04 0.6 0.84
AT3G14930 21762 uroporphyrinogen decarboxylase (JJpDtative 1.030.66 0.6
Group D FC*
Symbol Spot  Operon Annotation 12h 24h 48h
AT3G11930 7812 ethylene-responsive protein -related 0.83 2.14 0.41
AT5G22620 26859 expressed protein 0.7502 0.44
AT1G03340 2383 hypothetical protein 0.90.95 0.49
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AT3G47860
AT3G01120
AT5G14060
AT5G15230
AT2G21280
AT5G12860
AT3G52360
AT1G78140
AT2G30540
AT2G34430
AT5G02160
AT2G05100
AT2G34420
AT2G25830

AT5G52640
AT2G26500
AT3G48740
AT3G08940

AT5G54270
AT4G27700

AT1G48600
AT3G51895
AT2G15620
AT3G19380
AT2G16630
AT5G45950
AT1G51400
AT2G29630

AT4G02770
AT1G21500

AT3G43720

26131 expressed protein 0B35
8689 cystathionine gamma-synthase -klate 1.05 0.96
6423 aspartate kinase, lysine-sensitive .16 10.52
13040 GASA4 1.04 0.8
2964 expressed protein 0.6R98
8509 oxoglutarate/malate translocataigtpue 0.7 0.76
4389 expressed protein 1.a287
23377 expressed protein 0.9294
21300 glutaredoxin protein family 1.01.03
10963 photosystem Il type | chlorophylbainding protein 0.86 0.77
17492 expressed protein 0.7174
16768 light-harvesting chlorophyll a/nding protein 1.010.73
2838 photosystem Il type | chlorophylbainding protein 0.89 0.89
23672 expressed protein 0.7802
heat shock protein 81-1 (HSP&1keat shock prote
2694783/HSP83) 0.55 0.88
21328 expressed protein 0.9D.7
21517 nodulin MtN3 family protein 0.871.11
15635 chlorophyll a/b-binding proteinlated 0.96 0.89
light-harvesting chlorophyll a/b binding prote
9030 putative 1.12 0.47
15646 rhodanese-like domain protein 0.8%6
Genomic sequence for Arabidopsis thaliana
18340T1N15 from chromosome | 0.971.01
27506 sulfate transporter ATST1 0.6619
9838 ferredoxin--nitrite reductase 1.168
6275 expressed protein 0.9589
16687 proline-rich protein family 1.21.14
27083 GDSL-motif lipase/hydrolase protein 0.29 0.76
15881 photosystem Il 5 KD protein 0@73
21493 thiamin biosynthesis protein -esdat 0.7 0.74
photosystem | reaction center subunit Il precursor
24276related 0.66 0.67
9443 expressed protein 1.1263
protease inhibitor/seed storage/lipid transfer gin
1110 (LTP) family 0.79 0.99

230

0.59
0.46
0.47
0.58
0.51

0.5
0.56
0.49
0.54
0.55

0.5
0.39
0.53
0.57

0.47

0.6
0.46
0.55

0.45
0.44

0.41

0.6
0.51
0.68
0.37
0.31
0.55
0.35

0.57
0.5

0.54



14916;14913;14
891;17193;1491
4,14892;14915;1
7220;17194;171
95;14890;14889;

AT5G49910 17196;18856 heat shock protein cpHsc70-2 (hsc70-7) 0.8 0.85 0.65
AT2G18230 14553 inorganic pyrophosphatase -related 0.86 0.76 0.48
AT5G10180 17543 sulfate transporter 1 1.01 0.38
AT1G06830 7061 glutaredoxin protein family 1.82.99 0.3
AT2G02500 11104 sugar nucleotide phosphorylasateae| 0.85 0.86 0.58
AT3G54890 7912 light-harvesting chlorophyll a/bdiimy protein 0.96 0.87 0.65
protease inhibitor/seed storage/lipid transfer gin
AT2G45180 16887(LTP) family 1.15 0.93 0.33
protease inhibitor/seedtorage/lipid transfer prote
AT1G12090 2456 (LTP) family 0.37 1.14 0.43
AT3G16140 5720 photosystem | subunit VI precursor .7300.76 0.64
omega3 fatty acid desaturase, endoplasmic retict
AT2G29980 21313(FAD3) 0.82 0.95 0.52
AT4G26520 15986 fructose-bisphosphate aldolaseptasmic 0.71 0.44 0.45
AT5G59080 4089 expressed protein 1217 0.62
AT2G24020 23632 expressed protein 1.m58 0.51
AT1G58080 16586 ATP phosphoribosyl transferase 1096 0.66
oxidoreductase = NAD-binding domain-comtig
AT1G15140 18847protein 0.94 1.23 0.66
AT2G25890 12245 oleosin 1.01 1 0.56
AT4G26530 13680 fructose-bisphosphate aldolasatipat 0.71 0.44 0.49
AT2G04570 2910 GDSL-motif lipase/hydrolase protein 1.24 1.14 0.38
AT4G17230 12843 scarecrow-like transcription fad8nSCL13) 1.371.69 04
AT2G47810 19153 CCAAT-box binding trancription factrelated 1.211.24 0.77
Group E FC?
Symbol Spot  Operon annotation 12h 24h 48h
AT3G16150 10179-asparaginase -related 3.14.65 4.14
AT4G28460 877Thypothetical protein 1.72.85 1.75
AT5G17380 3672-hydroxyphytanoyl-CoA lyase-related protein 1.2828 1.79
AT3G15210 977@thylene responsive element binding factor 4 (ERF4).74 4.44 2.74
AT5G40370 1787@lutaredoxin, putative 1.283.07 2.03
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AT2G32190
AT4G24570
AT3G12580
AT5G35475
AT4G36990
AT4G34120
AT4G31500
AT1G61890
AT5G12170
AT5G67600
AT3G03480
AT4G07840
AT5G54510
AT3G50770
AT5G66650

AT2G29330
AT1G11310
AT3G12600
AT1G19180
AT5G42010
AT3G13790
AT2G32200
AT3G22890
AT4G35150
AT3G05290
AT5G02230

AT4G37640
AT1G12010
AT4G34710
AT3G09020

AT2G31945

A000098_01

879¢xpressed protein 4.776.76
2245Witochondrial carrier protein family 2.884.22
13216eat shock protein hsp70 1.96.73
1312Rypothetical protein 1.844.71

968heat shock transcription factor 4 (HSF4) 3.18.47

586&BS domain containing protein 1.032.5
22842ytochrome P450 83B1 2.213.72

255MATE efflux protein family 2.27 3.95

402&xpressed protein 1.722.45
2476@xpressed protein 1.434.65
2619%ansferase family 0.513.88
1120®%ransposon protein -related 3.26.96
27063auxin-responsive-related protein 2.383.3
14768almodulin-related protein, putative 2.22.97

401&xpressed protein 1.412.26

short-chain dehydrogenase/reductase family protein
2505%ropinone reductase, putative) 2.02.87
20538even transmembrane MLO protein family (MLO2) 1.1217
202181utT/nudix family protein 1.52 2.46
13998xpressed protein 1.422.87

6092xpressed protein 2.153.63
2514§lycosyl hydrolase family 32 1.59 2.6
22808ypothetical protein 1.63.25
1700ATP sulfurylase -related 1.262.46

593®-methyltransferase family 2 1.238.76

792nitochondrial carrier protein family 1.092.25

1718aloacid dehalogenase-like hydrolase family 23118

calcium-transporting ATPase 2, plasma membrane-

6426ype (Ca2+-ATPase, isoform 2) 2.08.59

1-aminocyclopropane-1-carboxylate oxidase (ACC
25564xidase), putative 1.452.54
15463@rginine decarboxylase SPE2 1.98.96
10136lycosyltransferase-related 2.38.89
2149gxpressed protein 1.373.98

Genomic sequence for Arabidopsis thaliana BAC
922E5011 from chromosome | 9.7%.01

232

2.76
1.91
2.08

2.1
3.37
1.67
2.06

1.6
1.57

1.6
2.36
4.04
1.73
3.44

1.39
1.08
2.23
1.22
1.34
121
2.31
1.22

1.15

1.85

1.74

1.28

1.81

1.06

6.71



short-chain dehydrogenase/reductase family protein

AT2G30670 3014tropinone reductase, putative) 1.48.34 2.24
AT1G63000 6718xpressed protein 1.282.5 0.88
AT5G43030 2271€HP-rich zinc finger protein, putative 3.277.9 3.64
AT1G19770 273purine permease-related 1.7263 1.1
AT1G67920 7302xpressed protein 2.046.58 3.76
AT1G27730 2108alt-tolerance zinc finger protein 5.20.09 10.75
EST, Moderately similar to T08924 hypothetical
protein T15N24.30 Arabidopsis thaliana
AT5G55970  2224BA.thaliang 1.11 195 1.13
AT4G34138 6869glycosyltransferase family 2.232.95 2.12
AT3G15500 15628lo apical meristem (NAM) protein family 1.182.49 2.73
AT2G46330 9023arabinogalactan-protein (AGP16) 1.2.32 1.34
AT1G27100 23288xpressed protein 1.462.02 1.04
AT5G27520  2578&STs 128 269 1.3
AT3G25780 10062llene oxide cyclase family 4.60.17 4.94
Homeobox-leucine zipper protein HAT22 (HD-ZIP
AT4G37790 636@rotein 22) 1.01 21 112
AT2G27500 11274lycosyl hydrolase family 17 1.242.83 1.57
AT2G40000 11028ematode-resistance protein -related 1.283 1.34
AT1G16030 1193heat shock protein hsp70b 1.83.38 1.47
AT4G24380 19766éxpressed protein 1.633.8 1.32
Group F FC*
Symbol Spot  Operon annotation 12h 24h 48h
AT5G02490 18254eat shock protein hsc70-2 (hsc70.2) (hsp70-2) 1886 1.6
AT4G08780 2292Beroxidase, putative 3.613.79 1.73
AT3G22160 1724@xpressed protein 1.481.71 0.66
AT1G14870 8822xpressed protein 5.137.18 4.13
AT2G35930 409@xpressed protein 201281 1.1
Sequence of BAC F7G19 from Arabidopsis thaliana
AT1G08930 6802hromosome 1 2.25 2.61 1.64
AT2G18200 1340hypothetical protein 4.059.37 2
AT1G69930 15638lutathione transferase, putative 6.50.15 2.77
AT5G05320 106560no00xygenase 2 (MO2), putative 3.16.07 1.55
AT1G21120 2066D-methyltransferase 1, putative 4.28.89 1.91
AT1G21130 1142®-methyltransferase 1, putative 4.34.34 2.16
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AT1G74000
AT4G33050

AT4G11280
AT1G13210
AT1G78850
AT1G78860
AT4G37290
AT3G14225
AT5G54490
AT4G04610
AT1G53060

Footnote:

1.711.6
24226

1725trictosidine synthase family
2432@xpressed protein

1-aminocyclopropane-1-carboxylate synthase 6 (ACC

1271%ynthase 6) (ACS6) 4.157.51
22390aloacid dehalogenase-like hydrolase family 1.8329
1833EST 3 26

2198urculin-like (mannose-binding) lectin family 3.548.31

361expressed protein 21.4%3.83
1368&DSL-motif lipase/hydrolase protein 4.67.15
15418alcium-binding protein, putative 2.33.08
20468'-adenylylsulfate reductase 2.53.05
1876protein kinase -related 4.757.27

FC?Fold Change in transcript abundance
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1.15
0.99

1.72

0.9
1.23
1.59
1.23

0.96
15
2.55



Table A-2 Transcriptional profiling: Genes whosanscript abundance exhibited

more than 2-fold increase

12 h Operon Annotation FC? SE°

Cellular communication/Signal transduction

At5g54490 calcium-binding protein, putative 2.37 29.
calcium-transporting ATPase 2, plasma membrane-type

At4g37640 . . 2.05 0.23
(C&*-ATPase, isoform 2)

Cell rescue & defense

At2g43510 trypsin inhibitor -related 1.98 0.24
At4g08780 peroxidase, putative 361 0.84
At3g49120 peroxidase, putative 249 0.37
At4g02380 late embryogenesis abundant protein famil 596 1.19
At1g21310 extensin family protein 209 0.37
Cellular structure & organization

At1g21130 O-methyltransferase 1, putative 434 0.67
At1g21120 O-methyltransferase 1, putative 426 0.28
Cellular transport

At1g08930 early-responsive to dehydration streegepr (ERDG) 225 0.26
Horomone biosynthesis

At3g25780 allene oxide cyclase family 466 0.74
At4g31500 cytochrome P450 83B1 221 0.32

Nucelotide metabolism
glutamine amidotransferase class-I domain-contginin

At4g30530 . 2.14 0.38
protein

Protein fate

At5g02500 heat shock protein hsc70-1 (hsp70-1)7/(h4g 259 0.37
At3g12580 heat shock protein hsp70 196 0.18
At3g16150 L-asparaginase -related 3.14 0.66
Transcriptionn factors (TFs)

Atlg27730 salt-tolerance zinc finger protein 5.97 .291
At5g47230 ethylene responsive element binding fagiAtERF5) 3.76 0.30
At4g36990 heat shock transcription factor 4 (HSF4) 311 0.71
At5g43030 CHP-rich zinc finger protein, putative 2B. 0.58
Unclassified

At1g14870 expressed protein 513 1.12
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At2¢32190
At1g53060
At1g78850
At2g32210
At4g33050
At4g04610

24 h

expressed protein 477 0.40

protein kinase -related 475 1.06
curculin-like (mannose-binding) lectimiity 3.00 0.38
expressed protein 256 0.87
expressed protein 242 0.15
5'-adenylylsulfate reductase 257 037
Operon Annotation FC? SE°

Amino acid metabolism

Arabidopsis thaliana glutamate dehydrogenase 21(TIH0)

At5g07440 230 0.64
mRNA, complete cds

At5g07440 glutamate dehydrogenase 2 2.05 0.50

At1g72330 alanine aminotransferase, putative 2.46.330

At4g34200 D-3-phosphoglycerate dehydrogenase (3#PGputative 2.04 0.30

At1g13210 haloacid dehalogenase-like hydrolaselyami 3.29 0.50

Carbohydrate metabolism

At2g31390 fructokinase, putative 1.98 0.14
UDP-glucose 4-epimerase (UDP-galactose 4-epimerase)

At4g23920 ) 4.46  0.65
(Galactowaldenase), putative

At2g27500 glycosyl hydrolase family 17 283 0.33

At3g13790 glycosyl hydrolase family 32 2.60 0.39

Cellular communication/Signal transduction

At5g54510 auxin-responsive-related protein 3.30 21.2

At3g45640 mitogen-activated protein kinase (MAPB)tative (MPK3) 2,55 0.29

At5g67600 expressed protein 465 0.58

At4g34150 C2 domain-containing protein 337 041

At5g42010 expressed protein 3.63 0.82

At3g50770 calmodulin-related protein, putative 2.972.97

At4g33050 expressed protein 260 0.37
calcium-transporting ATPase 2, plasma membrane-type

At4g37640 459 141
(C&*-ATPase, isoform 2)

At1g09970 leucine-rich repeat transmembrane prdde@iase, putative 2.14 0.36

Atlg11310 seven transmembrane MLO protein family. Q) 217 0.30

Cell death & aging

At2g23810 senescence-associated protein family 4.9422

Cell rescue, defense
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At4g08780
At3g49120
At2g29420
At1g69930
At4g37990
At4g34710
At4g02380
At2g40000
At5g40370
At1g06830

peroxidase, putative

peroxidase, putative (PER34)

glutathione transferase, putative
glutathione transferase, putative

mannitol dehydrogenase (ELI3-2), putative
arginine decarboxylase SPE2

late embryogenesis abundant protein famil
nematode-resistance protein -related
glutaredoxin, putative

glutaredoxin protein family

Cellular structure & organization

At1g63000
At2g46330
At2g22470
At1g21130
At1g21120
At4g35150

expressed protein
arabinogalactan-protein (AGP16)
arabinogalactan-protein (AGP2)
O-methyltransferase 1, putative
O-methyltransferase 1, putative

O-methyltransferase family 2

Cellular transport

At3g22890
At3g48850
At4g24570
At5027520
At3g05290
At1g61890
At5g26340

At1g08930

At2g36950
At1g19770
At1g07610
Energy

At5g54500

ATP sulfurylase -related

mitochondrial phosphate transporter, tiuga
mitochondrial carrier protein family
mitochondrial substrate carrier familgtein
mitochondrial carrier protein family

MATE efflux protein family

hexose transporter, putative

Sequence of BAC F7G19 from Arabidopsis thaliana

chromosome 1

heavy-metal-associated domain-contaipinggin

purine permease-related

metallothionein-related protein

quinone reductase, putative (NAPDH)

Horomone biosynthesis

At3g25780
At4g11280

At2g06050

allene oxide cyclase family

1-aminocyclopropane-1-carboxylate synthase 6 (ACC

synthase 6) (ACS6)

12-oxophytodienoate reductase (OPR3)(DDE1

3.79 1.36
252 153
2.11 350.
10.13.39

3.07 0.86
296 0.80

6.05 5.49

2.8335

3.07 045

299 0.61

250 0.36
232 0.23
415 111
434 141
3.89 1.36
3.76 1.18

246 0.39
499 223
4.220.69
269 042
2.250.40
3.95 0.68
3.81 1.89

261 0.65

220 0.14
263 0.27
271 0.99

2.59.62

9.17 3.23

751 161

271 0.80
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1-aminocyclopropane-1-carboxylate oxidase (ACC asé),

At1g12010 . 254 0.36
putative
1-aminocyclopropane-1-carboxylate oxidase (ACC asé)

At1g05010 ) 2.03 0.26
(ethylene-forming enzyme) (EFE)

At5g42650 allene oxide synthase / cytochrome P480 7 11.80 4.70

Lipid metabolism
short-chain dehydrogenase/reductase family protein

At2g29330 ] ] 487 1.50
(tropinone reductase, putative)
short-chain dehydrogenase/reductase family protein

At2g30670 ] ] 3.34 0.46
(tropinone reductase, putative)

Nucleotide metabolism

glutamine amidotransferase class-1 domain-contginin

At4g30530 ) 425 1.03
protein
At3g14050 Arabidopsis thaliana RSH2 mRNA, compbzte 292 041
Photosynthesis
Atlg19670 coronatine-induced protein 1 (CORI1) 8.813.22
Protein fate
At5g02500 heat shock protein hsc70-1 (hsp70-1)7(49 3.21 0.97
At3g12580 heat shock protein hsp70 273 0.37
At5g02490 heat shock protein hsc70-2 (hsc70.2)/B3) 266 0.38
At5G51070 ATP-depenc-JIent Clp protease ATP-binding subunit BJ)p 024 052
ERDL1 protein precursor
At5g53050 hydrolase, alpha/beta fold family 3.76 032.
At5g05320 monooxygenase 2 (MO2), putative 5.07 2.02
At5g02230 haloacid dehalogenase-like hydrolaselyami 3.18 1.18
At3g16150 L-asparaginase -related 465 1.89
At3g05640 protein phosphatase 2C (PP2C), putative 99 1 0.27
Secondary metabolism
At4934138 glycosyltransferase family 295 0.48
At5g05600 oxidoreductase, 20G-Fe(ll) oxygenase lfami 258 0.78
At3g19010 flavonol synthase family 2.04 0.35
Transcription factors (TFs)
At3g15210 ethylene responsive element binding fattiERF4) 444 1.01
At5g47230 ethylene responsive element binding fagiA\tERF5) 3.39 202
At2g28200 zinc-finger protein -related 3.32 0.67
At5g13330 AP2 domain transcription factor family 52. 0.87
At4g36990 heat shock transcription factor 4 (HSF4) 5.47 343
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At3g15500
At1g19180
At1g70700

At4g37790

At1g27730
At5g43030
At5g59820
Unclassified
At5g25880
At4g37290

At3g22600
At2g32190
A000098_01

At4g07840
At2g18200
At2g32210
At1g14870
At3g14225
At1g67920
At5g35475
At2¢31945
At3g09020
At3g07030
At1g78860
At2g32200
At5g42050
At4g28460
At2¢35930
At5g01750
At5¢22270
At3g19970
At1g78850
At4g34120
At3g12600

No apical meristem (NAM) protein family

expressed protein

expressed protein

Homeobox-leucine zipper protein HAT22 (HD-ZIP piiate

22)
salt-tolerance zinc finger protein
CHP-rich zinc finger protein, putative

zinc finger protein Zat12

malate dehydrogenase - like protein

expressed protein

protease inhibitor/seed storage/lipid transfergiro(LTP)

family

expressed protein

Genomic sequence for Arabidopsis thaliana BAC F5011

from chromosome |

transposon protein -related
hypothetical protein

expressed protein

expressed protein

GDSL-maotif lipase/hydrolase protein
expressed protein

hypothetical protein

expressed protein
glycosyltransferase-related
hypothetical protein

curculin-like (mannose-binding) lectimiigy
hypothetical protein

expressed protein

hypothetical protein

expressed protein

expressed protein

expressed protein

expressed protein

curculin-like (mannose-binding) lectimiigy
CBS domain containing protein

MutT/nudix family protein

492 0.33
2.87 0.61
2.36 043

0.18
20.091.05
90. 3.19
286 0.54
2.30.22
53.83 27.78
21.72 27.20
16.76 5.13
15.01 9.07
10.96 3.83
937 534
8.07 297
7.18 4.26
7.151.04
6.58 1.75
471 0.97
3.98 0.89
3.89 0.73
3.68 0.83
3.31 0.67
3.25 0.70
3.17 142
285 111
281 0.76
279 042
278 0.74
2.66 0.49
260 0.40
250 0.33
246 041
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At5g66650
At2g39980
At1g27100
At4g16500
At4g37410
At3g26200
At3g26190
At4g37370

48 h

expressed protein

transferase family

expressed protein

cysteine proteinase inhibitor like protei
cytochrome P450, putative
cytochrome P450 71B22

cytochrome P450 71B21

cytochrome P450, putative

Operon Annotation

Amino acid metabolism

At5g07440
At5g07440

At1g08630
At3g47340
At1g27980

At5g46180

At2g38400

At4g35830

At4g39950

glutamate dehydrogenase 2
Arabidopsis thaliana glutamate dehydrogenase 21(TIH0)
mRNA, complete cds

expressed protein

glutamine-dependent asparagine synthetase
sphingosine-1-phosphate lyase -related
ornithine--oxo-acid aminotransferase (ornithine
aminotransferase/ornithine ketoacid aminotransé&gras
putative

alanine--glyoxylate aminotransferase (beta-alapyrerate
aminotransferase/AGT), putative

aconitate hydratase (citrate hydro-lyase/aconiteGe)
[cytoplasmic]

cytochrome P450 79B2

Carbohydrate metabolism

At1g15380

At5g49360
At5g57655
At5g28510
At2g14690

At4923920

At3g02360
At1g64190

glyoxalase family protein (lactoylglutathione lyeaenily
protein)

glycosyl hydrolase family 3

expressed protein

glycosyl hydrolase family 1

glycosyl hydrolase family 10

UDP-glucose 4-epimerase (UDP-galactose 4-epimerase) 351

(Galactowaldenase), putative
6-phosphogluconate dehydrogenase -related

6-phosphogluconate dehydrogenase -related

226 0.45
2.03 0.16
2.02 0.18
197 0.67
6.62 2.05
271 0.34
2.47 041
2.15 0.34
FC?® SEP
786 225
599 2.05
4.78 0.69
4.46 1.13
30 3. 0.56
287 0.58
226 0.29
2.00 0.17
2.14 0.37
30.68 13.43
427 2.65
222 0.38
2.13 0.59
2.16 0.42
0.40
233 041
1.98 0.31
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At5g59290
At1g60140
At5g13420
At3g06500

At3g27380

At4g39800

NAD-dependent epimerase/dehydratase yamil
trehalose phosphatase family

transaldolase - like protein

neutral invertase -related
succinate dehydrogenase, iron-sulphur subunit,
mitochondrial (sdh2-1)

myo-inositol-1-phosphate synthase

Cellular communication/Signal transduction

At3g45640
At4g34150
At1g05100
At5g15080
At4g26080
At3g11410
At4g37010
At3g06780

At3g10300

mitogen-activated protein kinase (MAP#)tative (MPK3)
C2 domain-containing protein
protein kinase family
serine/threonine specific protein kinastated
protein phosphatase ABI1
protein phosphatase 2C (PP2C), putative
caltractin (centrin), putative
glycine-rich protein
Arabidopsis thaliana chromosome Il BAC F14P13 geito

sequence

Cell death and aging

At4g35770

At5g11520

senescence-associated protein senl
aspartate aminotransferase, chloroplast (transamina
A/Asp3)

Cell rescue & defense

At2g03760
At2g43510
At1g75830
At1g55010
At5g44430
At2g26020
At2g26010
At5g44420
At3g05880

At5g15970

At2g33380
At1g33590
At5g14780

steroid sulfotransferase, putative

trypsin inhibitor -related

plant defensin protein, putative (PDF1.1)
plant defensin protein, putative (PDF1.5)
plant defensin protein, putative (PDFL.2c
plant defensin protein, putative (PDF}).2b
plant defensin protein, putative (PDF1.3)
plant defensin protein, putative (PDF)L.2a

low temperature and salt responsive prafél6A
cold-regulated protein CORG6.6 (stress-induced prote
KIN2)

RD20 protein

disease resistance protein-related (LRR)

formate dehydrogenase (FDH)

221 054
2.14 043
250 0.32
8.01 2.69

234 0.38
2.06 320.

3.78 0.90
3.12 0.89

543 4.90

3.48 0.34
3.06 0.30

.23 3 0.22
452 0.93

290 0.22

2.33 0.37
4631 1

3.54 055
8.00.771

6.40 3.80

530 1.40

479 2.02

426 121

3.80 112

299 0.70

406 1.36

3.69 0.83

241 0.05

3.63 0.50

3.01 0.68
295 0.61
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At5g05340
At3g49120
At3g03080
At1g07890
At1g28480
At5g40370
At2g43020
At2g29460
At2g29420
At1g17170
At3g03480
At3g53990
At1g76180
At4g04620
At4g21980
At4g02380
At5g06760
At4g23600
At3g05500
At1g54020
At1g52030
At5g06630

peroxidase, putative

peroxidase, putative

NADP-dependent oxidoreductase (P2), wetat
ascorbate peroxidase, putative (APX)
glutaredoxin protein family

glutaredoxin, putative

amine oxidase family

glutathione transferase, putative
glutathione transferase, putative
glutathione transferase, putative
transferase family

expressed protein

dehydrin -related

symbiosis-related protein -related
symbiosis-related like protein

late embryogenesis abundant protein famil
late embryogenesis abundant protein LA |
aminotransferase family

stress related protein -related
myrosinase-associated protein, putative
myrosinase binding protein, putative

proline-rich protein family

Cellular structure & organization

At2g45220
At2g22470
At3g13520

pectinesterase family
arabinogalactan-protein (AGP2)

arabinogalactan-protein (AGP12)

Cellular transport

At2g29940
At2g48020
At5g13170

At3g22620

At3g22600

At2g16830
Atlg07610

ABC transporter family protein
sugar transporter, putative

nodulin MtN3 family protein

protease inhibitor/seed storage/lipid transfergro(LTP)

family

protease inhibitor/seed storage/lipid transfergro(LTP)

family
hypothetical protein

metallothionein-related protein

242 0.68
205 048
271 040
2.00.38
220 054
203 0.35
276 0.28
2.56 490.
5.91 930.
6.59 54 4.
2.36 0.19
201 0.62
4.42  0.59
3.01.460
199 0.20
12.44 13.83
10.99 3.74
283 0.20
269 0.29
992 0.25
2.2M.26
232 045

2.63 354
452 0.78
2.57 0.89

12,55 3.01
262 0.50
248 0.63

231 0.25

8.38 2.78

222 0.28
10.83 75.6
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Energy

At5g03630
At5g54500
At5g40760
At1g06030
At5g25880

monodehydroascorbate reductase, putative
quinone reductase, putative
glucose-6-phosphate dehydrogenase
fructokinase, putative

malate dehydrogenase - like protein

Horomone biosynthesis

At5g42650
At1g76680
At3g44310

allene oxide synthase / cytochrome P4B0 7
12-oxophytodienoate reductase (OPR1)
nitrilase 1

Lipid metabolism

At5g65110
At5g65110

At2g33150

At5g47720

At5g48950

acyl-CoA oxidase (ACX2)

acyl-CoA oxidase (gb|AAC13497.1)
acetyl-CoA C-acyltransferase (3-ketoacyl-CoA thialp
putative
acetyl-CoA C-acetyltransferase (acetoacetyl-coemzgm
thiolase), putative

thioesterase-related

Nucleotide metabolism

At4g30530

glutamine amidotransferase class-1 domain-contginin

protein

Other metabolism

At3g17810
At5g64370

At3g22200

At5g59530
At4g31500
Photosynthesis
At1g19670
At5g59820
Protein fate
At3g53180
At1g53580
At3g16150
At1g80920

dehydrogenase -related

beta-ureidopropionase
4-aminobutyrate aminotransferase (gamma-amino-N-
butyrate transaminase/GABA transaminase/beta-aanin
oxoglutarate aminotransferase)
2-oxoglutarate-dependent dioxygenaseatipet
cytochrome P450 83B1

coronatine-induced protein 1 (CORI1)

zinc finger protein Zat12

nodulin / glutamate-ammonia ligase - [iketein
glyoxalase Il, putative (hydroxyacylgthiane hydrolase)
L-asparaginase -related

DnaJ protein family

10.04 244
259 049
2488 0
0.56
2.60.54

2.47

19.98 3.69
2.6260
2.08 0.26
222 0.17
2.18 30.2

458 0.95

417 0.66

2.18 0.36

3.67

0.58

4.25
2.08

0.58
0.39
201 0.35

4.33
2.06

2.14
0.21

8.88.90
455 1.55

13.32
5.82
4.14
3.51

3.95
1.16
1.10
1.16
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At4g36040
At5g02500
At3g12580

At1g23440

At4g10540
At5g42040

At5g51070

At5g20620
At1g02300
At4g02890
At5g53050
At5g58310

DnaJ protein family

heat shock protein hsc70-1 (hsp70-1)7(49

heat shock protein hsp70
Arabidopsis thaliana unknown protein (F28C11.8)NAR
complete cds

Arabidopsis thaliana BAC F3H7

hypothetical protein
ATP-dependent Clp protease ATP-binding subunit QJ)p
ERD1 protein precursor

polyubiquitin (UBQ4)

Arabidopsis thaliana BAC T7123, complséguence
polyubiquitin (UBQ14)

hydrolase, alpha/beta fold family

hydrolase, alpha/beta fold family

Protein synthesis

At5g54940

translation initiation factor-related f@io

Secondary metabolism

At1g61120
At5g05600

At2g30490

terpene synthase/cyclase family

oxidoreductase, 20G-Fe(ll) oxygenase lfami

cytochrome P450 73 / trans-cinnamate 4-monooxygehas

cinnamate-4-hydroxylase (CYP73) (C4H)

Transcription factors (TFs)

At3g15210
At5g47230
At2g28200
At3g50260
At4936990
At2g41710
At1g42990
At1g31630
At1g21000
At3g17860
At1g18830
Unclassified
At5g22270
At2g47770
At2g39330

ethylene responsive element binding fattiERF4)
ethylene responsive element binding fagitERF5)
zinc-finger protein -related

AP2 domain transcription factor, putative

heat shock transcription factor 4 (HSF4)

ovule development protein, putative

bzIP family transcription factor

MADS-box protein

expressed protein

expressed protein

transducin / WD-40 repeat protein family

expressed protein
expressed protein

jacalin lectin family

296 0.99
2.38 047
2.08 0.35
219 0.35
211 0.29
206 047
6.06 1.01
2.80 0.39
2.66 0.75
220 0.38
3.32 220.
2.11 360.
198 041
6.23 1.04
8.28 1.95
230 0.51
2.74 0.60
203 0.57
219 042
242 0.23
3.37 0.83
3.79.53
228 D4
2.18 0.30
418 1.16
260 031
201 040
10.88 4.07
8.18 0.57
7.00 0.72
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At1g07040
At2¢32210
A020750_01
At1g52720
At3g02480
At1g70780
At5g55420
At3g29575
At4g07840
At2g43910
At2g39980
At5g10040
At3g02910
At5g42050
At4g27450
At5g39050
At4g34180

At4g27350

At1g54650
At5g61820
At5g65860
At4g29270
At3g44870
At2g24550
At4g39730
At5g40670
At3g02230
At4g08370
At5g47240
At4g13390
At5g35475
At5g01730

A021142_01

At3g19970
At2g36680

expressed protein
expressed protein

EST

expressed protein
expressed protein
expressed protein
hypothetical protein
expressed protein
transposon protein -related
thiol methyltransferase
transferase family
expressed protein
expressed protein
expressed protein
expressed protein
transferase family
expressed protein
membrane lipo protein lipid attachment site-coritajn
expressed protein
expressed protein
expressed protein
hypothetical protein

acid phosphatase-related protein
methyltransferase-related
expressed protein
expressed protein
expressed protein
reversibly glycosylated polypeptide-1
proline-rich protein family
MutT/nudix family protein
proline-rich protein family
hypothetical protein

expressed protein

Genomic sequence for Arabidopsis thaliana BAC F1504

from chromosome |
expressed protein

expressed protein

6.77 2.73
581 145
552 1.30
531 1.17
492 1.10
465 1.64
416  5.52
4.08 0.62
4.04 0.46
3.71 017
3.33 0.69
3.29 047
3.25 057
3.25 1.10
3.23 0.75
3.05 0.74
298 2.05
297 047
293 0.24
273 051
272 0.38
265 90.2
2.63 0.50
2.61 0.63
249 0.22
232 0.38
&.2 0.32
215 047
214 0.33
2.13 0.59
2.10 0.28
209 0.22
209 0.18
204 0.27
203 0.38
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At1g03910 hypothetical protein 222 0.32
At2g32190 expressed protein 276 0.76
At4g37370 cytochrome P450, putative 8.35 2.07
At4g37410 cytochrome P450, putative 6.78 154
At1g13080 cytochrome P450 family 6.39 1.46
At3g26200 cytochrome P450 71B22 263 1.03
At5g53560 cytochrome b5 214 0.24
Footnotes:

The expression ratios are significat(.05) and in a linear scale where fold change =

Inoculated/Uninoculated.
FC?- Fold Change
SEP — Standard Error
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Table A-3 Transcriptional profiling: Genes whosanscript abundance exhibited

more than 2-fold decrease*

12 h Operon Annotation FC? SE®
Cellular structure & organization
At3g53650 histone H2B, putative 0.81 0.03
Energy
At5g20000 26S proteasome AAA-ATPase subunit RPT6a .86 0 0.02
Secondary metabolism
At2g47730 glutathione transferase, putative (GST6) 0.79 0.02
Protein fate
At4g30810 ESTs 0.72 0.04
Unclassified
At4g33640 expressed protein 0.77 0.02
24 h Operon Annotation FC? SE®
Carbohydrate metabolism
At5g14740 CARBONIC ANHYDRASE 2 0.41 0.09
At3g63140 mMRNA binding protein precursor - like ®.4 0.09
At4g03210 xyloglucan endotransglycosylase, putative 0.27 0.14
Cellular communication/Signal transduction
At3g62030 peptidylprolyl isomerase ROC4 0.50 0.07
Cell rescue & defense
At5g06290 2-cys peroxiredoxin-related protein 0.43 0.08
Cellular structure & organization
At5g22740 glycosyltransferase family 2 0.45 0.08
Energy

ferredoxin--NADP(+) reductase (adrenodoxin
At1g20020 reductase), putative 042 0.09
At3g16250 ferredoxin - related 0.43 0.06
At5g51010 expressed protein 0.47 0.08
At1g42970 glyceraldehyde-3-phosphate dehydrogenase 0.46 0.07
Nucleotide metabolism
At5g08610 DEAD box RNA helicase, putative 0.50 0.08
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Photosynthesis
At1g03630

Protein fate

At5g45680

protochlorophyllide reductase C (PCR (RRT)

immunophilin / FKBP-type peptidyl-prolyl cis-trans

isomerase

Protein synthesis

At3g63190

Arabidopsis thaliana DNA chromosome 3, BAC clone
F16M2

Transcription factors (TFs)

At2g41940
Unclassified
At3g13470
At2g42840
At1g15930

A012624_01
At1g68590

48 h

C2H2-type zinc finger protein -related

chaperonin, putative

protodermal factor 1

40S ribosomal protein S12 (RPS12A)
Arabidopsis thaliana genomic DNA, chromosome 3, P1
clone:MKA23

expressed protein

Operon Annotation

Amino acid metabolism

At2g29630
At3g01120
At5g14060

thiamin biosynthesis protein -related
cystathionine gamma-synthase -related

aspartate kinase, lysine-sensitive

Carbohydrate metabolism

At1g31190
At5g51820
At5g66530
At2g39930

expressed protein
phosphoglucomutase (emb|CAB64725.1)
aldose 1-epimerase family

isoamylase, putative

Cellular communication/Signal transduction

At2g16630
At1g21500

proline-rich protein family

expressed protein

Cell death and aging

At4g27700

rhodanese-like domain protein

Cell rescue & defense

At3g11930
At1g06830

ethylene-responsive protein -related

glutaredoxin protein family

0.50 0.07
0.44 0.10
0.48 0.07
43. 0.03
0.38 0.08
0.41 0.15
0.47 .100
0.49 0.10
0.50 0.06
FC? SEP
50.3 0.10
6 0.4 0.04
0.47 .050
0.42 0.04
0.47 0.08
0.47 0.06
0.49 0.07
0.37 0.07
0.50 0.10
0.44 0.09
0.41 0.01
0.30 0.12
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Cellular structure & organization

At5g04970

pectinesterase, putative

Cellular transport

At2g45180
At2g38530

At1g12090
At4g24120
At5g10180
At3g48740

Development

At1g69120
Energy

At4926530
At4926520
At5922620

protease inhibitor/seed storage/lipid transfergirot

(LTP) family

nonspecific lipid transfer protein 2 (LZP

protease inhibitor/seed storage/lipid transfergirot

(LTP) family

expressed protein

sulfate transporter

nodulin MtN3 family protein

floral homeotic gene APETALA1L

fructose-bisphosphate aldolase, putative
fructose-bisphosphate aldolase, cytoptasm

expressed protein

Nucleotide metabolism

At5g24300

starch synthase, putative

Other metabolism

At4g13770
At2g18230
At3g63410
At4g15560

Photosynthesis

At2g05100

At5g54270
At2g40100
Protein fate
At5g49910
At5g49910
At5g12860
At39g11950

At5g52640

cytochrome P450 family

inorganic pyrophosphatase -related

chloroplast inner envelope membrane propaitative
DEF (CLA1) protein

light-harvesting chlorophyll a/b bindipmptein
light-harvesting chlorophyll a/b binding protein,

putative

light-harvesting chlorophyll a/b bindipgptein

heat shock protein cpHsc70-2 (hsc70-7)

heat shock protein cpHsc70-2 (hsc70-7)
oxoglutarate/malate translocator, pugativ

UbiA prenyltransferase family

heat shock protein 81-1 (HSP81-1/heat shock protein

83/HSP83)

0.50

0.33

0.35

0.43

0.49
0.38
0.46

0.48

0.49
0.45
0.44

0.47

0.44
0.48
0.48
0.50

0.39

0.45

0.48

47 0.

500.

0.50
0.49

0.47

0.15

0.11

0.10

0.12

0.10
0.10
0.08

0.05

0.13
0.11
0.02

0.07

0.20
100
0.06

0.06

0.07

0.09

0.03

0.12

0.12

0.06
0.06

0.09
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Protein synthesis
ESTs, Weakly similar to RS8 _HUMAN 40S

At5320290 RIBOSOMAL PROTEIN S [H.sapiens] 045 0.06
Unclassified
At1g08380 expressed protein 0.31 0.08
At5g45950 GDSL-maotif lipase/hydrolase protein 0.31 0.10
At1g29670 GDSL-maotif lipase/hydrolase protein 0.37 0.07
At4g37230 photosystem Il oxygen-evolving compldee Iprotein 0.37 0.08
At2g04570 GDSL-maotif lipase/hydrolase protein 0.38 0.17
Genomic sequence for Arabidopsis thaliana BAC
At1g48600 T1N15 from chromosome | 041 0.08
At5g08050 expressed protein 0.43 0.03
At2g46100 expressed protein 0.43 0.09
At5g03120 expressed protein 0.45 0.01
At5g47550 expressed protein 0.45 0.09
At5g58250 unknown protein (sp|P72777) -related 60.4 0.12
A004996 01 Arabidopsis thaliana BAC T15F16 0.47 60.0
Atlg78140 expressed protein 0.49 0.07
At1g03340 hypothetical protein 0.49 0.03
At1g32220 expressed protein 0.49 0.05
At5g61050 hypothetical protein 0.49 0.04
anthranilate N-hydroxycinnamoyl/benzoyltransferase
At5g48930 family 0-30 0-10
Genomic sequence for Arabidopsis thaliana BAC
A004039 01  F1N21 from chromosome | 030 0.04
At5g39530 expressed protein 0.49 0.05
At5g02160 expressed protein 0.50 0.07
At4g27520 expressed protein 0.47 0.05

Footnotes:

* Less than 0.5 fold, except 12 h

The expression ratios are significat(.05) and in a linear scale where fold change =
Inoculated/Uninoculated.

FC? - Fold Change

SE" — Standard Error
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Table A-4 Expression sequence tags (ESTs) idedtiieBhWRKYgenes.

No.
of

gene ESTs EST components

BnWRKY1 22 DT469158,CD837211,CD837250,EV096280,EV0477981BE29,EVO0
36426,EV192534,EE417846,EV082903,ES978073,ESOSENB®623
6,EV192462,EV191916,EV096200,FG555897,FG559810,8868,EL
680858,EL680931,EL627918

BnWRKY2 13 EV158462,EV158373,EV194691,EE550855,EV0201765306,EV1
36394,EV136185,EE553016,ES990089,EV194778,EL630%826035
2

BNnWRKY3 5 EE474685,EV103205,EE444852,EL626082,EL630352

BnWRKY4 3 CD837784,EE447978,EE565682

BNnWRKY®6 2 DY017333,FG559398

BnWRKY7 18 CD837871,CD837904,EE511922 ES990929,EV00484H)EVES,CD8
32622,EV009666,EV004551,ES995585,EV145568,EV145880/7201
1,EE440038,EE449594,ES958216,FG558193,FG565394

BNnWRKY8 3 EV226150,EV225804,DY012193

BnWRKY10 5 EV225008,EV225336,EE568483,DY030626,ES994380

BnWRKY11 40 DY022859,EV199012,EV220154,EE421634,EV168434(2993, ES92
2025,DV643318,EV222591,EV222773,DY017702,CN73045r,8273
2,EV057941,EV220578,EV027305,EV117836,EE471365,B928,EV
220289,EV038247,EV181284,EV181367,EV168383,EES54576715
76,DW998334,DY022055,ES902980,H07803,EV100178,E8SBEV
100110,EE557476,EE434934,EV128579,EE560606,ES92BE40695
1,ES913094,FG555052

BNnWRKY15 4 ES905501,EE409487,ES898331,BP999905

BnWRKY17 13 EV109970,EV185875,CN732624,CX278263,EV18627112398,ES9
66918,EE422062,EE549995,ES961630,FG557424,FG573734

BnWRKY18 6 EV180393,EV180322,EV022164,DY020324,EV218409,E256

BnWRKY19 5 ES266880,EV117746,DY000072,EE429793,EL591134

BNnWRKY20 14 CD836659,ES987965,ES905087,DY020787,EV1916902ZP&1L,EV1
91751,CN727401,ES978085,CN726232,ES907877,EVO7BBB2644
6,EL623865

BnaWRKY21 25 EV055736,EV031231,EV110595,CX194536,ES90247235807,CX1
90008,EE549913,EE545018,ES960297,EV199108,EV19684583311
5,CD836643,DY023699,CX189812,EE441904,EE426569,FG66,FG
557222,FG560824,FG562549,FG563803,FG571543,EL626852

BNnWRKY22 3 EV068697,EE473343,EV193324

BnWRKY24 3 EV179750,ES914021,EV179662
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BNnWRKY25

BNnWRKY26
BNnWRKY27
BNnWRKY28
BNnWRKY?29
BNnWRKY30
BNnWRKY31

BNnWRKY32

BNnWRKY33

BNnWRKY34
BNnWRKY35
BNnWRKY36
BNnWRKY39
BNnWRKY40

BNnWRKY42
BnWRKY44
BNnWRKY45
BNnWRKY46
BNWRKY50
BNnWRKY51
BNWRKY53

BNnWRKY56
BNnWRKY65

BNnWRKY66
BNnWRKY69
BNnWRKY70

BNnWRKY72

BNnWRKY74
BNnWRKY75

12

EV139852,EV142157,EV173812,EV173832,EV226261 2859,EV1
41772,EV139663,EE423196,ES967361

ES900871

ES900582,EV083616,FG557795

EV137958,EV138384,EV138299
EV222778,EV222601,EV216404,EE447187,EV070763

EE541499
EV159546,EV149466,EV149791,EV149270,EV148981, A

CX279701,EV174315,EV140393,EV139807,EV116543(390,EV1
40601,EV140622,EV140633,EV140653,EV164258,EV1742Va86857
7,EV140569,EV140553,EV140545,EV140525,EV186567,ED0R8,.E
V068440,EV086727,EV089397,EE409285,EE411621,EE44, 52164
510,EV116630

EV116083,EV115998,EV115582,CX191595,DV643313,E3494,DT4
69131,EE462750,EV137878,EV132514,EV131869,EV1382680571
1

EV156771,EV156681

EV121815,EV121903

EV118852

ES951988,CX194758,ES926580,EV176491
CX192308,DY025052,EV028236,EV028308,EG020011 065,EV1
44982,EV145203,EV124973,H74419,H74877
ES902732,ES908414,ES909164,ES913719
CD839324,CD842640,EV037905

CD812804,DY020672

DY011024,EG020824,EV037660

ES909498,EV042416

EV177355,EV177290
CD818019,DW997846,EG020818,EV225488,EV11644416356,EE
555824,EV151546,EV150464,EV223313

DY005183,EE556672
ES907767,ES902930,ES901969,EE438204,EV144613 A8114ES89
9423,ES909272,EE566565

ES912060

EE408016,EV018009
EV113862,EV113948,EV113780,EV113703,EG020899, 6899

ES903951,EV114675,EV118438,EE454582,ES91206 28022, ES90
3554,EV118360,EV217436,EV217628, EE410362,ES90363%18849

CN737398,EE434455,EV025301,ES908505,EV113654,8531
EV107944,EV107580
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BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnROC3 1
BnhOC3 3
BnROC3 2
consensus

BnROC3 1
BnROC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consensus

BnROC3 1
BnhOC3 3
BnROC3 2
consensus

1

61

61

50
121
47
121

110
181
107
181

170
241
167
241

230
301
227
301

290
361
287
36l

350
421
347
421

410
481
407
481

470
541
467
541

530
601
527
601

590
661
587
661

CAAACCAAGTTCCAAGTCTTCCCTTAACATACGAAATAAAATGGCTACT)
puNeNelen e CAAACCAAGTTCCAAGTCTTCCCTTAACATACGAAATAARAATGGCTACT
AGTTCCAAGTCTTCCCTTRACATACGAAATAAAATGGCTACT
caaaCCaAGTTCCAAGTCTTCCCTTAACATACGAAATAARATGGCTACT

TCTTCTGCGATGTCTCTCCAGTCCATCTCTAAGACTTCTCTCGGCAATCTCTCCCATAAT

TCTTCTGCGATGTCTCTCCAGTCCATCTCTAAGACTTCTCTCGGCAATCTCTCCCATAAT
TCTTCTGCGETGTCTCTCCAGTCCATCTCTAAGACTTCTCTCGGCAATCTCTCCCATAAT
TCTTCTGCGaTGTCTCTCCAGTCCATCTCTAAGACTTCTCTCGGCAATCTCTCCCATAAT

CACCACTTTCATCGRAAGCTCTTTTCTAGGTTTCTCCAGATCTTTCCAAAACCTTGGGATC
CACCACTTTCATCGRAGCTCTTTTCTAGGTTTCTCCAGATCTTTCCAARACCTTGGGATC
CACCACTTTCATCGRAGCTCTTTTCTAGGTTTCTCCAGATCTTTCCAARACCTTGGGATC
CACCACTTTCATCGAAGCTCTTTTCTAGGTTTCTCCAGATCTTTCCAAALCCTTGGGATC

TCATCTAACGGTCCAGATTTCTCCTCCCAATCAAGATCTACTTCCAAGAATCTCTCCCCT
TCATCTAACGGTCCAGATTTCTCCTCCCAATCAAGATCTACTTCCAAGAATCTCTCCCCT
TCATCTAACGGTCCAGATTTCTCCTCCCAATCAAGATCTACTTCCAAGAATCTCTCCCCT
TCATCTARCGGTCCAGATTTCTCCTCCCAATCARGATCTACTTCCAAGRATCTCTCCCCT

ACTCGAGCTTTCTTCTGGAACTGGGGAAAGTCAGAARACGCCAGACCAAGTAAAGTCCAA

ACTCGAGCTTTCTTCTGGAACTGGGGAAAGTCAGAARACGCCAGACCAAGTAAAGTCCAA

ACTCGAGCTTTCTTCTGGAACTGGGGAAAGTCAGAARACGCCAGACCAAGTAAAGTCCAR
ACTCGAGCTTTCTTCTGGAACTGGGGAAAGTCAGAARACGCCAGACCARGTAARGTCCAA

GAACTCAACGTGTACGAACTCAACGAAGGAGATAGAAACAGCCCAGCTGTTCTAARACTC
GAACTCAACGTGTACGAACTCAACGAAGGAGATAGARACAGCCCAGCTGTTCTRARACTC
GAACTCAACGTGTACGAACTCAACGAAGGAGATAGARACAGCCCAGCTGTTCTRARACTC
GAACTCAACGTGTACGAACTCAACGARAGGAGATAGARACAGCCCAGCTGTTCTAARACTC

GGCAAGAAACCAGAGCTCTGCCTCGGCGATCTCGTGCCCTTCACCAACARACTCTACACC
GGCAAGAAACCAGAGCTCTGCCTCGGCGATCTCGTGCCCTTCACCAACARACTCTACACC
GGCAAGAAACCAGAGCTCTGCCTCGGCGATCTCGTGCCCTTCACCAACAARACTCTACACC
GGCAAGAAACCAGAGCTCTGCCTCGGCGATCTCGTGCCCTTCACCAACARACTCTACACC

GGCGATCTCAARRAGCGCGTGGGAATCACCGCCGGTCTCTGTGTCTTGATCCARCACGTC
GGCGATCTCAAARAGCGCGTGGGAATCACCGCCGGTCTCTGTGTCTTGATCCARCACGTC
GGCGATCTCAAAAAGCGCGTGGGAATCACCGCCGGTCTCTGTGTCTTGATCCAACACGTC
GGCGATCTCAAARAGCGCGTGGGAATCACCGCCGGTCTCTGTGTCTTGATCCARCACGTC

CCGGAGAAGAACGGTGACCGGTTCGAAGCCACTTACAGTTTCTACTTGGGTGACTATGGC
CCGGAGAAGAACGGTGACCGGTTCGARGCCACTTACAGTTTCTACTTGGGTGACTATGGC
CCGGAGAAGAACGGTGACCCGTTCGARAGCCACTTACAGTTTCTACTTGCGTGACTATGGC
CCGGAGAAGAACGGTGACCGGTTCGAAGCCACTTACAGTTTCTACTTGGGTGACTATGGC

CACCTGTCCGTACAGGGACCGTACTTGACTTACGAAGACACGTTCCTCGCCGTCACTGGT)
CACCTGTCCGTACAGGGACCGTACTTGACTTACGAAGACACGTTCCTCGCCGTCACTGGT)
CACCTGTCCGTACAGGGACCGTACTTGACTTACGAAGACACGTTCCTCGCCGTCACTGGT
CACCTGTCCGTACAGGGACCGTACTTGACTTACGAAGACACGTTCCTCGCCGTCACTGGT

GGCTCCGGGATCTTTGAAGGCGCGTACGGACAAGTGAAGCTTCGTCAGCTTGTGTATCCG
GGCTCCGGGATCTTTGAAGGCGCGTACGGACAAGTGAAGCTTCGTCAGCTTGTGTATCCG

GGCTCCGGGATCTTTGAAGGCGCGTACGGACAAGTGAAGCTTCGTCAGCTTGTGTATCCG
GGCTCCGGGATCTTTGAAGGCGCGTACGGACRAGTGRAAGCTTCGTCAGCTTGTGTATCCG
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BEnAQOC3 1 650
BEnAQOC3 3 721
BnAOC3_2 647
consen 721
BnAOC3_1 710
BnAOC3_3 781
BnAOC3_2 707
consen 781
BnAOC3 1 770
BnROC3 3 841
BnAOC3_2 767
consensus 841
BnAOC3 1 830
BnAROC3_3 901
BnAOC3_2 827
consensus 901
BnAOC3 1 890
BnAOC3_3 961
BnAQOC3 2 887
consen 961
BEnAOC3 1
BnAOC3_3 1021
BnAOC3_2 946
consensus 1021
BnERF2 2 1
BnERF2 3 1
BcERF2 1 1
BcERF2_3 1
BnERF2_1 1
BcERF2 2 1
consen 1
BEnERF2 2 1
EnERF2 3 1
BcERF2 1 1
BcERF2_3 1
BnERF2 1 1
BcERF2 2 61
consen 61
BnERF2 2 1
BEnERF2 3 1
BcERF2 1 1
BcERF2_ 3 1
BnERF2 1 1
BcERF2 2 121
consen 121
BnERF2 2 1
BnERF2 3 1
BcERF2 1 1
BcERF2 3 1
BnERF2 1 1
BcERF2 2 181
consensus 181

ACAAAATTGTTCTACACTTTTTACTTAAAGGGTATTGCTGATTTGCCGTTGGAGCTTACC

ACAAAATTGTTCTACACTTTTTACTTAAAGGGTATTGCTGATTTGCCGTTGGAGCTTACC

ACARAATTGTTCTACACTTTTTACTTAAAGGGTATTGCTGATTTGCCGTTGGAGCTTACC

GGGACGGCGGTTTCGCCGTCGAAGGATGTGAAACCGGCGCCGGAAGCTAAGGCGACGGAG
GGGACGGCGGTTTCGCCGTCGAAGGATGTGAAACCGGCGCCGGAAGCTAAGGCGACGGAG
GGGACGGCGGTTTCGCCGTCGAAGGATGTGAAACCGGCGCCGGAAGCTAAGGCGACGGAG
GGGACGGCGGTTTCGCCGTCGAAGGATGTGARACCGGCGCCGGAAGCTARGGCGACGGAG

CCAGGCGCAACCATTAAAAACTTTACTAATTAGTCTTGTGTTTTTCTCGTATTCTTTTAA
CCAGGCGCAACCATTAAAAACTTTACTAATTAGTCTTGTGTTTTTCTCGTATTCTTTTAA
CCAGGCGCAACCATTAAAAACTTTACTAATTAGTCTTGTGTTTTTCTCGTATTCTTTTAA
CCAGGCGCAACCATTAAAARCTTTACTAATTAGTCTTGTGTTTTTCTCGTATTCTTTTAA

TAACTGTTTTTAAAAATAAATTACACTTTTATTTTGTTTGTAATCGAATCTTTTGATGAG
TAACTGTTTTTAAAAATAAATTACACTTTTATTTTGTTTGTAATCGAATCTTTTGATGAG
TAACTGTTTTTAAAAATAAATTACACTTTTATTTTGTTTG@AATCGAATCTTTTGATGAG
TAACTGTTTTTAAAAATAAATTACACTTTTATTTTGTTTGLAATCGAATCTTTTGATGAG

TTGTATGAGTTTAGTTAACGCTGTGTTGGTGGAATAQATCTTTCTAGAA

EATT CTCAGCTGCCATGGAAAATCGATGTTCTTCTTTTA
AT

GAACACCATATCCATCNGGCGTAATACGACTCACTATAGGGAGAGCGGCCGCCAGATCTT

---------------------------- ATGTACGGACAGAGCGAGGTAGAATCCGACTA
---------------------------- ATGTACGGACAGAGCGAGGTAGAATCCGACTA
---------------------------- ATGTACGGACAGAGCGAGGTAGAATCCGACTA
---------------------------- ATGTACGGACAGAGCGAGGTAGAATCCGACTA
---------------------------- ATGTACGGACAGAGCGAGGTAGAATCCGACTA
lelelelNielelsbieerNeiuuupieNelaYelNiA TG TACGGACAGAGCGAGGTAGAATCCGACTA
ATGTACCGACAGACGCGAGGTAGAATCCGACTA
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BnERF2 2
BnERF2 3
BcERF2 1
BcERF2 3
BnERF2 1
BCERF2 2
consen

BnERF2_2
BnERF2 3
BCERF2 1
BCERF2 3
BnERF2 1
BcERF2 2
consen

BnERF2 2
BnERF2 3
BcERF2 1
BcERF2_3
BnERF2 1
BCERF2 2
consen

BnERF2 2
BnERF2 3
BCERF2 1
BCERF2 3
BnERF2 1
BCERF2 2
consen

33
33
33
33
33
241
241

153
153
153
153
153
361
361

201
201
201
201
201
421
421

CGCTTTGTTGGARTCGATACGACGTCACTTGCTAGGAGGAGAGGCCGAGTTGIGGTTCGC
CGCTTTGTTGGAGTCGATACGACGTCACTTGCTAGGAGGAGAGGCCGAGTTGIGGTTCGC
CGCTTTGTTGGAGTCGATACGACGTCACTTGCTAGGAGGAGAGGCCGAGTTGCGGTTCGC

CGCTTTGTEGGAGTCGATACGACGTCACTTGCTAGGAGGAGAGGCCGAGTTGCGGTTCGC
CGCTTTGTTGGAGTCGATACGACGTCACTTGCTAGGAGGAGAGGCCGAGTTGCGGTTCGC

TTGTTGGAGTCGATACGACGTCACTTGCTAGGAGGAGAGGCCGAGTTGCGGTTCHC]
CGCLTTGTtGGAGTCGATACGACGTCACTTGCTAGGAGGAGAGGCCGAGTTGeGGTTCgC

TGAGTCAATACCGAGTTCTTGTTTCACAGAGAGCTGGGGAGACTTGCCGTTGAAAGA!
TGARTCAATACCGAGTTCTTGTTTCACAGAGAGCTGGGGAGACTTGCCGTTGAAAGAGAA
TGAGTCAATACCGAGTTCTTGTTTCACAGAGAGCTGGGGAGACTTGCCGTTGAAAGA
TGAGTCAATACCGAGTTCTTGTTTCACAGAGAGCTGGGGAGACTTGCCGTTGAAAGAGAA

CGETTCCGAAGATATGTTAGTCTAC! CTCCTTAACGACCCC
CGATTCCGAAGATATGTTAGTCTAC CTCCTTAACGACCCC
CGATTCCGAAGATATGTTAGTCTACGGACTCCTTAACGACCCC
CGATTCCGAAGATATGTTAGTCTACGGACTCCTTAACGACCCC
CGATTCCGAAGATATGTTAGTCTACGGACTCCTTAACGACCCC

TAGACTTAGAAACGTC

TAGACTTAGAAACGTC
CACGTCATCGCCGTCGTCCGACTTGAGTTGTATCACCGARTTTE TAGACTTAGAARCGTC
CACGTCATCGCCGTCGTCCGACTTGAGTTGTATCACCGAHTT TAGACTTAGAAACGTC
CACGTCATCGCCGTCGTCCGACTTGAGTTGTATCACCGAHTT TAGACTTAGAAACGTC
CACGTCATCGCCGTCGTQ 4
CACGTCATCGCCGTCGTCcGACTTGAGETGEATCACCGA TTt tAGacTTAGAAaCgTC
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BnERF2 2
BnERF2 3
BCERF2 1
BcERF2_ 3
BnERF2 1
BcERF2 2
consensus

BnERF2 2
BnERF2 3
BcERF2_1
BCERF2 3
BnERF2 1
BCERF2 2
consensus

BnERF2 2
BnERF2 3
BCERF2 1
BCERF2 3
BnERF2 1
BcERF2_ 2
consensus

BnERF2_2
BnERF2 3
BCERF2 1
BCERF2 3
BnERF2 1
BCERF2 2
consensus

BnERF2 2
BnERF2 3
BCERF2 1
BCERF2 3
BnERF2 1
BCERF2 2
consensus

BnERF2 2
BnERF2 3
BCERF2 1
BcERF2 3
BnERF2 1
BcERF2 2
consensus

BnERF2 2
BnERF2 3
BcERF2 1
BcERF2 3
BnERF2 1
BCERF2 2
consensus

BnERF2 2
BnERF2 3
BcERF2 1
BcERF2 3
BnERF2 1
BcERF2 2
consensus

261
261
261
261
261
481
481

312
312
312
312
312
541
541

372
372
372
372
372
601
601

432
432
432
432
432
661
661

492
452
492
452
492
721
721

552
552
552
552
552
781
781

612
612
612
612
612
838
841

663
663
672
672
672
889
901

TAAAGCCGAACCGGCGGAGAG
TAAAGCCGAACCGGCGGAGAG
TAAAGCCGAACCGGCGGAGAG

TAAAGCCGAACCGGCGGAGAG
TAAAGCCGAACCGGCGGAGAG

gTCGAAGCGCC CT AGCGATELCTCCGGTGE TARAGCCGAACCGOCGGAGAG

CTTCGCAGCGGCEACGGTGGAGAAACAGAAGGCAGCGACGGCGAAGGGGAAGCATTACAG
CTTCGCAGCGGCEACGGTGGAGAAACAGAAGGCAGCGACGGCGAAGGGGAAGCATTACAG
CTTCGCAGCGGCAACGGTGGAGAAACAGAAGGCGGCGACGGCGAAGGGGAAGCATTACAG
CTTCGCAGCGGCAACGGTGGAGAAACAGAAGGCGGCGACGGCGAAGGGGAAGCATTACAG
CTTCGCAGCGGCAACGGTGGAGAAACAGAAGGCGGCGACGGCGAAGGGGAAGCATTACAG

CGGAGCGAGGGTTTGGTTAGGGACGTTTGAGACGGCGGAGGACGCGGCGT
CGGAGCGAGGGTTTGGTTAGGGACGTTTGAGACGGCGGAGGACGCGGCGT
CGGAGCGAGGGTTTGGTTAGGGACGTTTGAGACGGCGGAGGACGCGGCGT
CGGAGCGAGGGTTTGGTTAGGGACGTTTGAGACGGCGGAGGACGCGGCGT
CGGAGCGAGGGTTTGGTTAGGGACGTTTGAGACGGCGGAGGACGCGGCGET
CGGAGCGAGGGCT®TGGTTAGGGACGTTTGAGACGGCGCGAGGACGCGGCGT
CGGAGCGAGGGTLTGGTTAGGGACGTTTGAGACGGCGGAGGACGCGGCETT GCTTACGA

TAGAGCTGCTTTTAGGATGCGTGGTTCCCGCGCTTTGTTGAATTTCCCGTTGAGAGTTAA
TAGAGCTGCTTTTAGGATGCGTGGTTCCCGCGCTTTGTTGAATTTCCCGTTGAGAGTTAR
TAGAGCTGCTTTTAGGATGCGTGGTTCCCGCGCTTTGTTGAATTTCCCGTTGAGAGTTAA
TAGAGCTGCTTTTAGGATGCGTGGTTCCCGCGCTTTGTTGAATTTCCCGTTGAGAGTTARA
TAGAGCTGCTTTTAGGATGCGTGGTTCCCGCGCTTTGTTGAATTTCCCGTTGAGAGTTAA
GCTTTTAGGATGCGTGGTTCCCGCGCTTTGTTGAATTTMCCGTTGAGAGTTAA
TAGAGCLGCTTTTAGGATGCGTGGTTCCCGCGCTTTGTTGAATTTcCCGTTGAGAGTTAA

TTCCGGTGAGCCTGATCCGGTGAGGATCACGTCARAGAGGTCTTATACTTCGTCTTCATC

TTCCGGTGAGCCTGATCCGGTGAGGATCACGTCAAAGAGGTCTTATACTTCGTCTTCATC
TTCCGGTGAGCCTGATCCGGTGAGGATCACGTCAAAGAGGTCTTATACTTCGTCTTCATC

TTCCGGTGAGCCTGAL CCGGTGAGGATCACgTCaRAGAGYTCTTALACTTCgTCLtTCate

AGAARACEBGGAAGCTGAAACGGAGGAGAAAAACAGAGAACGTACCGTCCGA
————————— AGAAAACGGGAAGCTGAAACGGAGGAGAAAAACAGAGAACGTACCGTCCGA
GTCTTCGTCAGAAAACAGGAAGCTGAAACGGAGGAGAAAAACAGAGAACGTACCGTCCGA
GTCTTCGTCAGAAAACAGGAAGCTGAAACGGAGGAGAAAAACAGAGAACGTACCGTCCGA
GTCTTCGTCAGAAAACAGGAAGCTGAAACGGAGGAGAAAAACAGAGAACGTACCGTCCGA
AAAACEGGAAGCTGAAGCGGAGGAGAAAAACAGAGAACGTACCGT(
gtcttegtcaGAARRACGGGAAGCTGARaCGGAGGAGARARACAGAGARCGTACCGTCcGA

GTTCCAGGTGAAATGCGAGGTTGTGTAAGAGACACGTGTCAGTTACTTGTTGGTTTCGAR
GTTCCAGGTGAAATGCGAGGTTGTGTAAGAGACACGTGTCAGTTACTTGTTGGTTTCGAA
GTTCCAGGTGAAATGCGAGGTTGTGTAAGAGACACGTGTCAGTTACTTGTTGGTTTCGAR

GTTCCAGGTGAAATGCGAGGTTGTGTAAGAGACACGTGTCAGTTACTTGTTGGTTTCGAA
GTTCCAGGTGAAATGCGAGGTTGTGTAAGAGACACGTGTCAGTTACTTGTTGGTTTCGAR
GTTCCAGGTGAAATGCGAGGTTGTGTAAGAGACACGTGTCAGTTACTTGTTGGTTTCGAA
GTTCCAGGTGAAATGCGAGGTTGTGTAAGAGACACGTGTCAGTTACTTGTTGGTTTCGAR
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BnERF2 2
BnERF2 3
BCERF2 1
BCERF2 3
BnERF2 1
BCERF2 2
consen

BnTGAS 1
BnTGAS 2
BcTGAS 1
BCTGAS 2
consen

BnTGAS 1
BnTGAS 2
BcTGAS 1
BeTGAS 2
consensus

BnTGAS 1
BnTGAS 2
BcTGAS 1
BCTGAS 2
consen

BnTGAS 1
BnTGAS 2
BeTGAS 1
BCTGAS 2
consen

BnTGAS5 1
BnTCAS 2
BCTGAS 1
BcTGAS 2
consen

BnTGAS 1
BnTGAS 2
BcTGAS 1
BCTGAS 2
consen

BnTGAS
BnTGAS
BcTGAS
BcTGAS
consensus

SRR

BnTGAS 1
BnTGAS 2
BCTGAS 1
BCTGAS 2
consen

BnTGAS 1
BnTGAS 2
BeTGAS 1
BCTGAS 2
consensus

723
723
732
732
732
849
S61

[

o e

CGACGTCTTATCGGAGATTGGAACTTCAGATCGTCTCTCTCTGTTTCTTGTTTTCAAGGC
BGACGTCTTATCGGAGATTGGAACTTCAGATCGTCTCTCTCTGTTTCTTGTTTTCAAGGC
CGACGTCTTATCGGAGARNTGGAACTTCAGATCGTCTCTCTCTGTTTCTTGTTTTCAAGGC
cgacgtcttatcggagattggaacttecagategtototetetgtttottgtttteaagge

TTTACTCCATCTGATATAATTCTATGTGCACTAGGAGAACH
TTTACTCCATCTGATGTAATTCTATGTGCACTAGGAAAACTCTAGAGGGTACCAGTATTT

61

121
120
121
121

66
181
180
181
181

126
241
240
241
241

186
301
300
301
301

246
361
360
361
361

306
421
420
421
421

366
481
480
481
481

TTTACTCCATCTGATGTAATTCTATGTGCACTAGGAAAACTCTAGAGGGTACCAGTATTT)
tttactccatctgatgtaattectatgtgecactaggaaaactctagagggtaccagTATTT

AGTAATAACAGAGACTTGTATGAAAAGAATAGAATGGGAGATACIIAGTCCAAGAACATCA
AGTAGTAACAGAGACTTGTATGAAAAGAATAGAATGGGAGATACTAGTCCAAGAACATCA
AGTAGTAACAGAGACTTGTATGAAAAGAATAGAATGGGAGATACTAGTCCAAGAACATCA
AGTAGTAACAGAGACTTGTATGAAAAGAATAGAATGGGAGATACTAGTCCAAGAACATCA
AGTAgTARCAGAGACTTGTATGAARAGAATAGAATGGGAGATACLAGTCCARGARCATCA

GGCTCAACAGATGGCGACATGGATCAAAACAACG
GGCTCHACAGATGGCGACATGGATCAAAACAAC
GGCTCEBACAGATGGCGACATGGATCAARACAACHMTAATGTACGATGGAGGGCATGTGGGT)
GGCTCEACAGATGGCCGACATGGATCAAAACAACMTAATGTACCGATGGAGGGCATGTGGGT)
GGCTCaACAGATGGCGACATGGATCAAMRACAAC TAATGTACGATGGaGGGCATGTGGGET

GAGTCTAGCGACCGTTCAAAGGAGAAAATGGATCAAAAGACGGTTCGTAGGCTCGCTCAA
GAATCTAGCGACCGTTCAAAGGAAAAAATGGATCAAAAGACGGTTCGTAGGCTCGCTCAA
GAATCTAGCGACCGTTCAAAGGAAAAAATGGATCAAAAGACGGTTCGTAGGCTCGCTCAA
GAATCTAGCGACCGTTCAAAGGAAAAAATGGATCAAAAGACGGTTCGTAGGCTCGCTCAA
GAaTCTAGCGACCGTTCAAAGGRAaRAAARTGGATCAARAGACGGTTCGTAGGCTCGCTCAA

AACCGTGAGGCTGCAAGGAAAAGCAGATTGAGGARAAAAGCATATGTTCAGCAGCTAGAG
AACCGTGAGGCTGCAAGGAAAAGCAGATTGAGGAAGAAAGCATATGTTCAGCAGCTAGAG
AACCGTGAGGCTGCAAGGAAAAGCAGATTGAGGAAGAAAGCATATGTTCAGCAGCTAGAG
AACCGTGAGGCTGCAAGGAAAAGCAGATTGAGGAAGAAAGCATATGTTCAGCAGCTAGAG
AMCCGTGAGGCTGCAAGGAANAGCAGATTGAGGAAGAAAGCATATGTTCAGCAGCTAGAG

ACAGCCGTTTGAAGCTAACACAACTTGAACAGGAGCTGCAAAGAGCTAGGCAACAAGGT)
lCAGCCGTTTGAAGCTAACACAGCTTGAACAGGAGCTGCAAAGAGCEAGGCAACAAGGT
ACAGCCGTTTGAAGCTAACACAGCTTGAACAGGAGCTGCAAAGAGCTAGGCAACAAGGT)
ACAGCCGTTTGAAGCTAACACAGCTTGAACAGGAGCTGCAAAGAGCTAGGCAACAAGGT
AMCAGCCGTTTGAAGCTAACACAgCTTGAACAGGAGCTGCAAAGAGCLAGGCAACAAGGT

GTCTTTATCTCAAGCTCTGGAGACCAAGCCCATTCTACTACTGGAAATGGGGCAATGGCG
GTCTTTATCTCAAGCTCTGGAGACCAAGCCCATTCEACTACTGGAAATGGGGCAATGGCG
GTCTTTATCTCAAGCTCTGGAGACCAAGCCCATTCTACTACTGGAAATGGGGCAATGGCG
GTCTTTATCTCAAGCTCTGGAGACCAAGCCCATTCTACTACTGGAAATGGGGCAATGGCG
GTCTTTATCTCAAGCTCTGGAGACCAAGCCCATTCLACTACTGGARATGGGGCAATGGCG

TTTGATGCAGAGTACAGACGCTGGCAGGAAGA
TTTGATGCAGAGTACAGACGCTGGCAGGAAGA

TTTGATGCAGAGTACAGACGCTGGCAGGAAGA
TTTGATGCAGAGTACAGACGCTGGCAGGAAGA
TTTGATGCAGAGTACAGACGCTGGCAGGAAGA AAgAACAGAAAGATGAAGGAGCTgAGC
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BnTGAS 1
BnTGAS 2
BCTGAS 1
BCTGAS 2
consen

BnTGAS 1
BnTGAS 2
BCTGAS 1
BCTGAS 2
consensus

BnTGAS 1
BnTGA5_2
BcTGAS 1
BCTGAS 2
consensus

BnTGAS 1
BnTGAS 2
BeTGAS 1
BCTGAS 2
consen

BnAOC3 1
BnAOC3 3
BnAOC32 2
consen

BnAOC3 1
BnAOC3 3
BnAOC3 2
consen

BnAOC3 1
BnAOC3 3
BnAOC3 2
consen

BnAOC3 1
BnAOC32 3
BnAOC3 2
consensus

BnAOC3 1
BnAOC3 3
BnAOC3 2
consen

BnERF2 2
BnERF2 3
BCERF2 1
BCERF2 3
BnERF2_1
BCERF2 2
consen

BnERF2 2
BnERF2 3
BcERF2 1
BCERF2_3
BnERF2 1
BCERF2 2
consensus

426
541
540
541
541

486
601
600
601
601

546
661
660
661
661

606
721
720
721
721

GAACCTGAGCTTA! IATCGTAGAAGCAGTGTTA
TCTGCTTTGGATTCTCACGCGAGIGAACCTGAGCTTAS IATCGTAGAAGCAGTGT

TCTGCTTTGGATTCTCACGCGAG@GAACCTGAGCTTAAR ATCGTAGAGGCAGTGTTA
TCTGCTTTGGATTCTCACGCGAG®GAACCTGAGCTTARR ATCGTAGAGGCAGTGTTA
TCTGCTTTGGALTCTCAcGCGAG GAACCTGAGCTTAggA ATCGTAGAaGCAGTGTTa

GCTCACTACGAGGAGCTTTTCAGGATAAAAAGCAACGCAGCTAAGAACGATGTCTTCCAT
GCTCACTACGAGGAGCTTTTCAGGATAAAAAGCAACGCAGCTAAGAACGATGTCTTCCAT)
GCTCACTACGAGGAGCTTTTCAGGATAAAAAGCAACGCAGCTAAGAACGATGTCTTCCAT
GCTCACTACGAGGAGCTTTTCAGGATAAAAAGCAACGCAGCTAAGAACGATGTCTTCCAT)
GCTCACTACGAGGAGCTTTTCAGGATAAAAAGCAACGCAGCTAAGAACGATGTCTTCCAT

TTACTATCAGGGATGTGGAAAACACCAGCTGAGAGATGTTT®CTGTGGCTTGGCGGTTTC|
TTACTATCAGGGATGTGGAAAACACCAGCTGAGAGATGTTT@CTGTGGCTTGGCGGTTTC|
TTACTATCAGGGATGTGGAAAACACCAGCTGAGAGATGTTTIMCTGTGGCTTGGCGGTTTC|
TTACTATCAGGGATGTGGAAARCACCAGCTGA CTGTGGCTTGGCGGTTTC
TTACTATCAGGGATGTGGAAAACACCAGCTGAGAGATGTTT CTGTGGCTTGGCGGTTTC

CGTTCATCAGACCTTCTCAAGCTTATAGCGAGTCAGGTGGAACCATTGACGGAACA
CGTTCATCAGACCTTCTCAAGCTTATAGCGAGTCAGGTGGAACCATTGACGGAREE

CGTTCATCAGANCTTCTCAAGCTTATAGCGAGTCANGTGGAACCATTGACGGAACl
CGTTCATCAGACCTTCTCAAGCTTATAGCGAGTCAGGTGGAACCATTGACGGAACA
CGTTCATCAGAcCTTCTCAAGCTTATAGCGAGTCAGGTGGAACCATTGACGGAaca

MSLOSISKTSLGNLSHNHHFHRSSFLGFSRSFONLGISSNGPDFSSQSRSTSKN
MATSSAMSLQSISKTSLGNLSHNHHFHRSSFLGFSRSFONLGISSNGPDFSSQSRSTSKN|
MATSSANMSLQSISKTSLGNLSHNHHFHRSSFLGFSRSFONLGISSNGPDFSSQSRSTSKN|
matssamSLOSISKTSLGNLSHNHHFHRSSFLGFSRSFONLGISSNGPDEFSSQSRSTSEN

LSPTRAFFWNWGKSENARPSKVQELNVYELNEGDRNS PAVLKLGKKPELCLGDLVPFTN

LSPTRAFFWNWGKSENARPSKVQELNVYELNEGDRNS PAVLEKLGKKPELCLGDLVPFTN

115
121
121
121

175
181
181
181

235
241
241
241

53
53
53
53
53
61
61

LSPTRAFFWNWGKSENARPSKVQELNVYELNEGDRNS PAVLKLGKKPELCLGDLVPFTN
LSPTRAFFWNWGKSENARPSKVQELNVYELNEGDRNSPAVLEKLGKKPELCLGDLVPFTNE

LYTGDLEKKRVGITAGLCVLIQHVPEKNGDRFEATYSFYLGDYGHLSVQGPYLTYEDTF
LYTGDLEKKRVGITAGLCVLIQHVPEKNGDRFEATYSFYLGDYGHLSVQGPYLTYEDTF.
LYTGDLEKRVGITAGLCVLIQHVPEKNGDRFEATYSFYLGDYGHLSVQGPYLTYEDTF

GGSGIFEGAYGQVKLRQLVYPTKLFYTFYLKGIADLPLELTGTAVSPSKDVEPAP!

GGSGIFEGAYGQVKLRQLVYPTKLFYTFYLKGIADLPLELTGTAVSPSKDVEPAP.

GGSGIFEGAYGOVELRQLVYPTKLFYTFYLKGIADLPLELTGTAVSPSKDVEPAP.
VIGGSGIFEGAYGOVELROLVYPTKLFYTFYLEKGIADLPLELTGTAVSPSKDVKPAPEAK

ATEPGATIKNFTN|

ATEPGATIKNFTN|
ATEPGATIKNFTN|
ATEPGATIENFTN

———————— MYGQSEVESDYALLESIRRHLLGGEAEIJIFAESTPSSCFTESWGDLPLKENE
———————— MYGOQSEVESDYALLESIRRHLLGGEAEL{FAESIPSSCFTESWGDLPLKEND
———————— MYGQSEVESDYALLESIRRHLLGGEAELRFAESIPSSCFTESWGDLPLKEND
———————— MYGQSEVESDYALEESIRRHLLGGEAELRFAESIPSSCFTESWGDLPLKEND
———————— MYGQSEVESDYALLESIRRHLLGGEAELRFAESTPSSCFTESWGDLPLKEND
jureAnaeey MY GOSEVESDYALLES IRRHLLGGEAELRFMESIPSSCFTESWGDLPL®END)

MYGQSEVESDYAL1ESTRRHLLGGEAELrFaESi PSSCFTESWGDLPLkENd

i P SDSPVRKAEPAESF
———PSDSPVHKAEPAESF
———PSDSPVHKAEPAESF

SEDMLVYGLLNDp YDTSSPSSDLSCITAFvdALELSSKR éSDSPV KAEPaESF

258



BnERF2_2 TVEKQKAATAKGKHYRGVRQRPWGKFAAETRDPAKNGARVWLGTFETAEDAAFAYDR

BnERF2_3 TVEKQKAATAKGKHYRGVRQRPWGKFAAETRDPAKNGARVWLGTFETAEDAAFAYDR
BcERF2 1 TVEKQKAATAKGKHYRGVRQRPWGKFAAETRDPAKNGARVWLGTFETAEDAAFAYDR
BcERF2 3 TVEKQKAATAKGKHYRGVRQRPWGKFAAETRDPAKNGARVWLGTFETAEDAAFAYDR
BnERF2 1 TVEKQKAATAKGKHYRGVRQRPWGKFAAETRDPAKNGARVWLGTFETAEDAAFAYDR
BcERF2 2

consen

EnERF2_2 166
EnERF2_3 166
BcERF2 1 166
BcERF2_3 166
BnERF2 1 166
BcERF2 2 181
consensus 181

BnERF2 2 223
BnERF2 3 223
BcERF2 1 226
BcERF2_3 226
BnERF2 1 226
BcERF2_2 237
consensus 241

BnTGAS5 1 IRMGDTSPRTSGSTDGDMDQNNLMYDGGHVGESSDRSKEKMDQKTVRRLAQNREAARKSRLR
BnTGAS 2 IMGDTSPRTSGSTDGDMDQNNLMYDGGHVGESSDRSKEKMDQKTVRRLAQNREAARKSRLR
BcTGAS 1 IMGDTSPRTSGSTDGDMDONNLMYDGGHVGES SDRSKEKMDOQKTVRRLAQNREAARKSRLR
BcTGAS 2 IRMGDTSPRTSGSTDGDMDONNLMYDGGHVGES SDRSKEKMDOKTVRRLAQNREAARKSRLR
consen 1 MGDTSPRTSGSTDGDMDONNLMYDGGHVGESSDRSKEKMDOKTVRRLAQNREAARKSRLR
BnTGAS 1 KEAYVQQLENSRLKLTQLEQELQRARQQGVF ISSSGDQAHSTTGNGAMAFDAEYRRWQED
BnTGASL 2 KKAYVQQLENSRLKLTQLEQELQRARQQGVFISSSGDQAHSTTGNGAMAFDAEYRRWQED
BcTGAS 1 KKAYVQQLENSRLKLTQLEQELQRARQQGVFISSSGDQAHSTTGNGAMAFDAEYRRWQED
BcTGAS 2 KKAYVQQLENSRLKLTQLEQELQRARQQGVFISSSGDQAHSTTGNGAMAFDAEYRRWQED

consensus 61 KEAYVQQOLENSRLEKLTQLEQELQRARQQOGVFISSSGDQAHSTTGNGAMAFDAEYRRWOED

BnTGAS 1 121
BnTGAL 2 121

KNRKMKELSSALDSHASEPE
KNRKMKELSSALDSHASEPE IVEAVLAHYEELFRIKSNAAKNDVFHLLSGMWKTPAE|
BcTGAS 1 IR KNRKMKELSSALDSHASEPELEM IVEAVLAHYEELFRIKSNAAKNDVFHLLSGMWKTPAE|
BcTGAS 2 IR KNRKMKELSSALDSHASEPELEMIVEAVLAHYEELFRIKSNAAKNDVFHLLSGMWKTPAE|
consensus 121 KNRKMKELSSALDSHASEPELr IVEAVLAHYEELFRIKSNAAKNDVFHLLSGMWKTPAE

IVEAVLAHYEELFRIKSNAAKNDVFHLLSGMWKTPAE|

BnTGAS5 1 IR MR CFL.WLGGFRSSDLLKLIASQVEPLTE
BnTGAS 2 IR MR CFLWLGGFRSSDLLKLIASQVEPLTH
BcTGAS 1 IR MR CFLWLGGFRSSDLLKLIASQVEPLTE
BcTGAS_2 IR MR CFL.WLGGFRSSDLLKLIASQVEPLTE
consensus 181 RCFLWLGGFRSSDLLKLIASQVEPLTe

Figure A-1 Mutiple alignments of cDNA/amino acidgsence of different alleles
of genesAOC3 ERF2andTGA5by BOXSHADES.21
(http://www.ch.embnet.org/software/BOX_form.html).
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Figure A-2 Alignment of Sequencet52 WRKY domains of BAWRKY
transcription factors. Identical amino acids aradgd in black, and similar amino
acids are shaded in gray. The conserved WRKYGQKapeptide or its variants
are underlined at the top of the alignment andcitsteines and histidines of the
C2H2- or C2HC-type zinc finger motif are indicategarrows. The consensus
amino acids are shown at the bottom of the alignm&his alignment was
produced by BOXSHADE 3.21
(http://www.ch.embnet.org/software/BOX_form.html).
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Figure A-3 A bootstrap consensus maximum parsimoag/of WRKY TFs in
canola, Arabidopsis and ricmonicg. Only the WRKY domain residues were
aligned using ClustalX (v1.83) and the evolutionlistory was inferred using the
maximum parsimony method in MEAG4. The percentadesplicate trees in
which the associated taxa clustered together ibhdlogstrap test (500 replicates)
are shown next to the branches. All alignment gegre treated as missing data.
There were a total of 98 positions in the finaladat, out of which 55 were
parsimony informative. The two letters N and zafroup | represent the N-
terminal and the C-terminal WRKY domains of groygdteins, respectively. A
chlorophyte algaQstreococcus tauiOt) WRKY (Acc. CAL54953) is used as

the outgroup.
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