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ABSTRACT

Stagonospora nodoruns a pathogen fungusof wheatcausng Stagonospora nodorum
blotchdiseasean important disease in western Can&lanodorunproduces a multitude of host
selective toxins (HSTswhich when recognized by corresponding sensitivity gene in wheat
results in a compatible interaction. In this study, novel H83t sensitivity gene interactions
were investigated. Two different putai HSTs were identified. SnTox3 was likely one of the
HSTs present 5. nodorumsolate Swift Current culture filtrate as the chromosomal location of
the compatible sensitivity gene corresponded to thaSmi3locus. Another putative HST
interacting withTsnlor a tightly linked sensitivity gene was identified fr@nnodorumisolate
Langham SNOG_ 15679, a candidate gene for production of this putative HST was
heterologously expressed iRichia pastoris which causedchlorosis ona sensitive host
Additional tests will be required to confirm the bioactivity of putative novel HST(s) produced by

isolate Langham.
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FOREWORD

This thesis is written in manuscript style. Each manuscript is composed of an abstract,
introduction, materials and method®sults and discussion. This thesis includes a general
introduction, literature review, two manuscripts, a general discusanoh conclusionsand

literature citedThe manuscripts will be submitted to Canadian Journal of Plant Pathology.
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1. INTRODUCTION

Wheat is cultivated in most parts of the world including Canddalnited States of
America, Australia, Russia, China, India, and many otf@ustafsoret al 2009 p. 6). Wheat is
a preferred foodtaplein many countries and therefore with the exponentially increasing world
population, the demand for wheat and whHesded products alsoon therise (Gustafson et al.
2009, p. 88). There are two different commercially important wheat speciesTritjcum
aestivum(hexaploid)2) Triticum turgidumssp.durum (tetraploid). The cultivars belonging to

both species are used in making different wheat based products.

In the midst of growing demands for wheat, diseases affecting wheat pose a huge
challenge tahe wheat industryCarver 2009 Wheat is affected by a variety of plant diseases
which include but are not limited toleaf rust, stem rust, stripe rusgrious rootrots, powdery
mildew, Stagonospora nodorum blotch, Septoria tritici blah,spot and Fusarium head blight
(Carver2009). The epidemics causduy thesediseases are capable of jeopardizihg world
supply of wheat. Therefore, the challenge oktirgy the world's food demand also fuels the need

for improving wheat varieties mainly in terms of disease resistance.

Stagonospora nodorum blotch (SNB) is one of the diseases of wheat thathafieates
and glumegSolomonet al. 2008). The disease is referreéd as glume blotch when the glumes
are affectedSolomonet al. 2006). Although SNB epidemics can Ineanagedwvith the use of
fungicides, sustainable SNB management through geregistance is preferable. Howeyer
breeding forSNB resistancéas proveno bedifficult due to lack of complete resistance in the

currently available resistance sourdi&sng et al. 1983; Solomomt al. 2006; Oliver et al.



2012. The etiological agent of SNB and glume blotch tiee necrotrophic ascomycete
Stagonospora nodoruigsolomonet al. 2006). The SNB symptoms on leavdseginas a small

dark brown lesion which gradually progresses into larger necrotic lesions and eventually
coalesce to form krgemass of necrotized tiss8olomonet al. 2008). The necrotic activity
observed during. nodoruninfection has been attributed to a myriad of HSTs prodibgethe
pathogen(Liu, Faris, et al. 2004; Friesen et al. 2006; Friesen et al. 2007; Friesen, Faris, et al.

2008; Liu et al. 2009; Abeysekara et al. 2009; Friesen et al. 2012)

A total of six HSTs havebeen recognized and purified frogn nodorumSnTox1(Liu,
Faris, et al. 2004yvas the firstS. nodorunHST to be identifiedSubsequently, the identification
of other HSTs followedwhich includedSnToxA (Friesen et al. 2006 5nTox2(Friesen et al.
2007) SnTox3(Liu et al. 2009) SnTox4(Abeysekara et al. 200@8nd SnTox5Friesen et al.
2012) All S. nodorunmHSTs identified to date have been found to produce a necrotizing effect
on wheat leaves when a compatible sensitivity geaepresent in the hodqLiu, Faris, et al.
2004; Friesen et al. 2006; Friesen et al. 2007; Liu et al. 2008yskkara et al. 2009; Friesen et

al. 2012)

Among all the identified HSTs db. nodorum SnToxA has beerthe most thoroughly
studied HST. Th&9.7% similarity betweethe SnToxAandthe PtrToxA gens was one of the
reasons for heightened interest inTBRA compared to othe$. nodorunHSTs (Friesen et al.
2006) Eleven different haplotypes of ToxAene found in S. nodorumwhereas only one
haplotype of ToxA waspresentin Pyrenophora triticirepentis which along with other
circumstantial evidengandicatedthat ToxA was laterally transferred froB. nodorunto P.

tritici -repentis(Friesen eal. 2006; Friesen, Faris, et al. 200B)iesen et al(2006)with the help



of ToxA-disrupted mutants suggested ti@nlgene was responsible for SnToxA activity in

ToxA sensitive Tsnlpositive) wheat lines.

Each of the identifiedS. nodorumHSTs have been shown to adequateeprodue
disease symptonikiu, Faris, et al. 2004; Friesen et al. 2006; Friesen et al. 200°&tlal. 2009;
Abeysekara et al. 2009; Friesen et al. 20TRg varietyof HSTs produced byS. nodorumand
the availability of correspondingST sensitivity loci in the wheat cultivetend to determine the
severity ofdisease symptom@®liver et al. 2012)However, how these HSTs are deployed to
produce disease in a natural setting is unknosdditionally, evidence from different studies
suggest that S. nodorumis armed with a multitude of HST&riesen, Faris, et al. 2008\
previousstudy done byatlock et al.(2012)groupedwesternCanadiars. nodorunsolates into
nine Unweighted Pair Group Method with Arithmetic MeasRGMA) clusters differing in their
virulence. TheS. nodorumisolates from Manitoba and Saskatcheware also found to have
host specificityMatlock et al. 2012)This suggestedhat additional HSTs interacting with novel
loci on wheat chromosomes were being produced by Canadian isol&ewdérum Therefore,
this study iocused orl) Identification, purification and characterization of novel Id&md 2)

Mappingof HST sensitivitygenes in the host.



2. LITERATURE REVIEW

2.1.Stagonospora nodorumblotch (SNB) disease

Stagonospora nodorum blotch disease is a contisgase of wheat that causes necrotic
lesions on leaves. The worldwide occurrenceSdB and the associated lossemkes it a
nuisance forwheat growersacross the worldKing et al. 1983; Eyal 1999; Solomaet al.
2006). Recently,the study of host specifimxins andthe wheatS. nodorunmpathosystenhas
provided & improved understanding diie disease mechanism $f nodorum(Friesen et al.

2007; Friesen, Faris, et aD@3).

2.1.1. Global distribution and losses

S. nodorums a common pathogen in wheat growing areas world@dleg et al. 1983;
Solomonet al. 2006). Isolates ofS. nodorumhave been collected from differerggionsin
North America, South America, Asia, Australia, Europe and Middle @astsen et al. 2006;
Stukenbrock & Mcdonald 2007)S. nodorumcauses one of the major lossestlre wheat
industry in western Australia with losses adding upitd8million per yeafMurray & Brennan
2009) The yield reduction due ttan spot and SNB was foumol becomparable and together it
accounted for 181% yield reduction (Bhathal et al. 2003)In Saskatchewan, Canadg,
nodorumwas reported as a major species in comparison to other species constiaffegptoria
complex(Ma & Hughes 1993)SNB used to be a significant disease in Europe which has been

gradually replaced by another leaf spotting disease causgdgiyria tritici(Oliver et al. 2012)



In the United States, SNB mainly affects winter wheat and has devastating effects especially in
the southern United States due to favorable environmental conditiorss. ioodorunm(Crook et

al. 2012)

2.1.2. Leaf spot complex in western Canada

The leaf spoting diseases aramongthe most prevalent diseases of wha&atwestern
Canad&Gilbert et al. 1998; Gilbert & Woods 200Eernandez et al 2002, 2008he common
leaf spotting pathogens western Canada ai®tagonospora nodorur(Berk.) Castellani and
Germano,Septoria triticiRoberge in Desma®yrenophora triticirepentis(Died.) Drechs. and
Cochliobolus sativuglto and Kuribayashi) Drechs. ex Das{@ilbert et al. 1998)S. nodorum
S. tritici, P. tritici-repentisand C. sativuscause Stagonospora nodorum blotch (SN&ptoria

tritici blotch (STB), tan spot angpot blotch, respectively.

2.2. Pathogen

2.2.1. General biology

S. nodorumis aheterothallicascomycet®elonging tahe order pleosporaleSolomon et
al. 200&). Phaeosphaeria nodorun{Muller) Hedjaroude is the teleomorphic form of
Sagonosporanodorum (Solomon et al. 2008). The synonymous nameSeptoria nodorum
(Berk.) Berk. in Berk. and Broome araptosphaeria nodorurk. Miller are often used for
describing Stagonospora nodorunand Phaeosphaeria nodorumespectively (Menzies and

Gilbert, 2003 Solomonet al. 200&). Septoriais a large genus that consists of many plant



pathogengCunfer & Ueng 1999)Septoriawas previously thought to accommodate the Septoria
nodorum blotch pathogen wihicwe now know asStagonospora nodorur(Cunfer & Ueng
1999) A recent study byQuaedvlieg et al(2013) found Septoria nodorum blotch pathogen
(Stagonospora nodorumo be different from genuStagonosporand suggested its placement

under a separate genRarastagonospora

2.2.2. Disease cycle and epidemiology

The spores 06 nodorumgerminate to produce hyphae that invade and colonize the host
tissue(Oliver et al. 2012)Sexual reproductioms characterized by production of pseudothecia,
which are responsible for production of ascosp@@s/er et al. 2012) The initial source of
inoculum for SNB disease is mostly supplied by the ascosporesaverwinter on the stubble
(Solomonet al. 2006). The dissemination of ascospores over long distances is facilitated by
wind (Bathgate & Loughman 2001; Solomaet al. 2006; Sommerhalder et al. 2010)

Alternatively, SNB infected seeds can also serve as a source of ind@dlomonet al. 2008).

S. nodorunproduces secondamgitotic inoculum called pycnidiosporgSolomonet al.
200&). The pycnidia containing pycnidiospores are developed in the colonized host tissue
(Oliver et al. 2012) The asexual reproduction d& nodorum is completed when the
pycnidiospores infect healthy tiss(@liver et al. 2012)Pycnidiospores produce repeated cycles
of infections during the same growing sea¢Bhah et al. 2001; Solomon et al. 2806The
ability of S. nodorumto undergo repeated asexual cgcleesulting in production of

pycnidicspores causing multiple infections may result in larger yield Id€3leger et al. 2012)



The earlysymptomsof SNB infection start as a very tiny dark brown lesion on the
leaves. As the disease progresses, the lesions become larger, elongated andSworatoet
al. 200&; Oliver et al. 2012)These newotic lesions also develop a chlorotic hé&nlomonet
al. 200&; Oliver et al. 2012)In case of severe infection, the lesions coalesce to create a large
infected aregSolomonet al. 2006; Oliver et al. 2012)When conditios are favorable, the
infected area develgpycnidia which will eventually produce pycnidiospoi@olomon et al.

2006, Oliver et al. 2012)Pycnidiospores ooze out of pycnidia in a light pink colored secretion

2.2.3. Population genetics

The new genotypegienerated fronsexual reproduction and tlascospores disseminated
from long distance are the two major contributotig epidemicscausedby the heterothallic
fungus, S. nodorum(Sommerhalder et al. 2010yhe study of mating types in Central Asia
(Vergnes et al. 2006)Western AustraligSolomon et al. 2004 Sweden(Blixt et al. 2008) and
North-Central and Midwesterntited StategAdhikari et al. 2007)yeported the presence of both
mating types, MAT11 and MATZ2 in the respectivé&. nodorunpopulations.A 1:1 ratio of
MAT1-1 and MATZX2 was reported bynultiple mating type distribution studi¢Sommerhalder

et al. 2006; Adhikari et al. 2007; Blixt et al. 200®)ich suggestedrequent sexualeproduction.

A high genéc diversity has been observed withire populatiors of S. nodorunstudied
by different researche(McDonald 1994; Keller et al. 1997; Murphy et al. 2000; Sommerhalder
et al. 2006; Bxt et al. 2008) For exampleBlixt et al. (2008) reported 93 genotypes in five
populationsamong which 15 genotypes were reported in at least three frefdsgenotypes

were reported inwo fields andthe remaining 69 genotypes were reported only oAceecent



study of allelic richnessin the Iranian S nodorumpopulationMcDonald et al.(2012) showed

allelic richness results that were comparable to the results for Chinese, Swiss aNorK&w
nodorumpopulations peviously reported bytukenbrock et a{2006) However the IranianS

nodorum population was reported to have high numioérunique alleles and multilocus
haplotyped i . e. hi ghest di ver suggegtinghecFertleCriestentesther t i | e

point of origin forS. nodorum{McDonald et al. 2012)

2.2.4. Infection process

The infectionprocess by necrotrophic pathog& nodoruminvolves spore landing,
germination and adherence on wheat leaves, penetratitime ¢daf surface and intercellular
growth (Karjalainen & Lounatmaa 1986; Solomat al. 2006; Newey et al. 2007)The
dissemination of pycnidiospores is dependent on rain sg@stomonet al. 2008). The
disseminated pycnidiospore germinatexe it lands on the leaf surface and establishes itself
with the help of an amorphous substance or mucilagineous @ftegtlainen & Lounatmaa
1986) Solomonet al.(2006) found that the spores usually germinated tmipolar fashion but

bipolar germination was also observed sporadically.

Following germination the hyphae continueging on the leaf surface and eventually
penetrate directly through the cell wall or through stonfit@jalainen & Lounatmaa 1986;
Solomonet al. 2006). The use ofan appesorium forpenetration of the cuticle and epidermal
cells of the cell walhas beerobservedBird & Ride 1981; Karjalainen & Lounatmaa 1986)
Solomonet al. (2006b) successfully demonstrated that nodorumis able to invade the leaf

tissue through stomatal opengngtomatal penetration is believed to be an energy efficient



mechanism of penetration as the pathogen benefits from the natural openings on the leaf surface

without the need to invade any tisg&®lomonet al. 2006).

Once S. nodorumsuccessfully penetrates theaf surface it continues intercellular
growth as far ashe mesophyll tissuéBird & Ride 1981; Solomoet al. 2006). However, the
vascular infection ipreventedy lignified sclerenchymatous tiss(&ird & Ride 1981; Solomon
et al. 2006). As the pathogen continues the intercellular growth, the disintegratiomost
epidermal and mesophylelts is observedby the sixthday post inoculatioiiBird & Ride 1981;
Solomonet al. 2006). Although the exact reason for this tissue disintegration is not known,
different host selective toxins (HSTs) $1 nodorunthat induce host necrosis and/or chlorosis
are likely involved in the death of the host tis§B&rd & Ride 1981;Solomonet al. 2006;
Friesen, Faris, et al. 2008Eventually, the leaf tissue completely collapses and pycnidia
containing pycnidiospores start forming on the leaf surface which serves to infect other healthy

host tissu€Solomonet al. 2006).

2.2.5. Physiological specialization

Physiological specialization ofS. nodorumis suspected but conventional race
classification systerhas not been usdd illustrate the physiological specializati@Byal 1999;
Ali & Adhikari 2008; Matlock et al. 2012)The western Canadia®. nodorumisolateswere
grouped intonine different clusters based on the interactions between the host arfdl the
nodorumisolates(Matlock et al. 2012) A significant S. nodorumisolate x host interaction
suggested the presence of host specifitNdatlock et al. 2012) The observedjualitative

interactions between isolate and wheat lines were found to be significant and was presumed to



account for the host specificifatiock et al. 2012)Severalother studiehravedemonstrated
the presence of highly aggressive and less aggressive isafi@easodorumwith modeate host
specificity (Eyal 1999) Matlock et al. (2012) reported that the observed physiological
specialization inS. nodorumis consistent with the presence of an inverse -dengene

interaction in whea$. nodorunpathosystem.

2.2.6. Host range

Wheat and barley at®th susceptible tmfection byS. nodorun{Eyal 1999; Solomoet
al. 200@). S. nodoruntan also infect wild grass specissch af8romus inermigndAgropyron
species(Krupinsky 1982 Krupinsky 1986 Eyal 1999; Solomort al. 2008). The S. nodorum
isolates from perennial grass specwerereported tqroduce disease symptoms in whedtich
suggests that perennial grass species may be usdétérasitivehosts byS. nodorun{Krupinsky

1997)

2.3. SNB management

The ascepores released byspudothecigresent on therop stubbleand other residues
provide a significant source of inoculum for SNRing et al. 1983) Cultural practices like
tillage, burning of crop residueand crop rotationare important strategies in redugirhe
primary inoculum for SNEKing et al. 1983; Eyal 1999According to a comparative study of
conventional and conservation till fields in southern Manitoba, a higher number of isolations of

S. nodorum was observed from conventional till fields the eastern region onkGilbert &

10



Woods 2001)A proper crop rotation is expected teduce wheat diseases irrespective of the
tillage system usedBailey 1996) In a studyof leaf spot and root rot diseases of wheat,
continuous rotations with wheat caused 28% muae&d loss due to leaf spot diseagBsziley
1996) In another study in southern Manitoba, no significant effect of crop rotatiofs.on
nodorumand P. tritici-repentisisolation frequency was observed when the rotations included

noncereal crop$Gilbert & Woods 2001)

SNB can beeffectively managedvith the use of commercially available fungicides
(Oliver et al. 2012)Fungicideshavebesnused to treat wheat sedadghe pas{King et al. 1983)
Theorganemercury compounds were reported as effective seed treatment fun¢Rindeton et
al. 1971) Thenon-mercurial alternative like carboxin has als@beised in wheat seed treatment
which was eventually replaced by systemic triazotpsterol biosynthesis inhibiting fungicides
(Solomonet al. 2008). Recently, the use of strobilurins as foliar fungicides has become wide
spread.Although fungicides are realy available and effective against SNB, the resistance
against fungicide and cost effectiveness are some of the major coifkergset al. 1983;

Solomonet al. 2006; Oliver et al. 2012)

Biological control of S. nodorumis an environment friendly alternative for SNB
managementMicroorganismsthat are nofpathogenicto the host plantan potentially act as
biological control gents(Nolan & Cooke 2000)According to Nolan & Cooke(2000) the
treatmentof wheat plants dultivars Hussar and Brigadiewith Drechslera teres prior to
inoculationwith a mixture ofS. nodorumandSeptoria triticisignificantly reduced the symptoms
of both diseasedn the same study, ptteeatment of wheat cultivar Brigadier wifD. teres
followed by inoculation of5. nodoruntausedaninitial increase in disease symptoiiolan &

Cooke 2000)The mechanism by whidD. teresimpart biological control ofs.nodorumandsS.

11



tritici is not understood. Therefordue to the limited knowledge difiological controlagents,
limited efficiency ofcultural practicesalone and cost and long term efficacy issues related to

fungicidessustainable SNB management remains an issue.

Genetic host resistanceis an important @mponent of integrated pest management
Genetic control of SNBalthough desirablehas been difficult to achieve as most existing
cultivars of wheathave only partial resistance to SNBAguilar et al. 2005; Solomoet al.
2006@). SNB resistance has been reported to be a quantitativéiaki et al. 1999; Aguilar et
al. 2005; Solomoet al. 2008) andmanyQTL related toS. nodorunieaf blotch(Czembor et al.
2003; Liu, Friesen, et al. 200dhd glume blotckiSchnurbusch et al. 2008)sistancdave been

identified.

2.4. Hostpathogen interactions

Plants are at constant risk of infectiby plant pathogensrhe susceptibility or resistance
of the host to the pathogen is dependent oreffetiveness of thalefense responseeployed
by theplants. The defense response against plant pathbgsrbeen classified into two different
types: 1)Pathogen associated molecular pattdBRSMP) triggered immunity (PTI) 2) Effector

triggered immunity (ETI{Chisholm et al. 20065acco and Moffett 2009

PTl is the first line of plant defense once the pathogens have evaded the plant cell wall.
PAMP refers to a general group of pathogssociated components like oligosaccharides,
polypeptides, glycoproteins and lipigdtrnberger et al. 20046acco and Moffett 2009As the
name indicates, pathogen associated molecularrpsit(EAMP) occur in a pattern common to
different pathogens but aren-native to the plan{Nurnberger et al. 2004)rhe PAMP (e.qg.
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bacterial flagellin) when recognized by the receptors on the plant, tefjger a series of
Mitogenactivated protein kinase(MAPKS) reactions which in turn activates tWRKY
transcripton factors thereby triggering rron-specific defense response against the pathpgens

known as PAMRriggered immunity (PTI{NUrnberger et al. 2004; Chisholm et al. 2006)

Phytopathogens have evolved to overcome PTI in plé@tssholm ¢ al. 2006) Bacterial
phytgpathogens are known to produce effectors that are directly fed enfaaht cells via Type
[l secretion system@hisholmet al. 2006) The bacterial effectors are mostly proteases, protein
phosphatases,protease inhibitors, chitin binding agents or ubiquitin conjugating enzymes
(Chisholm et al. 2006)Fungi andoomycetesalso produce effectordut the mechanism of
transport of these effectors is not understf@lisholmet al. 2006) The effectors mrduced by
phytopathogens are suspected to interfere with the normal plant physiology to facilitate pathogen
growth (Chisholm et al. 2006) Plant defense mechanismBave evolved alongside these
pathogens to regmizethese effectors causiraydefense response termed as Effector triggered

immunity (ETI) (Sacco and Moffett 2009)

Hostpathogen interactianinvolving necrotrophic pathogens lik8. nodorumand P.
tritici -repentisutilize effectorsg host selective toxinfHSTs)to induce susceptibility in the host
(Ciuffetti & Tuori 1999; Friesen, Faris, et al. 2008Jhe effectorinduced hospathogen
interaction in wheaf.nodorumpathosystem has been termed as Effector triggered susceptibility
(ETS)(Liu et al. 2@9). A typical ETS response is observed wheretactorfrom the pathogen

is recognized byhe compatible sensitivity gena thehost(Liu et al. 2009)
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2.4.1. Genefor-gene hypothesis

The ETI response as a result of effector recognition by the fdens the basis athe
genefor-gene theoryproposedy Flor in 1956 Chisholm et al. 2006Sacco and Moffett 2009,p.
95). Flor (1956) proposed the gefmr-genehypothesis which suggests that "for each gene that
conditionsa reaction in the hosthere is a corresponding gene in the parasite that conditions
pathogenicity”. The implications of geffier-gene hypothesis holds true for biotrophic pathogens
where recgnition of effectors produced by the pathogen once recognized by the corresponding
resistance (R) gene on the host makes the host resistant. The effectors of biotrophic fungi are the
product ofan avirulence Avr) gene whereas the R proteins are the prodiia resistance (R)

gene(Vleeshouwers & Oliver 2014)

2.4.2.Host gecific toxin (HST) model, known toxins, and host sensitivity genes

HST model

The hostspecifictoxins (HSTs) are the group of phytotoxins that are only active against
specific host genotype$. nodorunrelies on HSTs for virulencé-riesen, Faris, et al. 28D
The HST when recognized blye correspondingensitivity genan wheat triggers a susceptible
host reactior{Lamari & Bernier 1989; Friesen & Faris 201This type of relationship was first
identified in Pyrenophora triticirepentis (Ballance et al. 1989) andas been termed am
inverse genefor-gene relationshigFriesen & Faris 2010)S. nodorumis known to produce

numerous HSTSs that are significant for disease develop(reesen, Farist al. 2008)
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The involvement ophytotoxinsin different pathosystems have been suspected for a long
time but onlya few of these toxins have been purified to d@éalton & Panaccione 1993;
Walton 1996; Markham & Hille 2001; Wolpert et al. 2062iesen, Faris, et al. 2008iuffetti et
al. 2010) Most of thephytotoxinsidentified are known to be secondary metabolites belonging to
different chemical group(Walton & Panacane 1993; Walton 1996; Markham & Hille 2001;
Wolpert et al. 2002)However, in the recent decade, many H8% have been identifiedre
proteirs (Friesen, Faris, et al. 2008iuffetti et al. 2010)In the recent years, HSTs produced by
necrotophic pathogens have been referi@ds necrotrophic effectors (NEjriesen, Faris, et al.

2008; Oliver & Solomon 2010; Liu et al. 2018ome of th&knownHSTs have been elaborated.

Known HSTs and host sensitivity genes

ToxA

The identification of ToxA irP. tritici-repentis(Ptr) and recognition oits hostspecific
toxicity was a milestone in the study of h@sithogen interactions of necrotrophic pathogens
(Tomas & Bockus 1987; Lamari & Bemlri 1989; Lamari 1991)ToxA was purified fronPtr by
many researchers and was subsequently designated as P{Ballahce et al. 1989; Tomas et
al. 1990; Tuori & Ciuffetti 1995; Zhang et al. 1997; Ciuffetti & Tuori 1998)e sensitivity to
purified PtrToxA was found to be cultivapecific(Tomas & Bockus 1987; Tomas et al. 1990)
Therefore, the quest for the specific g@)ein wheat interacting with PtrToxA became
imperative. A single dominant gene in wheat cultivars was found tedpomnsible for PtrToxA
sensitivity (Lamari & Bernier 1989; Lamari 1991; Ciuffetti & Tuori 1999)he recessive gene

responsible for insensitivitio PtrToxA was designated d@snland was found to be located on
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thelong arm of chrsmosome 5B(Faris et al. 1996; Stock et al. 199Giuffetti & Tuori 1999)
The dominantllele of the same gend¢nl) is known to impart sensitivity to PtrTox@&amba

et al. 1998; Ciuffetti & Tuori 1999; Haeet al. 2004; Horbach et al. 2011)

In the following years, it was demonstrated that ToxA was also produc8drmdorum
and was designated as SnTof#&iesen et al. 2006 riesen et al(2006) developed SnToxA
disrupted mutants, which showed that SnToxA also interacts Tatil Liu et al. (2006)
demastrated that both SnToxA and PtrToxA induce necrosis by interactind siithrevealing
that ToxA is an important HST for bof nodorurmandP. tritici -repentis Given the structural
and functional similarities of SnToxA and PtrToxA, a common ancdstryhese toxins was
suspected which eventually led to the conclusion that ToxA imtasspecifically transferred

from S. nodorunto P. tritici- repentis(Friesen et al. 2006)

Among all the HSTs identified i15. nodorm, ToxA is one of the most extensively
studied HST. ToxA has been reported as a proteinaceous necrotic HST and was found to be of
varying molecular weight by different research@allance et al. 1989; Tomas et al. 1990; Tuori
& Ciuffetti 1995; Zhang et al. 1997; Ciuffetti & Tuori 199%itially, ToxA was believed to be
produced as a 19.7kD immature protein by a single g&alance et al 1996Ciuffetti et al.
1997) The immature ToxA is comprised of a yme-protein harboring a 22 amino acid
putative signal peptide on the-tirminal region, Nerminal domaipnand a C terminal domain
(Ciuffetti et al. 1997) A mature ToxA protein is believed to beld.2kD protein corresponding
to the Gterminal domainwhereas the function of-kérminal domain in the precursor of ToxA
protein was undetermind@iuffetti et al. 1997)Tuori et al. (2000)nvestigated the toxicity and
function of the Nterminal domain and demonstrated that when ttierfinal domain remained

intact in a mature ToxA, the toxicity of ToxA remained unaffected and in fact enhanced the
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toxicity of ToxA. The structural study ofoxA (Sarma et al. 2008yasconsistentith previous
ToxA mutation studiegTuori et al. 2000; Meinhardt et al. 2002; Manning et al. 20@ich
demonstrated that the RGD (Argini®&ycine-Aspartic acid) motif is crucial in maintaining
ToxA function. ToxA is believed to be recognized by the planintiaraction of the RGD motif

and integrinlike receptors in the plant cellseinhardt et al. 2002; Sarma et al. 2Q05)

Tsnlwas sequenceldy mapbased cloning, which revealed that it is comprised of NBS
LRR (Nucleotide binding sitdeucine rich repeat) and S/TPK (serine/ threonine protein kinase)
domains(Faris et al. 2010)The presence of the NBSRR domain (typical of most resistance
genes) indicates that necroth®p such asS. nodorumare capable of surmounting the plant
defense mechanism by producing effectors that directly or indirectly interact with these
resistancdike genesand their products host plantgLorang et al. 2007; Hammosiosack &
Rudd 2008; Faris et al. 2010)hepresence of functiondlsnlgeneand internalization of ToxA
has been demonstrated to be importanfTfaxA activity (Manning & Ciuffetti 2005; Faris et al.
2010) However, the lack of a transmembrane domain i #meprotein and lack of evidence of
direct interaction offsnlprotein with ToxA suggests thdisnldoesnot havea direct role in

receptormediated recognition of ToxMManning & Ciuffetti 2005; Faris et al. 2010)

Many studies have been directed towards understanding the mechanism ehdsixA
cell interaction, ToxA recognition and localization. One such study suggested that ToxA gains
entry only into the cells of ToxA sensitive wheat lineby the process ofecepto mediated
endocytosigManning & Ciuffetti 2005) In the same studyhe fluorescence produced by ToxA
fused withgreen fluorescenprotein (GFP) was fountb beassociated with chloroplast aim
distinct regions of cytoplasmvhich canfirmed immundocalization in these aregManning &

Ciuffetti 2005) ToxA has been demonstrated to interact with a plant protein that is present on
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chloroplast membranend stroma Localization in the chloroplast suggesthe chloroplastis a
potential target for induction of necrosis following TeXAXA binding protein 1 ToxABPJ)
interaction(Manning & Ciuffetti 2005; Manning et al. 20Q7p a subsequent studylanning et

al. (2009)demonstrated thatlterations in photosystem | and 1l led to accumulation of reactive
oxygen species (ROS) in the ToxA sensitive hastich when exposed to lightriggered cell
death.Tai et al.(2007) demonstraté direct interaction of plastocyanin with ToxA. A recent
study byLu et al. (2014) suggested that PR type pathogenesis related proteins (PR

interact with ToxA to induce necrotic symptoms in the host.

SnTox1

In addition to ToxA, many other HSTs have been identifie8.imodorumSnTox1 was
the first HST to be identified i®. nodorumSnToxAwas reported to be a proteinaceous HST
which was estimated to be betweer3kDa in sizgLiu, Faris, et al. 2004)The actual size of
mature SnTox1 protein (10.33 kDa) was unknown until the molecular clonitige@nTox1
gene which also revealed that SnToxaswnitially produced as a longer protein (117 amino
acids) with a signal peptidgiu et al. 2012) The wheat gene conferring sensitivity to SnTox1
was successfly located on chromosome 1BS and was nafwull(Liu, Faris, et al. 2004)The
physical location ofSnnlwas predicted based on the studyl&S deletion lines which also
placed several DNA markers in the close vicinity winnl (Liu, Faris, et al. 2004)A
compatible SnToxBnnlinteraction was demonstrated to cause necrosis in WheatFaris, et
al. 2004)whereas disruption of SnTox1 in a virulent isolate consequently made the isolate

avirulent, suggesting SnToxiasa virulence facto(Liu et al. 2012)
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SnTox2

SnTox2 is another HST that has been identifiedimodorum(Friesen et al. 2007)
SnTox2 is estimated to ze7-10 kDa sizd protein(Friesen et al. 20075nTox2 was identified
from the samé&. nodorumsolate that also produced SnToxA and is known to produeerotic
reaction like SnToxAFriesen et al. 2007)The gene in wheat that was responsible for SnTox2
sensitivity was determined to be a single dominant gene that mapped on chromosome 2DS and

was designate8nn2(Friesen et al. 2007)

SnTox3

Subsequently, another metic HST was identified, which was named SnT¢k8esen,
Zhang, et al. 2008)The mature SnTox3roteinis approximately 18 kDa in size arginitially
produced as a precursor protein composed of 230 amino (aaidst al. 2009) Addition of a
functional SnTox3 gene to an avirulédit nodorumisolate via artificial transformain resulted
in a newly virulent isolate producing SnTox8hich indicated selbufficiency of SnTox3 as a
virulence factor(Liu et al. 2009) A study of SnTox3 in the glob&. nodorumpopulation
indicated the presence of four different amino acid sequences all of which represented alterations
in SnTox3 protein in four different wayiu et al. 2009) An interesting finding of the same
study was that all four SnTox3 variants were equally potent at producing a sensitive reaction in
the hos (Liu et al. 2009) The sensitivity gene corresponding to Sn¥eas designate®&nn3
and was mapped 1.4 centiMorgaiecM) away fromthe microsatellite markeXcfd20on short
arm of chromosome 5B-riesen, Zhang, et al. 2008}he sensitivity to SnTox3 due 8nn3was
determined to be a dominant tr@iriesen, Zhang, et al. 2008lore recently, another gene

interacting with SnTox3 was identified Aegilops tauschiand was mapped dhe short arm of
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chromosome 50Zhang et al. 2011)it is believed thathe genes interacting with SnX8 are

homoeologous andevetherefore designated & n3B1andSnn3D1 (Zhang et al. 2011)

SnTox4

SnTox4 is a proteinaceous HEAbeyskara et al. 2009The exact size of SnTox4 is not
known, but is estimated to be between 10 and 30 KBheysekara et al. 2009A single
dominant host gene interacting with SnTox4 has been identified and designated!
(Abeysekara et al. 2009 successful SnTox&nndinteraction leads to a sensitive reaction in
host plants which has been described as "mottled necrotic reaction" which differs in the severity
of the necrosis observé@beysekara et al. 2009%nn4gene has éen mapped othe short arm

of chromosome 1BAbeysekara et al. 2009)

SnTox5

SnTox5 is the most recent HST to be identifiedSsinnodorum The sensitivity gene in
wheat that interacts with SnTox5 was mappedtlenlong arm of chromosome 4B and was
named Snn5 (Friesen et al. 2012)A compatible SnToxf&nn5 interaction also leads to a
sensitive reaction in the host plant which is characterized by a necrotic re&ctesen et al.
2012) Although, the exact size of SnTox5 is not known, it is estimated to be in a rang8®f 10

kDa (Friesen et al. 2012)
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24.3.HSTs in Pyrenophoratritici -repentis

In addition to Ptr ToxA, two other HSTs have been identifie®.irritici-repentis Among the
HSTs identified inP. tritici-repentis Ptr ToxA is a necrotic toxin whereas the other two HSTs

are found to cause chlorosis. The chlorosis toxir. efitici-repentisare described as follows:

Ptr ToxB

ToxB was successfully purified b$trelkov et al.(1999) from a race 5 isolate d?.
tritici -repentisand was reported to be a small protein of 6.61 kDa causing chlorosis in sensitive
wheat cultivars. Ptr ToxB wasreviouslyidentified as Ptr chlorosis toxifstrelkov et al. 1998)
Following the purification of Ptr ToxBonly the partial amino acid sequence of Ptr ToxB was
known which served as a basis for tracing the Ptr ToxB gene and eventually led to heterologous
expression of Ptr ToxBStrelkov et al. 1999; M#éinez et al. 2001)Although discrepancies in
amino acid sequence were found in comparison to the Ptr ToxB amino acid sequence proposed
by Strelkov et al.(1999) the heterologously expressed Ptr ToxB retained bioactivity prokatg
Ptr ToxBis a HST causing chloros{#artinez et al. 2001 Kim & Strelkov (2007)with the help
of heterologous expression dhe Ptr ToxB gene from virulent and avirulent isolates
demonstrated that change in nucleotide and/or amino acid sequence may have significant effect
on the severity of toxin activity. A single dominant gene was foundée responsible for
sensitivity towards Ptr ToxBOrolaza 1995)The Ptr ToxB sensitivity gend$cg was mapped

on chromosome 2B@riesen & Faris 2004)
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Ptr ToxC

Ptr ToxC is achlorosis toxin produced bk. tritici-repents which is a non-protein in
nature(Effertz et al. 2002; Lamari & Strelkov 201®ffertz et al. (2002)partially purified Ptr
ToxC using three different purification methods and concluded that Ptr ToxC was a small
molecule which was polar and nonionic Usliexisting HSTsThe Ptr ToxC insensitivity gene
tsclmapped 5.7 cM away frothe markeiXGlil ontheshort arm of chromosome 1(kffertz et

al. 2002)

2.4.4. Other toxin systems

BesidesS. nodorumandPyrenophora triticirepentis many other plant pathogenic fungi

are known to produgehytotoxins.Some of the characterized toxins have been described.

Victorin

Victorin is atoxin produced byCochliobolus victoriaevhich causes Victoria blight of
oats(Meehan & Murphy 1946; Meehan & Murphy 1947; Wolpert et al. 200&}toria blight
was introduced irthe United States as a result of introgressioriPo€cinia coronataresistance
gene Pc-2) in oats(Walton 1996) The Pc-2 gene is thought to bihie same as or closely linked
to Hv-1 or Vb gene which imparts sensitivity tactorin toxin (Walton & Panaccione 1993;

Walton 1996)

Victorin is one of the longest known and most pofanftotoxirs, which is effective at a

concentration as low as M (Walton & Panaccione 1993; Walton 1996; Markham & Hille
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2001) Thevictorin toxin is a halogenated cyclpentapeptide(Walton 1996; Markham & Hille
2001) Victorin B, victorin C,victorin D, victorin E andvictorine are different fans ofvictorin

to be identified among whickictorin C is the most commonwictorin (Navarre et al. 1995)
Another form ofvictorin namel HV toxin M was also reported )Kono et al. 1986)TheTOX 3
gene regulates thgroduction ofvictorin in C. victoriae (Walton & Panaccione 1993Yictorin

has been demonstrated to bind to 8 kDa protein found in oats which was later identified as
pyridoxal phosphate containingdRbunit of glycine decarboxylase (G[Navarre et al. 1995;

Walton 1996)

HC-toxin

HC-toxin is produced by race 1 @ochliobolus carbonurwhich is a causal agent of leaf
spot disease of maiz@arkham & Hille 2001) TOX 2 gene is known toegulateHC-toxin
production inC. carbonum(Bronson 1991; Walton 1996However, the sensitivity of specific
maize varieties to H@oxin is a direct result othe presence ofa single recessive locus

(hm1/hm} (Walton 1996) The HC-toxin inhibits root growth in sensitive maiZ&Valton 1996)

T-toxin

T-toxin is aphytotoxintypical to T raceof CochliobolusheterostrophugwWalton 1996)
C. heterostrophus an etiological agent of Soutimecorn leaf blight which relies on-fbxin for
its virulence (Walton 1996) The pesence of Jcytoplasmic male stertility (CMS) type

cytoplasm in maizeultivars massively increases the sensitivity toward®3Xin in comparison
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to normal maizecytoplasm(Walton 1996) T-toxin biosynthesis genes are harbored by two
different loci TOX 1Aand TOX1Bwhich are the results of translocationtbe TOX 1 locus
(Kodama et al. 1999)The genes related @toxin biosynthesis have been identified within and

outsideTOX 1lloci (Markhamé& Hille 2001).

Toxins produced bythe genusAlternaria

Membes of the genugilternaria producephytotoxinsbelonging to various chemical
growps (Wolpert et al. 2002)A. alternata f. sp. lycopersi@roduces AAL toxin which bears
resemblance with a mycotoxin produced Bysarium moniliforme (Gilchrist et al. 1995;
Markham & Hille 2001) AAL toxin is a aminopentol ester and the AAL toxin sensitivity in
tomato is recessiveMarkham & Hille 2001; Wolpert et al. 2002AM toxin is toxin produced
by A. alternata f. sp. maliwhich causes Alternaria blotah apple(Markham & Hille 2001)
Chemically, AM toxin has been recognized as a cyclic tetrapeptide and host sersitiiity
AM toxin is reported to be a dominant tr@iVolpert et al. 2002)A. alternata f. sp. kikuchiana
known to produce AK toxin which is responsible for susceptibility of Japanese pears to Black
spot diseasgMarkham & Hille 2001) AK toxin is an epoxydecatrienoic ester and the
sensitivity of Japanese pears to AK toxin is a dominant {kéétrkham & Hille 2001; Wolpert et
al. 2002) Additionally, genusAlternaria also produces AF and ACT toxins which are also
reported to bepoxy-decatrienoic esters like AK toxifMarkham & Hille 2001; Wolpert et al.
2002) The sensitivity of the hosts tioth AF and ACT tom is dominaniWolpert et al. 2002)
AF toxin is produced by. alternata f. sp. fragariaand ACT toxin is produced b4. alternata

f. sp.citri (Otani et al. 1995; Markham & Hille 20Q1)
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CDiT1 toxin

Recently, acell deathinducing toxin calld Cell death intomato 1 (CDiT1) toxin has
been identified irPyrenochaeta lycopersican etiological agent of corky root rot (CRR) disease
of tomato(Clergeot et al. 2012)CDIT1 consists of two identical subunits collectivalgighing
approximately 35 kDgClergeot et al. 2012)The cell death induction was found to be much
moresevere inSolanum lycopersicuitihan in comparison to other hostskaflycopersiciwhen

infiltrated with CDiT1(Clergeot et al. 2012)

Miscellaneoustoxins

In additionto all the abovenentionedohytotoxins there are many othehytotoxinsthat
are produced by other pathogens. Peritoxin (PC Toxin) is produc&kiigonia circinata a
pathogen in sorghunfWolpert et al. 2002) PC Toxin is chemically a peptidyl chlorinated
polyketide(Wolpert et & 2002) HS toxin is a glycosylated sesquiterpene producesiijbylaris
sacchariwhich is a pathogenf sugarcangWolpert et al. 2002)PM toxin isa linear polyketol
produced byMycosphaerella zeamaydisthat infects cornWolpert et al. 2002) Therefore,
many chemically diersephytotoxinshave beeridentified in plant pathogens. Possibly, many

others are either under investigation or yet to be discovered.

2.4.5. Other types ofSNB resistance

The SNB resistance has been reported to be a quantitativgWiaki et al. 1999;

Solomonet al. 2008). Many quantitative trait loci (QTL) related ®. nodorumeaf and glume
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blotch resistance have been identifi¢hnurbusch et al. 2003; Liu, Friesen, et al. 2004; Aguilar
et al. 2005; Uphaus et al. 2007; Shankar et al. 2008; Gordaleandez etla2009; Francki et

al. 2011) Amongthe identified QTL somehave been associated with the toxin insensitivity loci
(Liu, Friesen, et al. 2004put others do not correspond to any known toxin insensitivity loci

(GonzalezHernandez et al. 2009; Francki et al. 2011)

In a QTL analysisisingarecombinant inbre@RI) population based atme cross between
wheatcultivars Forno x OberkulmerT(riticum aestivum Lx Triticum aestivum L), 11 different
QTL were reported for leaf blotch artén different QTL were reported for glume blotch
(Aguilar et al. 2005) Two different glume blotch resistanc®TL were identified on
chromosomes 3BS and 4BL using a single seed descent (SSD) population based on Arina X
Forno (Schnurbusch et al. 2003)n the same study, a thirglume blotchresistanceQTL
(QSng.sf5BL) was identified on chromosome 5Riverlapping with QTL for plant height and
heading time(Schnurbusch et al. 20037 study in Australia reported@TL for flag leaf
resistance and glume resistance on chromosome 2DL and 4BL, respe(@inahkar et al.
2008) The QTL analysis using the RI population based on twmeelated parents partially
resistant to SNB detected two different glume blotch resistance Q$hg.pus2DL.1 and
QSng.pur2DL.2 (Uphaus et al. 2007)The QTL QSng.pus2DL.1 and QSng.pu2DL.2 were
common for the studies in Unite8tates and AustraligUphaus et al. 2007)Gonzalez
Hernandez et al2009) reporteda SNB resistance QTL on @mosome 5BL at a distance of
8.8cM distal totsnllocus and the resistance allele was found to be contributdd taygidum
var. dicoccoides Recently, new QTL for flag leaf resistance to SNB were located on
chromosome 1BS and 2AS which were not found be associated with the known HST

insensitivity loci(Francki et al. 2011)
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Additionally, partial resistanc®TL for SNB have been reportd@zembor et al. 2003;
Arseniuk etal. 2004) Arseniuk et al. (20043tudiedthe factors affecting partial riesance, such
as length of incubation period, disease severity and length of latent pEhiscallowed the
identification of QTL for partial resistance to SNB.QTL for partial resistance was located on
chromosome 6AL which accounted for 36% and 14% phenotypic variation due to disease
severity and length of incubation period, respectiyahgeniuk et al. 2004)The same study also
reported a putative QTL for partial resistance on chromosom@Aézniuk et al. 2004)The
QTL for partial resistance to SNB were reported on chromosomes 2B, 3B, 5B d@z&mDbor
et al. 2003) Several broad spectrum resistance (BSR) QTL to Fusarium head blight (FHB),
Septoria tritici blotch (STB) and Stagonospora nodorum glume blotch (SGB) have been
identified (Miedaner et al. 2012Among the identified BSR QTL, non@a$ been associated with
resistance to all three diseases (FHB, STB and SGB) but BSR QTL associated with resistance to
at least two diseases have been identifidebdaner et al. 2012A BSR QTL for resistance to
STB and SGB and another for resistance to FH8 86B have been identified during meta

QTL analysis using Arina X Forno mapping populatijbhiedaner et al. 2012)

2.5.Biochemistry and proteomics inthe study of HSTs

The techniques in biochemigtand proteomickave been cruciah the study of HSTs in
S. nodorumand other necrotroph3.oxA wasthe first HST to be identifieth Ptr (Tomas &
Bockus 1987; Lamari & Bernier 1989; Lamari 199T)oxA has been purified by many
researchers using series of filtrations antiquid chromatography techniquéBallance et al.

1989; Tomas et al. 1990; Tuori & Ciuffetti 1995; Zhang et al. 1989@ne of the earliest studies
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for purification of ToxA used multiple filtrations and column chromatography techniques. For
example Ballance et al(1989)useda ultrafiltration membraneatfilter the crude culture filtrate
containing ToxA. Subsequently, the filtrateontaining ToxA was further purified and
concentrated using sephadé&«<100 columis and CMecellulose columa In addition to the
sephadex and cellulose columns, othemwefatogaphy techniqueslike Mono-S fast protein

liquid chromatography (FPLC) and High performance liquid chromatography (HPLC) have also
been used in the purification of HSTs in PTromas et al. 1990; Tuori & Ciuffetti 1995)
Likewise, anion and/orcation exchang&PLC and gel filtration systemisave alsobeen used in
purification of HSTs like SnTox1, SnTox2, SnTox3, SnTox4 and SnToX& modorum(Liu,

Faris, et al. 2004; Friesen et al. 2007; Liu et al. 2009; Abeysekara et al. 2009; Friesen et al.

2012) However, in most casesnly partial purification of HSTs is possible.

Gel electrophoresis techniques separate the proteins according to their moleculgr weight
which allows the identification of candidate protginfor a HST (Liu et al. 2009; Liu et al.
2012) The candidate pteins identified by gel electrophoresis can dmalyzedby mass
spectrometry and identifiagsing a database searéta(mpitsch& Bykova2009. Ballance et al.
(1989) attemptedamino acidanalysis, spctrophotometry and tryptophan estimatioh the
purified PtrToxA. The amino acid analysis of PtrToxA was repehtedther researcheomas
et al. 1990; Tuori & Ciuffetti 1995and was found to be consistent with the results obtained by
Ballance et al(1989) The other aspects of the purified HSTsédalso been investigated, which
includes determination of heat stability and protease treatment to confirm the protein nature of
the purfied HST (Ballance et al. 1989; Tuori & Ciuffetti 1995; Liu et al. 2009; Liu et al. 2012)

Proteomics and metalemics were used to investigatee effect of ToxA on whediy Vincent
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et al. (2012) The same studseportedthe abundance @1 proteins and 101 metabolitas a

result of ToxA infiltrationin wheat(Vincent etal. 2012)

2.6.Geneticmapping

The relative location of gene(s) controlling qualitative and quantitative traits can be
determinedusing a genetic maghe mapping can be grouped into two different types based on

the type of trait under study: 1) Linkage mappamgi2) QTL mapping.

Qualitative traits are mapped using linkagealysis Linkage mappinggroups the
available molecular markers into differdimkage groups and arrangemrkers inthese linkage
groups inthe most likely order The phenotypic data for qualitative trait is treated as a
molecular markelocusduring linkage mappingLiu, Faris, et al. 2004)The sensitivity of wheat
cultivars toS. nodorunHSTSs is a qualitative trait. Therefore, linkage maps can be used to map
the location of HST sensitivity gene(s) relative to molecular markéws. Faris, et al(2004)
mapped thesnnl gene that confer sensitivity to SnToxsing synthetic hexaploid wheat-W
7984hard red spring wheat cv. Opata 85 based recombinant inbred population. The SnTox1
sensitivity gene was determined to be locaea dstance of4.7 centimorgans (cM) from the
markerXksuD14on the distal end of chromosome 1B3u, Faris, et al. 2004)The Snn2gene
imparting sensitivity to SnTox2 was also mapped using linkage analysis and was found to be
located ondistal end of chromosome 2{Briesen et al. 2007)The Snn2gene was estimated to
be at distances of 7.6 cM and 5.9 cM fronicrosatellite markerXgwmé614.1land Xbarc95

respectively(Friesen et al. 2007)The location ofother HST sensitivity geneSnn3(SnTox3)
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(Liu et al. 2009) Snn4(SnTox4) (Abeysekara et al. 2008nd Snn5(SnTox5) (Friesen et al.

2012)were also mapped using linkage mapping

Quantitative traits are complér nature and areontrolled bymultiple genes, such that
discrete classes are not pres@ieper& Poehlmar2006. The location ofa genecontrolling a
guantitativetrait on the chromosome is termed as a quantitative trait locus ((Hleper&
Poehlman 2006, p. 580). QTL analysis is used to locate the genetic location ofXhke. Plant
disease resistance can be a quantitative trait in some casesafples disease resistance to
SNB has been shown to be a quantitative trait and hence r€ldiedave been mapped on
different chromosomes of wheg@olomonet al. 2008). Francki et al(2011)recently reported
new QTL for flag leaf resistance for SNB on chromosomes 2AS and EB®&ajor QTL
coinciding with SnTox1 insensitivitysGnl) gene was mapped on chromosome 1RH,
Friesen, et al. 2004Yhe same study also found many ottménor QTL with varying effectson

chromosomes 3AS, 3DL, 4AL, 4BL, 5DL, 6AL an®I (Liu, Friesen, et al. 2004)

2.7.Applications of HSTs in breedingfor resistance

The use of HSTs as an aid to conventional breeding i®laively new idea.
Conventionalbreeding can bé&bour intensive and time ceaming HST-aided breeding is an
important toolfor breeding programsespeciallyin the regios where SNB epidemgare more
prevalent.In the recent years, many HSTs have been identified and purified in different
pathosystems including. nodorum(Friesen, Faris, et al. 2008; Ciuffetti et al. 2018nong the
five identified HSTs ofS. nodorum SnTox1(Liu, Faris, et al. 2004)SnToxA (Friesen et al.

2006)and SnTox3Friesen, Zhang, et al. 200Bave been well studied. One method of applying
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purified HSTs directly to the breeding prags is by screening the parental lines used for
breeding with the available HST@®/leeshouwers & Oliver 2014)This method has aided
breeding programs in Australia wieebreeders were able to eliminate the sensitive alleles
corresponding to the available toxin preparations based on infiltration g%4egshouwers &
Oliver 2014) Additionally, HST-aided breeding can also make field trials more efficient by
allowing elimination ofwheat cultivars or lines sensitive to specific HSHswever, the direct

HST infiltration in order to identify sensitive alleles is not an ideal method for achieving
complete resistance because only a handful of HSTs have been fully chara¢ieraeet al.

2000; Oliver et al. 2009; Liu et al. 2009; Liu et aD12) Therefore, any unidentified or
uncharacterized source of susceptibility for which the HST is not available cannot be eliminated
with HSTs Another use of HST is ithe genetic analyses of the hadiSTs can be used to
accurately maphe correspondg sensitivity genes. Therefore, these genes, once located can be
used to develop closely linked or gemesed markers ideal for markassisted selection.
However, developinglosely linked, diagnostienarkers for markeassisted selection can be
time caasuming and difficult process. Overall, identification, purification and characterization of

HSTs are important precursor stepsHS T-assistedreeding foISNB resistane.
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3. IDENTIFICATION OF A NOVEL STAGONOSPORA NODORUMTOXIN AND

MAPPING OF TOXIN SENSITIVITY IN WHEAT

3.1. Abstract

Stagonospora nodorurma a necrotrophic ascomycetausingfoliar and glume diseas@
wheatreferred toas Stagonosporanodorumblotch and Stagonospora nodorum glume blgtch
respectively The other hosts of. nodoruminclude barley and wild grass species. The
worldwide occurrence 06. nodorums well documented. The whe&t nodorunpathosystem
relies on inverse gerer-genetheory S. nodorunproduce a multitude ofproteinaceous host
selective toxins (HSTayhich include SnToxA, SnTox1, SnTox2, SnTox3, SnTox4 and SnTox5
The recognition o8 HST bya specific sensitivity gene in wheat causesisceptible reaction in
wheat. In this study, novel HSlost sensitivity gene interactions were investigalde: wheat
cultivar Laura was found to be sensitive and another wireaB86ISMN 2137 was found to be
insensitive to the HST(s) produced By nodorumisolate Swift Current in liquid medidhe
sensitivity gene for this HST was mappby infiltrating the culture filtrate of isolate Swift
Current into the Kenyon/86ISMN 213@combinant inbredine (RI) and Laura/861SMN 237
double haploid PH) populatiors. The chromosomal location of the putative sensitivity gene
corresponded to that &nn3locus. Therefore, onef the HSTs present in Swi@urrentculture
filtrate was identified to be SnTox3&dditionally, SnTox3 sensitivity in Kenyon/86ISMN 2137
recombinant inbred (RI) population was confirmee mappedising recombinant SnTox3. The

Kenyon/86ISMN 2137 RI population was previously thought to be insensitive to SnTox3.
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3.2. Introduction

Stagonospora nodorurtieleomorph Phaeosphaeria nodorunis related toother plant
pathogensuch asPyrenophora triticirepentis Cochliobolus heterostrophusndLeptophaeria
maculans in the phylum Ascomycota.Stagonosporanodorum is the causal agent for
Stagonospora nodorum blotch (SNB) desean tetraploid and hexaploidheat (Eyal, 1981;

King et al., 1983Murray andBrennan, 2009; Oliveget al.,2012)

SNB can bemanaged by the applicah of conventionafoliar fungicides. Howevera
growing concern for fungicide resistance threatens the traditional SNB management strategies
with increased fungicide use around the wdilixt et al. 2009; Murray & Brennan 2009;
Oliver et & 2012) Genetic resistance msoan effective long term SNB management strategy.
However, introgresion of the SNB resistanceorwheat varietietias proverifficult due to the
polygenic nature of SNB resistance and also due to the lagkdsfrsanding of host pathogen
interactions inthewheatS. nodorumpathosystemit wasn't until the unlocking ofdstpathogen
interaction mechanism involvingost selective toxins (HS) inS. nodorumby Liu, Faris, et al.
(2004) that the new avenue for achieving SNB resistance was realBdsequently, a
significant quantitative trait locu&®TL) for toxin insensitivity wasdentified and was mapped
on chromosome 1B®f wheat. The gene was later found tothe Snnltoxin insensitivity gene

(Liu, Friesen, et al. 2004)

Subsequentlyother HST(s) have been purified and their sensitivity ilo¢he hosthave
been reportedToxA is ane of the first pufied andbestcharacterized HSTwhich was first
identified in Pyrenophoratritici -repentisby Ballance et al.(1989) ToxA is believed to be

transferred fromS. nodorumto P. tritici-repentisas a result of interspecific virulence gene
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transfer(Friesen et al. 2006)iu et al. (2006)demonstrated th&nToxATsnlgeneinteracton

is comparable to PtrToxAsnlgeneinteraction In the following years, SnTox3nn2(Friesen

et al. 2007) SnTox3Snn3 (Friesen, Zhang, et al. 2008; Liu et al. 2Q009nTox4Snn4
(Abeysekara et al. 20089ndSnTox5Snn5 (Friesen et al. 2012hteractiors were characterized.
Although a total of six different HSTs have been identified to date, there are no set rules to
predict how many moreteractionsare yet to be identified. At present, searching for effective
resistance against SNB and understanding the underigbegactions in theStagonospora
nodorumwheat pathosystem relies on the discovery of new HST(s) and unlocking their
significance in the pthosystemThe objectives of this study weit@ purify and characterize HST

produced bys. nodorunmand genetically map the host sensitivity to the purified HST.

3.3. Materials and methods

Plant material

The Kenyon/861SMN 2137 recombinantnbred Ine (RI) populationconsisting of 125
linesandthe Laura/861SMN2137 double &ploid (DH) populatiorconsisting of 122 linewere
developed bysingle seed descent and the maize pollination methesigectively Kenyon and
Laura were susceptible parents where86ISMN 2137 was a resistant parerthe
Kenyon/86ISMN 2137 RI population and Laura/86ISMN 2137 DH population were used in

mapping of HST sensitivity genes.

Various wheat lines were used for bioassays to test known HSTs, purified HST(s) and
culture filrate. As part of initial screening step, varioueatlines (Table 3.1) with different
genetic background were tested for sensitivity to known toxins. The differential lines BG261,
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BG220, BG231 and M6 were obtained from Dr. Justin Faris's labs at | Btaées Department
of Agriculture, Fargo, ND, U.S.A. The differential lines, parental lines and a subset of the
Kenyon/861SMN2137 RIL population were used to test the HST(s) produced in culture filtrate

and to test the bioactivity of purified HST.

The Kenyn/86ISMN 2137 RI population and Laura/86ISMN 2137 DH population for
mapping and the seedlings for bioassay were planted in a similar arrang&emytn and
86ISMN 2137 were included as sensitive and insensitive checks, respedtivelgeeds of each
line were planted in a costainer cell (Ray Leach cortainers, Tangent, B). A total of two
conetainer cellsvere used for planting four seeds from each line using the pottin§umnishine

Mix #5 (Sun Gro Horticulture Canada L}d.

Bioassay

Bioassays were used for the following: 1) To screen different parental lines 2) To test for
the presence of HST in culture filtrate 3) To test the bioactivity of purified HST and 4) To map
HST sensitivity.The known HSTs SnToxgFriesen et al. 20065nTox1(Liu, Faris, et al. 2004)
and SnTox3(Liu et al. 2009)were obtained from Dr. Timothy Friesen's lab at United States

Department of Agriculture, Fargo, ND, U.S.A.

The second leaf of each seedling was used to perform bioasBagse leaves were
injected with approximateft00 pl of a known HST, culture filtrate or a purified HST. The
infiltrated seedlings from all bioassays were incubatedtlioee days in a growth cabinet
maintained aR1/19°C (day/night) with 16 hour photopmd. After threedays, the infiltrated
plants were rated using a scale of 0 to 3 whareli@atedinsensitive reaction, ihdicatedfaint
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chlorosis, 2ndicatednecrosis and/or chlorosis andriglicatedsevere necrosis. The rating scale

of 0 to 3 wagleveloped in Dr. Tim Friesen's |§bersonal communication)

Toxin production

S. nodorumsolates were isolated from infected leaf tissuisingle spore culture afach
isolate was used to inoculate double strength (2X) V8 agar mediumniBMB juice, 3 g
CaCQ, 159 Agar in 686ml distilled water). The inoculated 2X V8 agar medium was incubated
under fluorescent light for-8 days until pink colored pycnidiospores started oozing on the
surface. To this culture, #hl of sterile distilled water was addlén order to suspend the 00zing
pycnidiospres. 8Ql of the pycinidiospore suspension was used to inoculatenil2&f Fries
medium(5 g (NH;).C4H4O0s, 1 g NH,NO3, 0.5 g MgSQ.7H,0, 1.3 g KHPQO,, 2.6 g KHPO,, 30
g sucrose, 3 yeast extracand2 ml traceelements in 100@n! distilled water). Tracelements
for Fries medium wreprepared by suspendirig7 mg LiCl, 107 mg CuCl, 34 mg H,M0Q,, 72
mg MnCh-4H,0, 80 mg CoCh-4H,0 in a final volume of 100Gnl water. Corning 175 cnf
angled neck flasks (Corning Incorporated, Corning;) Nvere used for all Fries medium
cultures. The Fries medium culture was then incubated at room temperature in natural light for
threedays with shaking at 8@m. After three days, the flasks were subjed to stationary
incubation in an incubator maintained at 218@ dark conditions. The Fries medium culture
was used fora bioassay 12 days pestoculation into Fries mediumrhis 12dayold Fries
medium culture was filtered through two layers of mo#t (Merck KGaA Darmstadt,

Germany beforeinfiltration into seedlings.
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Putative toxin isolation and identification

Following positive idetification in the bioassay, th&. nodorumculture was further
filtered using 0.45 pm MilliporeDurapore membrane (EMD Millipore Billerica, MAand
dialyzed overnight against approximately 3 liters of chldi-Q purified water. Fortyml| of
dialyzed filtrate was then subjected to Cation Exchange Chromatography usih@B XL
Sepharose columin an AKTA Prime Fast Protein Liquid Chromatography (FPLC) unit
(AktaPrime: GE Healthcare UK) and 40fractions were collected. The fractions were eluted
usinga sodium chbride gradient ranging fromt® 300mM. In anotherbioassay, each of tht0
fractions wereseparately infiltrated int&enyon usceptiblésensitiveparent) and 86ISMN2137
(resistanfinsensitiveparent)to identify an active fractiariThe fractionghattested psitive in the
bioassay along with fractions preceding and following the actiaetibns wereseparated by

Tris-tricine gel electrophoresis.

The Tris-tricine gels werecastby pouring 12% separahg and 3% stacking gel into a
Mini-PROTEAN Tetra Cell system (BiRad Hercules, CA). Running buffer for the
electrophoresis consisted of 1X Cathode buffer (From 10X stogkTtis pH 8.25, IM Tricine
and1% (w/v) sodium dodecyl suite) and 1X Anode buffer (From 10X stockiM2Tris pH 8.9).

The 15pl of each sample was red with 6l of 6X sample buffer (3.5nl 1M Tris pH 6.8,
1.0289g SDS, 0.93g dthiothreitol (DTT), 3.6ml glycerol and1.2 mg bromophenol blue in a
total volume of 10ml) and were incubated in a boiling water bath for 5 min. The samples were
then separated by electrophoresistfweehours using constant voltage of 80Active fractions

with asimilar profile on theTris-tricine gel were pooled and electrophoresia sfnall aliquot of
each pooled sample wagpeated on dris-tricine gel andalso used for differential line

infiltration. After electrophoresishe candidate band was excisatkylated anddigested with
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trypsinasdescribedoy Rampitsch and Bykova (200p. 93110) The digested protein was then
analyzed by L&MS. The MS/MS spectra were theueried againstStagonospora nodorum
database{ StagonosporanodorumSequencing Project, Broad Institute of Harvard and MIT

(http://www.broadinstitute.orgfjL2,379sequence$lsing Mascot (v2.4)

Statistical analysis

Least squareneanswere calculated for the toxin infiltration data-0scale) with JIMP
Genomics 6.0 (SAS Institute Inc.) using a mixed model where wheat lines were considered fixed
effects andreplicate was considered a random eff@ttese least square means were used for

mappingthe sensitivity gene.

The 6 ?analysis was conducted for the phenotypic data obtained from the Swift Current
culture filtrate infiltration in Laura/861SMN 2137 Dpopulation. The Laura/861SMN 2137 DH
population was phenotyped based on a HST sensitivity scale of OwbeBe O refers to no
visible necrosis/ chlorosis and 3 refers to severe necrBdls with a mearranging from 0.5
wereconsidered insensitive theHST andRILs with a mear» 0.5wereconsidered sensitivé
G “test was used to determine if the observed segregation ratio fit Mendelian segregation ratios
The 6 ?value was calculated as follows:

1T ACAODOAAABODAROAAA QI ¢
AZPARORAAO

GC

Where,reduction of1/2 from the absolute value of difference between observed and expected
number is the Yates correctionterm (Strickberger 1985) which is used when only two

phenotypic classes are observed
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The significance of calculate “aalue was calculated &% confidence limit and 1

degree of freedom (df).

Linkage and QTL mapping

Ninety-seven RILs of the Kenyon/86ISMN 2137 populatioargpreviously genotyped
with a combination of simple sequence repeat (SSR), diversity array technology (DArT), and
single nucleotide polymorphism (SNP) markers. DNA was extracted from fdeezkseedling
leaf tissue with the Qiagen Dneasy 96 Plait(Riagen, Mississauga, QNHoechst 33258 stain
was used to quantiffPNA by fluorimetry. DArT markers were assayed by Diversity Arrays
Technology Pty. Ltd (Yarralumla, Australia). The SNP markers were genotyped using the
lllumina Infinium 9K wheat SNP beadchip,s per manuf actEachS8SR®GR i nstr
reactionwas 10 pl in volume andwas composed a25 ng of template DNA, 1x PCR buffer
(Applied Biosystems,Foster City, QA 1.5 mM MgC}, 0.5 U of Tag DNA polymerase
(Gibco/BRL, Mississauga, ON 200 uM each dNTP,20 pM forward primer, 180 uM 6
FAM/HEX/NED-l abel |l ed M13 3pr iQRreCGACBITGTAAAACGAC;
Biosystems, Foster City, QAand 200 uM reverse primeé8SR PCR reactions were performed in
a 384 well PCR plate®A 5 6 , nudedtideM13 tail ( 5-& 0 , CACGACGTTGTAAAACG
(Schuelke 2000jnodification was added tdldorward microsatellite primers. Thaenaturation
of reaction mixture waperformedat 94C for 2 min, followed by 30 cycles of 96 for 1 min,
49/58C for 50 s, 73C for 1 min, with a final extensioat 73°C for 5 min.An ABI Prism 3130
Genetic Analyzer (Applied Biosystems, Foster C@A) was used to resolvdicrosatellite PCR

amplicons To this genetic map, tif@nn3andTsnlloci were added with the toxin reactidata
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from SnTox3and SnToR, respectively. The linkage map was developed with MapDistsion

1.7.5 (Lorieux, 2012).

One hundred and four DH lines of the Laura/861SMN 2137 population were genotyped
with simple sequence repeat (SSR) markers on chromas@Amand 5B (Somers et al. 2004).
PCR and electrophoresis conditions wtre same adescribed for the Kenyon/86I1SMN 2137

RIL population. The linkage map was developed with MapDisto version 1.7.5 (Lorieuy, 2012

QTL analysis was conducted with QGene version 4.3.10 (Joehanes and Nelson 2008)
using simple interval mapping. LOD significance thresholds were determined by permutation

testing (10,000 permutations; Churchill and Doerge 1994).

3.4.Results

The parental lias were screened for sensitivity to known HSTs SnToxA, SnTox1 and
SnTox3. Among 4Q@vheatlines (including parental lines3creened by infiltration ohe HST(Ss),
mostwheatlines hadsensitivity to either SnToxA or SnToX3able3.1). Somewheatlines were
sensitive to both SnToxA and SnTox3. Glenlea and SYN HEX Elite #44 were sensitive to
SnToxAand SnTox1. SYN HEX Elite #85 ai@l¥N HEX Elite #25 were the only lines sensitive
to SnTox3 and SnTox1SC8021Vv2 was the onlywheatline sensitive to all three xms,
althoughthe sensitivity due to SnTox3 and SnTox1 weslent as a faint chlorosisFourteen
wheatlines were insensitive to théhiree known HSTSsTriticum turgidumPI1352519was one of
the fourteerwheatlines insensitiveo all three known HSTEBG261 andM6 are differential

lines for SNnToxA and SnToxl respectively which tested sensitive to their respective HST.
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However, upon infiltration with SnTox3, BG220 did not exhibsensitive reaction despite of

being a differential line for SnTox3.
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Table 3.1. Sensitivity of wheatlines to SnToxA, SnTox3 and SnTox1

Wheat Lines SnToxA SnTox3 SnTox1
Kenyon +++ +++ -
Superb +++ +++ -
Genesis +++ +++ -
HW04300 +++ ++ -
Kane +++ + -
Coulter +++ - -
RL4452 +++ - -
AC Domain +++ - -
BW278 +++ - -
98w1147 +++ - -
AC Karma - +++ -
Altar Synthetic - +++ -
AC Foremost - +++ -
Laura - +++ -
Nyubai - +++ -
Septoria Synthetics57 - +++ -
CDC Alsask - ++

IR0O5157 - ++ -
92MREHTR28B - ++ -
SYN HEX Elite#9 - - +
Glenlea +++ - +
SYN HEX Elite#44 +++ - +
SYN HEX Elite#1 * - +
SYN HEX Elite# 85 * +++ +
SYN HEX Elite#25 - +++ +
SC8021v2 +++ + +
86ISMN2137 - - -
RL5407 - - -
Wuhanl - - -
Erik - - -
BW880 - - -
CNT2 - - -
SK0263 - - -
SKO0505 - - -

SYN HEX Elite#67 - - -
SYN HEX Elite#89 - - -
T. turgidum(P1352519 - - -
Thatcher - - -
BR34 - - -
2000 Spelt#20 - - -
BG261GnToxA differential +++ - -
BG220GnTox3 differentidl - - -

M6 (SnTox1 differentil - - ++
Note: +++ Indicates high necrosis rating of 3 - Indicates necrosiandchlorosis rating of O
++ Indicates necrosis and or chlorosis rating of 2 * Indicates missing data

+ Indicates faint blorosis rating of 1



Fig. 3.1. Kenyon/86ISMN 2137 5B map demonstrating the map locatidrsotandSnn3onthe
long andshort arm of chromosome 5B respectively.
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