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ABSTRACT

Winter cereals can be colsed by a number of different sdibrne organismsncluding
crown rot and common root rot pathogens which can have a devastating economic impact on
associated industrie¥hese diseasemmage the tissues tbfe subcrown internod€SCI) and
thestem andresult insubsequent yield lossds.Australia, crown rot disease is predominantly
caused byFusariumpseudograminearurand Fusariumculmorum In different parts of the
world, such as thé&nited States of AmericlJSA), Fusariumgraminearumhas also been
associated wittcrown rot In Australia, Bipolaris sorokinianais the soil-borne pathogen
causingcommon root rofThe current study aigto examinghe ability of these four pathogens

to inducecrown rotand common root rosymptoms in five winter cereals in tiggasshouse
andfield.

Seedling inoculation tests wecenducted, in the glasshouse,examine disease severity on
leaf sheath@nd SCls specifically theimpacts on shoot length and shoot dry weight. Two
strains each oF. pseudograminearunt. culmorum, F. graminearuyrand B. sorokiniana
were inoculated across a single cultivar of a range of winter cereals: (héolelpum vulgarg

bread whea(Triticum aestivurjy durum wheat(Triticum durun), oat (Avena sativy and
triticale (xTriticasecal@. A significant variation in disease severfty< 0.05)among the four
crown rot and common root rot pathogens was observed, including variation between pathogen
strains. Significant differencesamongst thecereal cultivars were observed in the disease
severity of the leaf sheaths and S@urthermorea significantreductionin the shoot length

of all cultivarswas observeavhen inoculated witlr. pseudograminearurgp < 0.05) while

dry shoot weight wasnly significantly reducedd < 0.05)in thebarleyvariety Grimmett.

Field inoculationtrials using threestrains ofcrown rot pathogens arahe strain ofcommon

root rot pathogemvere conductetb compare the visualiseasesymptomson the sterms and

SCis of all five winter cerealsat three harvest stages (tillerinfipwering, and maturity)
Significant differences in the disease sevesibn theSCI (p < 0.001)and sterawere observed

(p = 0.002)for the crown rot and common root npathogenscross the five winter cereals.
Variation in disease severitwas observe@mong the cultivarslepending orthe pathgen
inoculum Therewas a significant effect for pathogensn plant height | < 0.001)for both
years A significant difference was observedilantweight between harveiine and pathogen

for 2016 trid (p < 0.05) and significant impact between the pathogens in plant weight for 2017

experiment(p < 0.001) Fusariumpseudograminearurand F. culmorumDNA were most



frequently detected in alkerealcultivars, whileF. graminearunandB. sorokinianeDNA were
detected the leagDathad low or no disease severigthoughthe DNA of each pathogewas
detected

Oat is a potential host to crown rot pathogens iarmbnsidered an asymptomatmp The
reactionof forage oat cultivars tanoculation with a range df. culmorumstrains has not
previouslybeen examinenh Australia Thevirulenceof eight strains oF. culmoruncollected
from different regions of Australiénorthern, southern, and westeacyross five forage oat
cultivars and onéreadwheat cultivamveretested A positive control omixed inoculum of-.
pseudograminearunwas included in this experimenalong with anegativehorrinoculated
control for each cultivarA significant interaction between strains and culti@rs 0.001)was
observedor the disease severipn the leaf sheath®©neF. culmorumstrain causegreater
disease severity on forage oat cultivars Coolabah, Genie, and Drover compared to the other
strains.

Yield lossesof bread wheat due to crown roan be more severe whenought conditios
occurduring grain fill Studies have shown thatadightaltersthe rootarchitectureof bread
wheatresulting inchanges tdhe root system including root anglength and biomasshich
have a negative impact arop yield The impact o€rown rot infection orhe root architecter
of bread wheahas notbeen investigatedRoot angle, length, number, fresleight, and root
dry weight of a bread wheat cultivarinoculated with the crown rot pathogens-.
pseudograminearumndF. culmorumwere examined acontroled environmentFresh foot
and dryweight, leaf area of the oldest atiak youngest fullyformed leaf leaf numberand
disease sevity of the first leaf sheathwere recordedAll aspects of the root system were
reduced whemnoculatedwith F. pseudograminearupexcludng root angé which exhibited
no difference between the inoculated and-mmtulated treatmentd contrastnoimpact was
observed on the rocharacteristis of breadwheat when inoculated with. culmorum

In conclusion, thisresearchexplored the host reaction different winter cerealsspecies
inoculated with four crown rot and common root rgiathogensat different stages of
developmentin this studyF. pseudograminearunvasgenerally more pathogenic on barley,
bread wheatjurum wheat and triticale cultivatisan on oatWhilst oatwasconsidered to be
moretolerantto crown rot and common root rot pathogesmneF. culmorumstrains cause
infection on a range of oat cultivarEhis suggestshat oas may not besuitablein a crop
rotation system to reduce crown rot pathogens in the fidhts studyhasled to a better
understanding of the infection potential simecrown rot and common root rot pathogen

across a range of winter cereal species. The results of this study will provide valuable



information for management strategies targeting crown rot and common root rot diseases in

crop rotations.
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CHAPTER 1: LITERATURE REVIEW

Crops such asaize wheat,and rice, are vital for feeding teeerincreasingylobal population
and play a major role in the agriculture sector, contributing to economies worldvad
countries rely ograin cerealsuchaswheat,rice, barley, maize,sorghumyye and triticale for
food consumptioriPitts et al. 201} World grain production i2018/19 ncluding rice, wheat
and coarse grain was 2,625.4 (tSDA 2019. Recently, he global production of grains
specifially wheat has beendecreasingpartly due to the significant increase in global
temperature and drought thHas occuredin several regionsf the world(FAO 2018. Crop
diseasesre also major contributors tthe reduction in crop productio(FAO 201§. As a
result, he 2017/18 wheat productiosstimateof 761.9mt wasreduced by 31 mduring the
2018/19 seasoftySDA 2019.

1.1 GRAINS INDUSTRY IN AUSTRALIA

In Australia, grain production including rice, wheat and coarse gvtailed 78.9 mt in 2018

whichis considered small in comparison to world produc{ld8DA 2019. However, due to

A u s t rraldtivelgsinall populationgrain cropsan beused both for local consumption, as

well as contributing a significant portion to the global trade (approxima@®tyof Australian

grain productioris exported (Pitts et al. 201;7White et al. 2018 In 2017 a report fronthe
Department of Agriculture and Water and the Australian Bureau of Agricultural and Resource
Ecanomics and Sciences Resources (ARESR) showed that (sdieat, barley, sorghum, oat

and coarse graipsvorth $17.313 billionand oilseedsand pulsesvorth $6.688 billion are
Australiaods | argest category of foode produ
Australianagriculturalproduction(McKeon et al. 2016 Australia producedip to 63 mt of
grain(wheat coarse grains and oilse@as 2015/16 (White et al. 2018 with an averagé&4 mt

consumed domestically ad® mt exported(White et al. 2018 Across Australiaon average

20to 22 million haare planted annually to commercial grajitcKeon et al. 2016

Geographically, the grains indugis located n t h e 0 c r Auptilia angs défireedt 6 o f
by three regionsthe northern, southern andwestern regios (Murray & Brennan 2009

McKeon et al. 2016GRDC 2019a (Fig.1). The northern regiomncompasseQueensland

(QLD) through toNew South WalegNSW) (GRDC 2019 (Fig.1). Most rainfalloccursover

the summer month3.he high moisture storing capacity of the clagsed soils of this region,

enhancedby some winter rainfalllow winter cropgo begrown (Backhouse & Burgess 2002



Murray & Brennan 2009GRDC 2019a In winter, this region producdsarley (Hordeum
vulgarelL.), canola(Brassica Napus chickpeagCicer arietinum), faba beangVicia faba),
field peas(Pisum sativury) linseed(Linum usitatissimun), lupine (lupins), millet/panicum
(Pennisetum glaucumoat (Avena sativa..), safflower (Carthamustinctorius), triticale (x
Triticosecalewittmack) and wheat (Triticum aestivumL.). In summerit producescotton
(Gossypiuy maize(Zea mays mung beangVigna radiatg, peanutgArachis hypogaea
sorghum(Sorghumbicolor), soybeangGlycine may andsunflowers(Helianthug (McKeon

et al. 2016. The southern regiooovers soutleastern Australia includinyictoria (VIC),
South AustraligSA) and Tasmani§dGRDC 2019a (Fig.1) and has an even rainfall pattern
throughsummerto winter (Backhouse & Burgess 200Rurray & Brennan 2009GRDC
20193. This region produces barleyanola cereal rygSecale ceredl chickpeasfaba beans
field peas lupins, oat, safflower, triticale, vetch (Vicia), lentils andwheatin the winter and
maizeandirrigated rice(Oryza sativaiin the summefMcKeon et al. 2016 The western region
is locatedin the southwestern corner of Western Australf/A), where soil fertility is
generally low to very loWGRDC 2019a(Fig.1). This region has@aoderate climate with very
dry summersandreliable winter rainfall(Backhouse & Burgess 200Rurray & Brennan
2009 GRDC 2019aandbarley, canolaupinsandwheatare the most common grains grown
in winter (McKeon et al. 2016
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Figure 1. Australian grains regions including the Northern region (QLD and NS
Southern region (VIC, SA and Tasmania) and the Western region (South west o
(GRDC 2019

1.1.1  Economically important winter cereals in Australia

Winter cereals have manydustrialuses and provide nutrition for humans and anindis.
most important winter cereals in Australia include wheat, barley, durum wheat, triticale, rye,

and oatThefollowing sectiors will describe the major uses winter cerealsn Australia
1.1.1.1  Bread wheat (Triticum aestivumL.)

Bread wheat Triticum aestivurjp is considered one of the most important grain crops in
Australia, with 21.2 mt produced in 2018/(ABARES 2019. Bread wheat is processed to

produce bread, flour angastries Commercially, the Australian wheat industry accounts for

10to1 5% of the worl doés 10O0AEBGBIC2@H.nual gl obal wr

1.1.1.2  Barley (Hordeum vulgareL.)

Barley Hordeum vulgargis the second most important grain crop in Australia. More than 8.9
mt of barley were produced in 2018/19, with almost 3.4 t/ha of barley grown across the southern
region of Australia(ABARES 2019. Barley is used in livestock feed, malt and alcoholic
beverage$ABARES 2019.

1.1.1.3  Durum wheat (Triticum turgidum L. var. durum)

In 200506, durum wheat productian Australiawas0.5mt (Kneipp 2008. NSW accounted

for around 56% an&A 41% of production(Kneipp 2008. Durum wheat is used to produce
pasta. The Australian durum grain is known to be of high quality and is exported across the
world (McKeon et al. 2016

1.1.1.4  Oat (Avena sativd..)

Australia is a world leader in theroduction of milling oats and they are considered an
important product for the international mariath 1 mtproducedn 2018/19ABARES 2019.
Oatis used as animal feed, but also for human consumptioargals)ike oat flour, oatmeal

and bread.


http://www.agriculture.gov.au/abares/research-topics/surveys/grains

1.1.1.5  Triticale (x TriticosecaleWittmack)

Triticale is a cereal crop thatas artificially createdin the late 19 centuryfrom crosses
betweerbreadwheat(hexaploid)and ryg(Castleman 1996In Australig in 2018/190.255 mt

of triticalewasproducedTriticale is often used as livestock feed because the soft grain makes
it more palatable than wheand barley. Small amounts toticale are also used for human

consumptior(Castleman 1996

1.2 WINTER CEREALS DISEASES

Winter cereals may hiefectedwith different root and foliadiseases, which can causevere
losses tahe Australian economyiseaseand pestghat attack the roetof the planarecalled
soil-borne diseasefoot lesion nematod@®(atylenchus neglectus a significansoil-borre
pest, whichcancause great lossés the Australian wheat and barley industry watherage
losses o573 millionrecordedor wheat and $21 million for barlgjurray & Brennan 2009
Murray & Brennan 2010 Otherimportantsoil-bornediseasesvhich cause significant damage
to the Australian wheat and barley induséme crown ot, common root ot and takeall
(Murray & Brennan 2009Murray & Brenran 2010.

1.3 CROWN ROT: THE DISEASE

In Australia,crown rotcaused byFusariumspeciess a significant disease @finter cereals
such as wheat and barlegnnually cosing the wheat industry $79 million and the barley
indugry $18 millionin lost yield(Murray & Brennan 2009Murray & Brennan 2010 Crown
rot was first reported IfQLD in 1951 (McKnight & Hart 1966 and inVIC in 1965 (Purss
1969. Burgess et al. (2001however,suggested the disease could have heefustralia
before this timelt is also an imprtant disease worldwigeausingsignificantlosses irNorth
America (Smiley et al. 2005 South Africa(Lamprecht et al. 2006 West Asia and North
Africa (Ammar 2004 Saremi 2011

1.3.1 Crown rot symptoms

In seedlings, visual symptonappearas small necrotic lesions on the coleoptile, followed by
brown discolouration on the sulbown internode (SCI), leaf sheath and stem tis@@gess

et al. 2001 Percy et al. 201 Xazan & Gardiner 2018 Brown discolouration on roots is less
severghan that found on the SCI aledf sheath@night & Sutherland 2013bThe symptoms

of crown rotdisease ora mature plant are a hondyown discolouration on the base of the



stem and discolouration of the SEurgess et al. 200Knight & Sutherland 2015 Brown

lesions develop on the stem from the crown of the plant and can be seen up to the fifth node
under drought conditioiiBurgess et al. 2001). At maturity, under moist conditions, a pink
colour often occurs on diseased tissue, particularly around the nodes, and therisichenizne

stems can be filled with hyphae of the fun@fasrss 1969 Crown rot can lead to the formation

of white heads, which have few or no graimsdsometimes the disease can become severe
enough to cause premature death of the plant (Burgess et al.\2BitE)eads develop during

water stress, usually after flowerir{yloore et al. 2005 Hollaway et al. 2018 and are
hypothesised to occur due to disturbances in the vascular translocation system at the base of
the plantBurgess et al. 200Hollaway et al. 2018 Hollaway et al. (2013)ndicated thathe

level of F. pseudograminearumndF. culmorumDNA waspositively correlated with crown

rot expression including thierown stemdiscolouration and the formation of whiteadsin
barley,durum wheatand spring wheaEven when whitéeads do not occur, yield lodse to

crown rotcan still be observe@Mooreet al.2005 Hollaway et al. 2013

1.3.2 Crown rot: pathogens

SeveralFusariumspecieshave beerassociatedvith crown roton winter cerealsincluding
Fusarium pseudograminearynk. culmorumand F. graminearum(Backhouse & Burgess
2002 Akinsanmi et al. 2004Backhouse et al. 2004During the 1950& complexof fungal
species wadelieved to beassociated with crown raind foot rot in Australia, with-.
culmorum considered the most important spedi@stler 196). Magee (1957)eportedthat
crown rot causelly F. pseudograminearunvas firsteportedn QLD in 1951 and in NSW in
1955.F. pseudograminearuis nowthedominantpathogen rgponsible foccrown rotdisease,
with otherFusariumspecies, such ds. avenaceum, F. crookwellenge culmorumandF.
poaeinfrequentlyisolatedfrom crown rotdiseased tissu@Vearing & Burgess 1977Burgess
et al. 2001 Backhouse et al. 200©Dbanor et al. 20)3Fusariumpseudograminearurhas
been found throughout the main cerg@wingregionsand its occurrence did not appear to be
limited by climate withinhe Australian grain be(Backhouse & Burgess 200Backhouse et
al. 20094. However, the fungus has not been found in some areas incthdiggre Peninsula
in South Australia, the western margins of the grain beateimtral New South Wales, and an
area nortkeastof Charleville in Queenslan@ackhouse & Burgess 200 hedistribution of

F. culmorumon cerealss more limited than that df. pseudograminearunt his fungus most

frequentlyoccursin colder high rainfalbreasof SA, VIC andscattered localitiesf WA in



Australia and also, ithe southeasterrDarling Downs, QLIOxnorthern summer rainfall zone)
(Backhouse & Burgess 200Backhouse et al. 2004This suggestghat therefactorsother
than climateareresponsible for the distribution &usariumspecies such as stubble retention
practices in farming systeniBurgess et al. 2001

Fusarium graminearum(previously Fusarium roseum is an important pathogen causing
Fusariumhead blight in several parts of the world includigja, Canda, EuropgAmerica
andAustralia(Goswami & Kistler 2004Akinsanmi et al. 2008Hogget al. 2010. This fungus
has been reportetd causecrown rotof wheat insouthern Chilen South America (Moya-
Elizondo et al. 2016North America(Smiley et al. 2005 Dyer et al. 200Pand Australia
(Akinsanmi et al. 2004Akinsanmi et al. 2006 Theimportanceof F. graminearunas acrown

rot pathogens not fully understood.

1.3.3 Morphology and characteristics of Fusarium spp.

For many yearsa lot of confusion surrounded the identificationFofgraminearumFrancis

and Burgess (1975)livided F. graminearuminto two groups Group 1,the pathogen
responsible for crown rot, and GrouptBe pathogeneasponsible foFusarium head blight

Many other research groups tried to further subdiFidgraminearunbased on pathogenicity
virulence culture morphology and zearalendogin production(Cullen et al. 1982Carter et

al. 2002 Desjardins et al. 2004 Cullen et al. (1982)lividedF. graminearuminto two groups

t er med O Add dsm, Carter@tBald (2002andDesjardins et al. (2004yho identified

three groups A and B and C in Europe, Nepal and the United States based on the same

characteristics
Aoki and O'Donnell (1999bs t at ed t hat Al ot is hard to diff
mor phol ogically, but there are | mpoThdyant e

concluded that the two pathogens could be distinguished based oonidel shape and
intensity of sporulationand absence of homothallic production of perithecighe
morphological differences betweeome Fusarium species are difficult to determine and
cultures ofF. graminearumcan be easily confused with othéusarium species such d&s.

pseudograminearu@ndF. crookwellenséLeslie & Summerell 2008
1.3.3.1 Fusarium pseudograminearumdoki& O6 Donn el |

F. pseudograminearum(previously known asFusarium graminearumGroup J is a
heterothallicpathogen(the condition of having male and female reproductive structures in

different thalli) but predominantly reproduces asexualtg sexual stage (or teleomorph) is
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known asGibberella coronicola/Aoki & O'Donnell 1999h. Both teleomorph and anamorph
stages typically produce welkeveloped branched, septatghge(Aoki & O'Donnell 1999h.
Fusarium pseudograminearunproduces macroconidian pale orange sporodochia on
Carnation Leaf Agar (CLAJLeslie& Summerell 2008 On Potato Dexbse Agar (PDA), the
colony colour ranges frorared, brownish yellow to whitéLeslie & Summerell 2008 The
macroconidia are falcate to fusiform and sometimes relatively slender, curved to almost straight
with a curved apical cell and a feshaped bsal cell (Fig2a) (Leslie & Summerell 2008
Fusarium pseudograminearurproduce a thickwalled hyphal cell ¢hlamydospore) which
functions as a sporand usually develop within four weekson CLA culture (Leslie &
Summerell 2008 Chlamydospores are rarely produeed when they occur usually apale,
yellowish-grey(Aoki & O'Donnell 1999h. Fusariumpseudograminearufmas been associated
with winter cereals such as barldyead wheatrye, durum wheat, iticale, oatand grassy
weedg(Burgess et al. 200Leslie & Summerell 2008

1.3.3.2  Fusarium culmorum(W.G. Smith) Saccardo

Thesexualstage(teleomorphpf F. culmorumhas not been found and it is still unknown if the
fungus is heterothallic or homothalligMishra et al. 2003 Scherm et al. 2033 The
macroconidia are formed in large quantities nange sporodochia on CLA. On PDAR,
culmorumgrows quickly creating numerous sporodochia in a large d¢epore mass (fio 2

cm diameter)Leslie & Summerell 2008 Sporodochiare pale orange but become brown to
dark brown with age. Most strains produce red pigments, but some can havberolive
mycelium and pigment in the agaeslie & Summerell 2008 The macroconidia are short and
falcate to fusiform and thielalled, usually 30 5 septatéFig. 2b) (Leslie & Summerell 2008
Scherm et al. 20)3The basal cell is foeshaped or just notched; the apical celblignt or
slightly papillate(Scherm et al. 2033The chlamydospores usually takéo® weeks to form
on CLA (Leslie & Summerell 2008 F. culmorumhasa large host range includingarley,
maize oat,rye, sorghumwheatandvarious grasseand haslso beermsolatedfrom asparagus

beancarnationflax, peared cloverandsugar beetScherm et al. 2033
1.3.3.3  Fusarium graminearumSchwabe

The sexuabkpores off. graminearum(Gibberella zeaeSchweir) (previously known as-.
graminearunGroup?2) areproducel insmall flaskshaped baéscalled perithecia that enclose
the asciThe fungus is homothallic and thus perithecia can be formed without the need to cross

isolates(Leslie & Summerell 2008 Macroconidiaareslim, thickwalled with 5 to 6septate,



evenly curved to straight and the ventral sidgtiaight,and the hckside smoothly bent (Fig

2¢) (Leslie & Summerell 2008The sporodohia are faint orangendCLA (Leslie & Summerell
2008. On PDA, the colonies grow quickly, producing large hyphae usually white to faint
orange to yellow in coloufLeslie & Summerell 2008 F. graminearumhas been found
primarily in maize, wheat and barley, but also can be found in a variety of othe(loesps

& Summerell 2008

\-,._.A_._—t_.&,\

(& o

Figure 2. Macroconidia ofFusarium pseudograminearunga), Fusarium culmorum(b),
Fusarium graminearunic) . S c al e (lesie & Summekell 2008

1.3.4 Life cycleof Fusarium species

The life cycles of. pseudograminearuandF. graminearunare similar, whereby, both fungi
can reproduce through sexual and asexual sporulglitanet al. 20138 (Fig. 3). While
Fusarium species can survive for many years in the soil atlamydospores,F.
pseudograminearurpredominantly survives as hyphae in the soil and on stubble remaining
from the previous cropsyhich germinate to produce asexual macrocor{igia 3) (Wearing

& Burgess 1977aBurgess et al. 200Ma et al. 2013Kazan & Gardiner 2018 The stubble

of the previous year axts a source of inodum for the next seaso(Burgess et al. 2001
Kazan & Gardiner 201)8Direct contact between host and stubble fragments has been shown
to be necessary for infection to occaF. pseudograminearuiiBurgess et al. 200Ma et al.
2013.

Initial infection of F. pseudograminearunoccurs through the crown region of the host
including coleoptile, SCI, lower leaf sheaths, andsequentlynovesinto thebasal internode

of the stem(Purss 1966Burgess et al. 200Kazan & Gardiner 2098 The pathogerthen
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frequently persists tthe stem epidermal tisswga stomatal openings, then moves into the
hypodermis to induce typical browning discolouration on the stem and vascular (i&sigis

& Sutherland2013a2013h 2016. Both hyphae and spores @nvivefor years in the stubble
residuein soil (Burgess et al. 20Q1Environmental conditions and cultural practices play an
importantrole in the survival of the inoculum in the field such as saihoisture and cool
conditions in which the spores can survive londBurgess et al. 200Kazan & Gardiner
2018. High temperaturebetween 2%C to 31°Carefavourablefor disease development in the
field (Burgess et al. 200Backhouse & Burgess 20p2

Fusarium culmoruncan survive in the soil for up to three years as chlamydosfi®oekus et

al. 201Q. However, the life cycle dfc has not been fully examined.
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Figure 3. Generalised life cycle dfusariumspeciegMa et al. 201R Abbreviations:Fg (F.
graminearun), Fol (F. oxysporunt. sp. lycopersic); Fp (F. pseudograminearumFs (F.
0 s o If.ampisify Fv (F. verticillioides.

1.3.5 Fusarium specieddentification and genetic diversity

Comparingnorphologicaktharacteristicss one methodisedto distinguish betweeRusarium
species(Leslie & Summerell 2008 however, this method is nalways accurate As
mentioned previously;. graminearunandF. pseudograminearumvereconsideed to beone
speciesauntil 1975 whenF. graminearunwassplit into Group 1 and Group 2 bdyrancis and
Burgess (1975pased on geographic distributions and pathological symptdhese two
groups are morphologically and culturatlifficult to distinguish(Aoki & O'Donnell 1999h.

In molecular studiesRandom Amplified Polymorphic DNAs (RAPDs) were used to



differentiate anddentify Group 1 and Group 2 strains Bf graminearum(Schilling et al.
1996. SeveralPolymeraseChainReaction(PCR) based assay&redeveloped for the specific
detection and identification ddeveralFusarium spesies using a unique marker for each
speciesincludingF. culmorum F. graminearumandF. pseudograminearun{Schilling et
al. 1996 Niessen & Vogel 1997 Furthermore, molecular methods were useentify the
genetic diversityamongsthe strainswithin the pathogei(O'Donnell & Cigelnik 1997 Aoki

& OO6 Do nn eAocki & O'BDodrela1999h. Aoki and O'Donnell (1999bidentified two
groups of F. graminearumbasedon morphological, physiological characters atieir
molecular phylogenetic relationshiy analysng 17 Group 1(F. pseudograminearunand 15
Group 2(F. graminearun strains In this assaythe DNA sequence data frotine b-tubulin
genewas employed toexaminethe systematic and phylogenetic relationshgdsthe two
speciesThey found thaF. pseudograminearumepresents a phylogenetically distinct species
but isrelatedto theF. graminearummonophyletic groug

A high level ofgenetic variabilityhas been reported withFFusariumpopulationgMishra et
al. 2003 Akinsanmi et al. 2004Akinsanmi et al. 2006Khudhair et al. 2019 These studies
werecarried ouin differentgeographical ranges, orasingle field levelandhave reported a
wide genetic variabilitywithin a field whereasrelatively modestifferenceswere detected
among populationselectedrom different climaticregions(Miedaner et al. 20Q1Akinsanmi
et al. 2006 Chakraborty et al. 200@entley et al. 2008 Akinsanmi et al. (2006¢mployed
Amplified Fragment Length Polymorphism (AFLP) analysis to assess 72 F.
pseudograminearurstrains and 5%. graminearumstrainscollected fromQLD and NSW,
Australia from crown ro{77) or head bligh{52) affected plant materials. The ALFP analysis
showed that 70 othe 72 F. pseudograminearurstrains and 56 othe 59 F. graminearum
strains had different haplotype&n additional27 F. graminearumstrainscollected from a
single location evealed 18different AFLP haplotypesThe results suggeshat there is
significant genetic diversity amongbt pseudograminearurand F. graminearumstrains
collected from different geographicaleasor from the same fiel@Akinsanmi et al. 2006 In
another study, the AFLP analysighin and betweerightF. pseudograminearupopulatiors
(217straing from north-easterr(south QLD and northNSW), southcentral (central and south
NSW and VIC), andsouthwestern(SA and WA) regions of the Australian gradelt were
collected(Bentley et al. 2008 The resultsevealed high levels of genetic diversiijth 176
haplotypes identified The analysis of the molecular variatiasf Bentley et al. (2008) s
population studyndicated 50% differences withithe population of. pseudograminearum

strains from the Australian gralmelt, and 32% between the populas@nd a further 18%
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among the populations within regior@ne cluster contained isolates frahe northreastern
Australian populations and the other cluster contained isolates from thecsotril and
southwestern Australian population.Within each cluster, isolates shared at least 78%
similarity. In a recent studyhudhair et al. (2019nvestigated the genetic diversity287F.
pseudograminearurstrainsin years 2008 and 2015 fromtotal of seven different sitel
2008,three geographically distinct location siteere surveyed includinfammin Karlgarin

and Jerramungup WA. In 2015,four other sitesvere surveyedcludingMerredin, Corrigin,
Kondinin and Ongerup, WATwenty-oneCleaved Amplified Polymorphic Sequen@APS
primers were designed targeting poten8iagle NucleotidePolymorphisms (SNPsA high

level of genotypicvariationwas observedvithin F. pseudograminearurpopulationsbut a

low levelwas observetietween yearsAn analysis of molecular variance indicated that over
91% of thevariationin the SNP data was within tite pseudograminearur2008 and 2015
populations, less than 1% accounted for differences in years and 8% accounted for the variation
among populations.

The genetic variability within a global collectionBf culmorumstrairs was determinedsing
Inter-Simple SequenceRepeat [SSR analysis alongwith an assessment afjgressiveness
using three ISSR markefMishra et al. 2008 The ISSR analysis in thassg observed high
degree of intraspecific polymorphisms within thE. culmorumstrains The research further
went on to test the aggressivenesshe F. culmorumstrains which was conducted on seeds

of the wheat cv. Armadémoderately susceptible t&. culmorun). The analysis of variance
revealed that there wasnonsignificantdifference P = 0.081) in the overall effect of ISSR
clusters/groupfor aggressiveness to wheat cultivamada However, there was a significant
variation P < 0001)in the aggressiveness the strains within a particular ISSR cladath

59 differentstrainsclusteringinto seven distinct clades amongst 75 isolates. For instance, the
isolates belonging to ISSR clade C4 caused 76.1% mean root infection, comparatively higher
than the isolates of any other ISSR clustadsitionally, the analysis of variance showed that
the geographical origins of the strains had a signifidarst@.013) effect on thdiversity. This
indicatesthat the effect of geographical origins of the isolates was highly significant for
pathogenicityto the wheat cultivafMishra et al. 2008

1.3.6  Crown rot inoculation and screening methods

Visual disease screening of adult plants in the fietdh&dlenging due to cultivar environment

interactions, the long growing season, the requirement for laborioushhavestingcleaning
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and rating of individual fieldnoculated plants. Therefore, screening methods conducted first
in a glasshouse provide wseful tool to study early symptom development and potential
resistance in winter cereal genotypes. In Australia, many studies have utilised different
methods for visually screening germplasm for assessing crown rot disease in a controlled
environment,sud asthe layered pot design methdwildermuth & McNamara 1994
Wildermuth and McNamara (1994jere the first to report the layered pot design as a seedling
inoculation technique that could be used as an efficient method in breeding programs for
screening resistance to crown rohe layered pot desigeontainsthree layers of sailln the

first layer, the seedare plantedon top ofmoistened sterilised sadnd covered with sieved

soil. Next grounccolonised graimnoculum offF. pseudograminearuim applied and additional
sieved soil placed on top of the inoculufhe inoculumis activated after seven days by
watering each pot to field capacttyen wateringpotsdaily, to field capacityAfter 21 days the
threeleafsheaths are rated for diseasgegity using a 0 to 4 scale where 0= healthy and 4 is
greater than 75% diseased. The result of the disease severity in the glasshouse of this method
was positivelycorrelated to the disease severity in the f{@lildermuth & McNamara 1994
Wallwork et al. (2004)tested the disease severity of bread wheat and durum wheat infected
with F. pseudograminearurand F. culmorumusing a terracescreeningsystem topursue
alternative sources of resistance. In this system, pdsatggown in openrended tubes set into
galvanised baskets which are then placed on sand in outdoor terraces. Tlaeeggdadted in

the surfaceof potting mix and covered with another layer c# plotting mix. The inoculum in

this systenis applied as small propagules of inoculated wheat chaff with the pottini hinie

last layer. This systeman be usetb screen large numbers of cultivaata low cost anchas

the ability todetect adult plant resistance with reasonable reliability without candwctield

trial (Wallwork et al., 2004)In both the Terrace system and the layered pot dedigm
inoculumis applied as a colonised grain added to the soil in a layer abosedtls. Thus, the
coleoptile grows through the soil and the inoculum, similar to a natural field infection.
However, the Terrace method cannot distinguish the very high level of susceptibility observed
in durum in the fieldWallwork et al., 2004 Purss(1966) alsoreported that there was no
correlation between thseedlingin the glasshousand field reactiorfor the adult plants
Furthermore, Wildermuth et al. (200ihyestgatedsources opartial resistance to crown rot
caused byF. pseudograminearunm wheat grown in artificially inoculated soil ithe
glasshouse and theld. The diseaseesistancecould not bedetected in all cultivars dhe
seedling stage. In thisase the depth of crown formation was deterndrie test the partial

resistance of 3 cultivars/lines of wheafThere was correlation between the depth of crown
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formation in wheat cultivars and their reaction to crown rot in seedlings and mature plants
With the exception ofultivar Suncocultivars and lines with deeper crowns were tesgtant

than those with shallow crowifg/ildermuth et al.2001)

Mitter et al. (2006)developed a highthroughput germplasm screening methatich
inoculatesthe stem base of a wheat seedling withmacroconidia suspension off.
pseudograminearunMitter et al. (2006) usikthe application of a 161 fungal inoculum to the
stembase of a wheat seedlinghe seedlings are held in a horizontal position for 2 days in
100% humidity in the dark before being returned to normal growth conditions in the
glasshouseThe disease measured was scored using the lesion length using the formula of
Crown rot severity index flength of stem discolgation/seedling heighty (number of leaf
sheath layers with necrosi@Ylitter et al. 2006 Li et al. 2008. This mehod is useful for
evaluating a large number of cultivars in breeding progiditser et al.2006 Li et al. 2008.

To inoculate own rottrials in the field the inoculums added to a pldvy eitherapplying
cereal seed inoculated with a macroconidia suspensinsariumspecies(Hollaway et al.
2013, or by applying colonisedraininoculumsuch as colonised mill¢Emiley et al.2005

or colonised wheat/barley gra{Malligan 2009 into the farrow. Recently, a study Bmiley
(2019) was conductedto assess the influences Béisariuminoculation procedures othne
development of crown rot under field conditiod$eyused a mechanized system to place
exactinoculum units above the wheat se&wo methodsof inoculumwere utilised in this
studyincluding a groundrusariumcolonised E. pseudograminearumr F. culmorum wheat

and oat mixture and a colonised whole millétheat seeds anthe inoculumwere dropped

from separate tubes at different depths in the soil. Bathulationsystems increased the
incidence and severity of crown rdtie millet seed inoculation system was preferred for wheat
production systems in the searid Pacific Northwest, USfecause itvasmuch safeto use

than thegroundinoculum placed witithe wheat seed, and the number of inoculum units

dispensegber unit area was much easiegt@antify.
1.3.7 Crop root system characteristic

Drought is one of therincipalfactors that hae an impact orplant growthandcontribue to
yield lossegBray 1997 Manschadi et al. 20Q®alta & Watt 2008 A crop root system that is
deep and abundant at depth contribitemaintairng yield stability in dry seasons and dry
environments particularlywhereperiods ofdroughtoccurduring the seaso(Palta & Watt
2009 Palta & Yang 201} Drought also has an impact on water efficiency and osmotic

adjustmen{Munns 1988. Root system characteristics arefafidamental importand® soil
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exploration and belowround resource possession whidn bethe keyto improve crop
adaptation tarought(Manschadi et al. 20Q0®1anschadi et al. 200&hristopher et al. 20}3

A large root systenclassified byroot dry weight length,densityand root anlg, plays amajor

role inadapting grain crops to dry environmefisanschadi et al. 2008/anschadi et al. 2008

Palta et al. 2001 Root characteristic formation can be reflected to some eixté¢iné genetic
background andhe environmendl adaptation of genotypes. For instanbgnschadi et al.
(2008)indicatedthatwheat cultivars that grow in the southern and western regions generally
had a wider growth angle and lower number of seminal roots. However, wheat cultivars with
higher performance on deep clay soils in the northern region revealed a narrower roobhangle. |
addition, Manschadi et al. (2008)Iso suggestedhat some cultivars grown in the northern
region of Austra expressed conflicting combinations of seminal root angle and number of
the seminal roots. That may be due to other factors such as resistance to various diseases and
improved grain quality along with possessing droagdptive root systes{Manschadi et al.
2008.

1.3.7.1 Crown rot and root characteristic interaction

The incidence of crown ratiseasas greater inarea with high levels of soil moisturat the
start of the seasofBurgess et al. 200kKazan & Gardiner 20108 During the seasonhe
increasd growth of the plants depletes the sdl moisture, making the plant more
susceptible to water stress late in the seasdrmore vulnerable to disease infec{iBargess
et al. 2001 Kazan & Gardiner 2018 Thus, yield losses due to crown rot pathogens are
intensified by limited rainfall and drought conditions at the end of the s€éBsogess et al.
2001 Hollaway et al. 203). Drought conditiors may have an impact onwater efficiency,
osmotic adjustmerdndthe rootarchitectue of the plant Severalstudieshaveinspectedhe
colonisation of crown rot pathogenson the roots (Knight & Sutherland 2013bKnight &
Sutherland 20L7Xu et al. 2018 with afocus onexaminingthe visual symptoms and the
presencef DNA of crown rot pathogen@&night & Sutherland 2013kKnight & Sutherland
2017). However, therdas beemo researcpublishedvhich hasexaminedhe root physiology

in plants affected bgrown rot
1.3.8 Disease control and management
Crown rot is a difficult disease to manage, as the fungus can survive for years in soil and stubble

residuegWildermuth et al. 1997Kazan & Gardiner 20)8For manyyears, the disease has

become more widespread in Austral@neal growing environments because of the adoption
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of minimum tillageand stubble retention practices in farming systgBsrgess et al. 2001
Bovill et al. 2006 Kazan & Gardiner 2018 Susceptiblecultivars,duration of cropping and
favourable environmental conditions are other factors associatedmitbrease ircrown rot

in the field. Furthermore stubble burning orincorporatingstubbleinto the soilmay reduce
inoculum levelgBurgess et al. 1996but thispractice may have a negatieecton the yield

by removing moisture that woulatherwisebe available to the crop, especiallyring early
development stageBurgess et al. 2001 Crop rotation is another method to reduce the
inoculum levels of the diseafiBurgess et ak001; Kazan & Gardiner 2008 A non-host crop
such aschickpea,canola, and sorghurman be helpful in reducing crown régvels in
subsequent planting®urss 1966Burgess et al. 1996A study byBurgess et al. (1996)
indicated that the inoculum levels Bf pseudograminearunmwerereduced in sorghum (nen
crown rot hostwheat rotatios compared t@ontinuous wheabotations

Early studies showed thag¢ed treatmestwith fungicides or the application of fungicides to
stem basesid not seem to provide sufficient protection from crown(&¢rafin et al. 201
However, more recently has been reported that fungicides have been used effectively against
F. culmorumby reducing incidencby 29 to 96% in glasshouse experimeeither as a seed
treatment(Moya-Elizondo & Jacobsen 20)1®r as a foliar spray (applied twice at Zadoks
growth stages 31 and 45 widlitherfluquinconazoleor tebuconazole, or with epoxiconazole
and carbendazijr{(Akgul & Erkilic 2016). It is not clear whther thesdungicidesare suitable
for crown rot caused bly. pseudograminearum

Agronomic practices are useful tedb reduce crown rot in the field, however, they are not
alwayscompatible with economical and practicahsiderationsHence, improving the genetic
resistance of cereal cultivars to crown rot is an important breeding objdatidatecultivars
with complete resistance this diseaséor both wheat and barleare rot available. Currently

in Australia, varietiesare moderately susceptiblgMS), which is a measurement of visual
disease symptoms and the fungi@mimasgZaicouKunesch et al. 201 GRDC 20182019h.

In QueenslandQLD), Australia,the wheatcultivars most resistanto crown rotare Mitch,
Sunguard, Baxter, and LongRedspitfire which are moderately susceptibleor barley, the
cultivars most resistanare RGT PlanetRosalind, and Shepherd, which are moderately
susceptible to susceptib{SS) to crown rot(GRDC 2019k Durum wheat cultivars are
consideredusceptible to very susceptible to crown(RDC 2019.

In Australia, quantifying the level of fungal DNA in the soil has becomsiplesdue to access
to the commercial PreDicta B td€phetKeller et al. 2008 This test is an important tool for

growers to assist with managing the risk of crown rot pathogens in the paddock. This assay
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uses a quantitative reiimne polymerase chain reaction (qQPCR) technology to determine DNA
concentrations of different pathogens, including crown rot pathdgtoiaway et al. 2013

In Australia, dow risk category for crown rot are reported at 0.6.4 logFusariumDNA/g

soil, medium and high levels are reported asi1240 and >2.0og FusariumDNA/g soil,
respectively (Simpfendorfer & Mci§y 2015).

1.3.9 Resistance to crown roand the host response

Crown rot research in Australia is most frequently carried out Usiqgseudograminearum
due to thewidespreadlistribution ofF. pseudograminearusmcrossAustralian cereal growing
regions(Burgess et al. 200Backhouse et al. 2004 Barley and wheat cultivars have been
assessed focrown rot reactions in most of these studies, in which theactionto F.
pseudograminearuntanged frompartially resistant to very susceptibi@Vildermuth &
McNamara 1994Percy et al. 203,Xnight & Sutherland 201, Kazan & Gardiner 200)8The
first study on host responsesda@wn rotwasconductedn glasshouselsy Purss (1966)with
the crown rotreactiors of wheat, oat, barley andaize assessed after inoculation wigh
graminearum(at which timeF. graminearunwas not divided into two groupmit presumably
F. pseudograminearurwas the pathogen thatas causing the disease tims study. The
general conclusion reached from this study was that bread wheat was less resistam to
rot andoat showed high levels of resistan&éncethenextensive research has focusedion
identification of gemtic resistace to this pathogemparticularlyin bread wheafWildermuth

& McNamara 1994Wildermuth et al. 1999Bouvill et al. 2006 Collard et al. 2006Bovill et

al. 2010 Percy et al. 2002Wildermuth and McNamara (1994xamined wheat cultivars and
b r e e linesifos pdtential resistance wown rotcaused by. pseudograminearuin both
field and glasshoustials. Initial resuls indicated that Puseasas more susceptible then
Vasco, Hartog, Gala, and-4B, respectively.Further experimentation or28 wheat
cultivars/linestested in botlthefield and glasshousdemonstrated thaultivarglines Gluyas
Early, Mexico 234andIRN497 showedpartial resistancdo F. pseudograminearunwhile
Puseas, King, and Vasco indicated high susceptidl#json and Burgess (19%so0assessed
the inoculationof F. pseudograminearuron bread wheat, barley, oat, and durum wheat
cultivars in both field and glasshouseperimentsEach hosexhibited varyingesistance to
F. pseudograminearumvith lowervisual symptomgbserved intie oat cultivars compared to
whea and barley cultivars. Recently, however, plnts suffering severe crown rot disease

were recorded on the Darling Downs QLD (Personal communication Percwith)F.
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culmorumisolatedfrom thediseasedtem based/Nhile F. culmorumhas been shown to cause
crown rotin winter cereal¢Backhouse et al. 200&cherm et al. 20)3thereis only onestudy
thathasreported yield losses to this pathogen in Austi@iallaway et al. 2018 Hollaway et

al. (2013)found thatF. culmorumcaused less or similar yield losses compared-.to
pseudograminearunm bread wheaand barleyIn this study F. pseudograminearumaused
greater disease severity in barley, bread wheat, and durum whe#t. tt@morum The F.
culmorumDNA concentrations in the soil correlated positively with the crown rot disease
discolouration and whiteheatdgidenceand negatively related to grain yield of barley, bread

wheat, and durum wheat.

1.4 COMMON ROOT ROT: THE DISEASE

Commonroot rot caused byBipolaris sorokiniana(Sacc. in Sorok) Shoem [(teleomorph
Cochliobolus sativu@to and Kurib. Drechsel. ex Dastui3]a significansoil-bornedisease in
Australia which cost the wheat and barley industry &3@ $13 million, respectiveliMurray

& Brennan 2009Murray & Brennan 2010 Common root rotan be found in any winter cereal
growing regionin Australia andworldwide (Wildermuth 1986 Kumar et al. 2002 In
Australia, particularly in NSW common root rot was severe during the 1920s and 1930s due
to wheat monoculturpractise{Hynes 1932 The first recorded incident of common root rot

in QLD was in 1964Simmonds 1966 Diseasencidences werereducedwhenley farming

was introducedin which thepaddock is used for pasture or I&ftiow for a period between
cropping(Butler 196). A survey was conducted Bildermuth (1986)n 1978, 1979, and
1980indicatingthat common root rot was found in all ared€LD (Darling Downs, Western
Downs, SouthWestern Downs Dawson, Callide Central Highlands, Maranoa, and far West
QLD) andwasmost sever@n theDarling Downs and least severe in the Central Highlands of
QLD, Australia. Thecombinedincidenceof all areasstudied changettom 77% in 1978, to
65% in 1979, and to 57% in 198Dhe reduction of common root rotcidence observeih

1980wasmore likelydue to the lower rainfall ithatyear(Wildermuth 1988.

1.4.1 Common root rot: symptoms

The symptoms of common root rot can be similar to crown rot and it is difficult to distinguish
the two diseases without pathogen isolatiand identification tests being conducted.
Symptoms first appear as small brown necrotic lesions on the coleoptile an(Kiooer et

al. 2003, then lesions also develop on the SCI and lower parts of the leaf shBaths.

sorokinianainfectionsin seedlings can lead to the death of tissues in the roots, crown and the
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base of the leaf sheaths. In the mature plant, brown discolouration may also be observed on
stem bases. Severely infected plants are stunted and have fewer tillers, and prodhece pinc
grain at harvegtKumar et al. 2002Vlooreet al.2009.

1.4.2 Commonrootrot: pathogens

The fungusB. sorokinianais distributed worldwide causingommonroot rot, leaf spots, and
spot blotch(Kumar et al. 2002Bockus et al. 2000In Australia,common root rots caused
by B. sorokiniana and is associated withsome Fusarium species, including F.
pseudograminearumand F. culmorum (Purss 1970Wildermuth et al. 1997 In dryland
regionsin North Americathe pathogens most frequently associated eathmon root roare
B. sorokinianaandF. culmorum (Hill & M eshanel983 Smiley et al2005.

1.4.2.1  Bipolaris sorokiniana morphology and characteristics

B. sorokinianas a heterothallic pathogen. The fruiting body (perithecium) of the sexual stage
isroundand30# 00em in di ameter. A small aperture a
releasedMathre 1982 The mycelium oB. sorokinianaon PDA culture varies from olive

brown colour to white thick growth. This has been shown to depend on the aggressiveness of

the strain(Jaiswal et al. 2007 The conidiophores are olA@ownish in colour and at the early
development stage, they have a light grey colour.(B&) (Acharya et al. 2001 The
conidiophores are-60 x 1162 20 em i n si ze .-28%¥A0a20o0omrimdiian &1 ¢

falcate to fusiform, wh a slight curve, and pointed at the basal and apicalAsiarya et al.
2011).

Figure 4. (a) Conidiophoreand conidiaof Bipolaris sorokiniang100X); (b) a single conidia
(400X).
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1.4.3 Lifecycleof Bipolaris sorokiniana

Bipolaris sorokinianasurvives in the form of mycelia and asexual conidia which can be found
within the top 10 cm of so{Wildermuth et al. 1997 Thisfunguscan also bassociated with

seed infectiongKumar et al. 200R This pathogeroccurs as mycelium, and colsaiion of

live tissue is important in the disease cycle, whilestq@ophytic stagkas not been shown to

be importantBockus et al. 2000 The conidia produced by the anamorphic stage can also
survive foryearsin the soil or as mycelia in the host resid(isckus et al. 2000 The first

step of infection on the host root tissuadhesion whicloccurs with the germination of the
conidia within one hour of waterin@poga et al. 2001 The fungus then grows and colonises

on the plant surface and imdes theepidermalcells of the hosttissue It colonises the host
tissue intracellularly by forming a specialised structure called an appressorium, which is the
swelling of a hyphitip pressed firmly against the tissue surface (ldo2015; Kumar edl.,
2002).The appressorium enables invasion by forming a penetration peg, an outgrowth at the
base of the appressoriyuthatpenetrateshe cuticle and the epidermalls, parenchyma cells

and boththe externalandinternalcortex of rootor leaftissue(Han et al. 2010Horne 201%.

First infections occur on coleoptilésCland primary and secondary ro@ockus et al. 2010

1.4.4 Bipolaris sorokinianagenetic diversity

High levek of genetic variabilitywere observedmongB. sorokiniangpopulationgKumar et
al. 2002 Oliveira et al. 2002Arabi & Jawhar 200;7/Knight et al. 201 Most ofthesestudies
investigated the genetic variability Bi sorokinianapopulationscausing spot blotch disease
(Zhong & Steffenson 20QDliveira et al. 2002Knight et al. 201P To our knowledggin
Australia there is no study to datkathas examined the genetic diverdityB. sorokiniana
populationsthat causecommon root rotUsing RAPDsand ITSRFLP Arabi and Jawhar
(2007)assessethe pathogenicity 022 B. sorokinianastrainscausing common root r@nd
originatingfrom diverse geographicaburce within Syria The results of this study showed a
high level of variabilitywithin B. sorokinianastrainsidentifying 11 unique haplotyped.he
strains clustered into three groups due to their different haplotypes deteciesinmjarity
index of 0.56 for RAPD and 0.4@r ITS-RFLP.There was no relationship observed between
the genetic profiles, pathogenicity and geographic origin. @dtbogenicity test on barley

cultivarsrangedrom susceptible to resistgno theseB. sorokinianastrains.
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1.4.5 Inoculation and screening methods

Todetermine the disease severity causetthbgommon root rot pathogetine degree of lesion
development on the SCI in both glasshouse and field wiatsmeasure{Wildermuth et al.
1992. Wildermuth and McNamara (1987)evelopeda screening method to teghe
susceptibity of winter and summer cropultivars infectedvith B. sorokinianan glasshouse
experiments. The inoculum used in this tsssoil amended with wheatnd barley grain
colonised byB. sorokiniana The amended sas added to clay pots and seetdsplantedon

the top of the soikurface The soilis wateredto the field capacity 39% and subsequently
rewaterecevery 23 days. Al plantsareharvested after flowering. After harvestjrige roots

of five plants per treatmemarewashed and the SCIs removed oareplated onto CZA for
seven days. The growth &. sorokinianafrom all rootsis recorded. The SClare rated
individually for disease severity using a 1 to 5 s¢sldermuth 198%. In this studythere
wasa negative correlation between the SCI lesions andntieetion of the roatin general,
recovery ofB. sorokinianawas higher fron5Clsthan from roaod (Wildermuth 198%. Syrian
researchers Arabi and Jawh@0Q1, 2013 proposed multiple methods in separate studies
including invitro experimerd, in which Gibberellins hormone (GA3)as employed to
enhanceelongation ofthe SClto measurghe degree of common root rot severity on barley
cultivars. The advantage of this methodhat it can be harvested in two wee{&rabi &
Jawhar 2001 In the sandwich filter paper method that was conducte@lrali and Jawhar
(2013)ten SCis per genotype were inoculated with a mixture of five straiBsswrokiniana
andthe seedlingsncubatedfor five daysin sandwich filter pper placed intopolyethylene
transparent envelopes. After 48hrs, the initial disease symptoms were dédtetttegot assay
that was conducted in the same studyrbi and Jawhar (2013)he seeds were inoculated
by mixing them thoroughly witla conidial suspensiorof B. sorokiniana After inoculation,
seeds were grown in podsd inwubated n a gr owt h chamber at 22
(night) with a day length of 12 h. Plants harvested after seven weeks and the SCI for each
seedling was rated usitig e 0 T 5. A gositavé cerrelation was identified in the sandwich
filter papermethod and the pot assaybat were conducted, indicating that this testing

procedure was reliable.

1.4.6 Disease control and management

In Australia,B. sorokinianacan befound in black earthgyrey, brown clays and retdrown

earthsor whereverwheatand barley argrown(Wildermuth et al. 1992 Common root rot can
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cause the most damage to plaatigher temperatures (above 29°C) and when plants are
suffering water stressonditions (Wildermuth, 1986, Hill and Blunt, 199&jmilar to crown
rot, common root rot needs wet conditions to initiate the infection, vanier conditions
towards the end of the season lead to severe disease (Purss, ®aorCroot rot is a
difficult disease to manage tiee pathogewan survive in the soil for yeafé/ildermuth 1986
Wildermuth et al. 1997 Several methods have beesedto try to managecommon root rot in
Australia including ley farmingvith a norhost crop(Butler 1961 Wildermuth & McNamara
1991 stubble manageme@ildermuth et al. 1997 and use of fungicidg$/urray & Brennan
2010. Wildermuth et al. (1997)eporteda reduction in thalisease severity of common root
rot in wheatwhen the stubble wagmowed andalsolower in a no-tillage treatmentin Billa
Billa in southernQLD. Ley farming or crop rotation is a usefubtdo reduce the level d.
sorokinianain thefield (Wildermuth & McNamara 1991Lower levels oB. sorokinianghave
been recorded inuffel grass, cocksfoot, lucernmung bean, snail medic, sorghum, sunflower
andWhite Frenchmillet-wheat rotatior{Wildermuth & McNamara 1991

Testing the DNAconcentration oB. sorokinianain the soil before plantingitilising the
PreDicta B teshg serviceis a useful tool for the growers to identify thiesk of the CRR
pathogen in the fieldMcKay et al. 2018)Risk categories foB. sorokinianaare still under
development. In Australia, preliminary results have indicated Bl@gprokinianaDNA/g soil
represents a low risk while >2 |d§ sorokinianaDNA/g soil considered to be a high risk
(McKay et al. 2018).

Breeding for resistances the most effective method @&. sorokinianadisease control
However to date, there are no available wheat and barley cultivgindy resistanto common
root rot Currently, varieties only haveoderateresistanceo this disease(DPIRD 2017
ZaicouKunesch et al. 201 GRDC 20182019h. The wheat cultivargrown in QLDwith the
highest level ofesistancéo common root roare Strzelecki and Lang which are Moderately
Resistani Moderately Susceptible (MRM{BRDC 20190. The durum cultivar Jandaroi is
Moderately Resistant (MR) to common root (GRDC 219h and larley cultivars Compass,
Scope CL, and Spartacus CL are §GERDC 2019h.

1.4.7 Resistance tacommonrootrot/host response

In Australia,Wildermuth and McNamara (198&xamired the susceptibility of 24 winter and
17 summer crops tB. sorokiniananfection in glasshouse and field experiments. Infestan

both lesioned and randomly selected root segments of cne@nesconfirmedy platingthem
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on CZA.Forthis test, the infetion in winter cereals was higher than in summer crops. Among
the summer cropshe perennial grassocksfoot had high levels of infection in the roots (85%),
while white panicum had high levels of infection on the crowns (32%). Arntloagvinter

crops, wieat, barley, oat, rye and canary grass had the greatest infection on roots and crowns
(44 to 100%)n seedling assay3 he recovery oB. sorokinianavas higheiffrom crowns and

stens than from the rootd-or the field trials,wheat(36.8to 93.8%), barley 84.2to 87.1%)

and triticale $3.1to 83.8%) were equally susceptible, while oat was more resistant (0

32.29% to common root rot

Wildermuth et al. (1992)eported significant yield losses when examining disease infection
of wheat cultivarsnoculated with common root rothe Australian wheat varieties Timgalen,
Songlen, and Hartog were susceptible to common root rot with yissgdaranging between

23.9 and 40% whereas yield loss in the partially resistant lines 1008 C16 and ISWYN 32 ranged
between 6.8 and 13%.

1.5 SIGNIFICANCE OF THE STUDY

Multiple fungal species can be associated with crown rot and common re@taloiding F.
pseudograminearunir. culmorumF. graminearumandB. sorokinianaBarley, bread wheat,
durum wheat, oat, and triticateave been identified gmtential host of these fungal species
The comparativability of F. pseudograminearupf. culmorum F. graminearumand B.
sorokinianato causesignificantcrown and common root ratisease in theseinter cereal
species has not been examinedietail Extensive research on crown rot has focuse&.on
pseudograminearunncluding host response, genetic resistance, and yield loss mostly on
wheat and barley, while there are few studies~onulmorumandF. graminearunmcausing
crown rot

The rankings of. pseudograminearunfr. culmorum F. graminearum andB. sorokiniana

on different hostand the ranking of barley, bread wheat, durum wheat, oat, and triticale
according to visual discolouration of each pathogen have not theeoughly compared
Knight and Sutherland (201@phdHollaway et al. (20133ompared the disease symptoms of a
single strain each oF. pseudograminearu@ndF. culmorumin a range bwinter speciesin

these studied;. culmorumshowed the same or ledisease severity on winter cerealsFas
pseudograminearunturthermore,F. graminearumhas not been considered an important
pathogen causing crown rot in Australia. However, with a changing clifageaminearum

could be a significant pathogen causing crown rot on a large number of hosts such as barley,
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breadwheat durumwheat oatandtriticale. This knowledge is critical to designing effective
disease management strateg@esrown rot and common root rot

In Australia, oat has been associated with crown rot and has been described as either
completely resistant or symptomless thhéfowever, thecapabilityof F. culmorumstrains to

cause crown rot on Australian forage oat cultivars has not been investigated. The result of this
study will extend our knowledge to understand the role of oat cultivars in crop rotation to crown
rot.

Crown rot diseaseccursunder water stress condit®(drought) which can lead to yield loss

and death of théost (Burgess et al. 20Q1 Characteristis such as increased transpiration
efficiency, osmotic adjustmeand adapted roots magsisin reducing the disease severity of

the host. Investigating the root health system under crown rot disesseirenay be uskll

to understand some of the mechanisms involved in disease resistance. Breeding for these
characteristics magninimise disease susceptibility and thyeld lossesTo the best of our
knowledge no study to date has investigatda effect of crown rot pathogenon the root

architectue of wheat in a controlled environment.

1.6 FOCUS AND AIMS OF THE STUDY

This studywill conduct detailed experimentation to measure disease develcgmianipacts
caused by therown rotandcommon root ropathogen$. pseudograminearujf. culmorum
F. graminearumandB. sorokinianaon bread wheat, barley, durum wheat, oat, and triticale.

Aim 1: Examine he hostresponses tb. pseudograminearum, F. culmorum, F. graminearum,
andB. sorokinianaand the disease developmatthe seedlingstagein glasshouse tests

The disease severity will be recorded by scoring the brown discolouration on the SCI and three
leaf sheaths. The host reaction to the four pathogens wekdminedoy measuring the shoot

height and dry weight.

Aim 2: Determine e differences in crown rot and common root rot disease severity and host
response across a range of winter cereals in field trials.

Therate ofinfection spread through the plantdl be examinedby rating the lesions on the
SCI, leaf sheaths and stem tissue. Differeiceésease reactiomgtweercultivars and species

will be describedo determine potential resistancectown rotandcommon root rat

Aim 3: Assess the susceptibility of forage oat cultivarslifterent F. culmorumstrainsin a

controled environment
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The visual discolouration will be recordbg rating thebrowning discolouration ofirst leaf

sheathThe presence and absence offheariumDNA will be identifiedusing PCR assay.

Aim 4: Examine heeffect ofcrown rotdiseasen the root development afsusceptible bread
wheat cultivar in a controlled environment.

The impact of. pseudograminearurandF. culmorumon root system characterigiwill be
examinedy measuring the root angle, root length, root nurahdrroot fresh and dry weight
Aboveground disease reaction will be described to determine whether therassammtion

between the abowground andelowgroundresponse during crown rot infection
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CHAPTER 2

COMPARISON OF DISEASE SEVERITY CAUSED BY FOUR SOIL -
BORNE PATHOGENS IN WINTER CEREAL SEEDLINGS

In this study, two strains each ofFusarium pseudograminearynf. culmorum F.
graminearum and Bipolaris sorokinianawere compared across a range of winter cereal
speciesbarley, bread wheat, durum wheat, oat, and triticale in glasshousefdestssual
symptomson the leaf sheaths and satmwn internode The host reactiorincluding shoot
height and dry weighaf the five winter cerealmfected with the crown rot and common root

rot pathogensvasrecorded

SaadA., Macdonald B.Martin A., Knight N. L., & PercyC. (2019a). Comparison of disease
severity caused by four sdibrne pathogens in winter cereal seedlingss chapter was
prepared according to the instructions to authors given b¥tinepean Journal of Plant

Pathology.
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Abstract

In Australia, crown rot of cereals is predominantly cause&usariumpseudograminearum

and Fusarium culmorum, and common root rot byBipolaris sorokiniana Fusarium
graminearums an important pathogen causing Fusarium head blight worldwide and has also
been reported to cause crown rot of wh&ae comparative ability df. pseudograminearum

F. culmorum F. graminearumand B. sorokinianato cause crown rot and common root rot
across a range of winter cereal species requires investigation. One cultivar each of barley, bread
wheat, durum wheat, oat, and triticale were inatad with two strains of each of the four
pathogens in glasshouse trials. At 21 days after inoculation, therewh internode and leaf
sheaths of each plant were visually rated for disease severity. Shoot length and dry weight of
inoculated plants wereompared to noinoculated controls. Barley and bread wheat had the
greatest disease severity ratings on leaf sheaths anckr@®ub internode (64.7 to 99.6%)
whereas oat had the lowest disease severity ratings across all pathogens (less than 5%). The
shootlength of all cultivars was significantly reducéi®.2 to 55%p < 0.05)when exposed

to F. pseudograminearumvhile only barley dry shoot weight was significantly reduced (45.1

to 57%, p < 0.05) when inoculated witlk. pseudograminearumThis study prowes a
comparison of pathogenicity of crown rot and common root rot pathogens and demonstrates
significant variation in disease severity and host response across a range of winter cereals
These results will contribute to the search for resistance in tkeesal species.

Keywords: Bipolaris sorokiniana Fusarium culmorum, F. graminearum, F.

pseudograminearumyinter cereals

Introduction

Crown rot and common root rot of cereals are of key economic significance worliaizkn

and Gardiner 2018; Kumar et al. 2008) Australia, crown rot results in estimated annual
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losses of $21 and $79 million for the barley and bread wheat industries, resp&diveby
and Brennan 2009; Murray and Brennan 201®)omparison, common root rot resain
estimated annual losses of $13 and $30 million for the barley and bread wheat industries,
respectivelyMurray and Brennan 2009; Murray and Brennan 2010)
Fusariumpseudograminearums the predominant fungus associated with crown rot of cereals
in Australia(Backhouse et al. 2004; Buggeet al. 1975)usarium culmorunalso occurs in
all regions but has been described as the domananin rotpathogen in cooler, high rainfall
areas of Sott Australia and VictorigBackhouse and Burgess 2002; Backhouse et al. 2004)
Fusarium graminearunis considered the most impgant Fusarium head blight pathogen
worldwide (Obanor et al. 2013pand has been associated with crown rot in the (IB/r et
al. 2009) South AmericaMoya-Elizondo et al. 2015and China(Zhang et al. 2015)In
Australia, F. graminearumhas been reported to cause epidemics of Fusarium head blight
(Burgess et al. 1975; Obanor et al. 2018)dF. graminearumstrains have been shown to
cause crown rot of wheat following artificial inoculatjdroweverthey were less aggressive
than F. pseudograminearunstrains (Akinsanmi & al. 2004) Other Fusarium species
associated with winter cereals incluéleavenaceum, F. crookwellensedF. poae however,
these fungi are infrequently isolated from crown rot diseased t{8aekhouse et al. 2004;
Obanor and Chakraborty 2014)
The fungusBipolaris sorokinianacauses seedling blight and the disease common root rot
(Wildermuth 1986)Bipolaris sorokinianas often associated withusariumspecies sth as
F. pseudograminearurk, culmorumandF. graminearunaspart of a general dryland root rot
complex. This complex has been given several other common names including dryland foot
rot, Fusarium foot rot, crown rot, and common root(&riley et al. 2005and is viewed as

one disease affectinge same plariSmiley et al. 2005; Moy&lizondo et al. 2011)
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Crown rot and common root rot pathogensehbgen isolated from all small grain and winter
cereals including barleyHordeum vulgarg bread wheatT{riticum aestivuryy durum wheat
(Triticum turgidumvar. durum), oat Avena sativg and triticale (XTriticosecal@ (Burgess et
al. 2001; Kumar et al. 2002; Backhouse and Burgess 2B82ad wheat and barley cultivars
range from moderately susceptible to very susceptible to crowbush et al. 2018; Sturgess
2014) while durum wheat is considered susceptible to very suscefitinéd et al. 2018)

Klein et al. (1989)included one triticale gemype in their study, which was considered
susceptible td-. pseudograminearunDat exhibited low levels of discolouratidollowing
infection withF. pseudograminearurfBurgess et al. 2001; Nelson and Burgess 1994; Percy
et al. 2012)

Barley and bread wheat cultivars have varyengls of resistance to the common root rot
pathogerB. sorokiniana(Wildermuth et al. 1992)where bread wheat cultivars range from
moderately resistant to very susceptifilesh et al. 2018)In Australia, Wildermuth et al.
(1992) reported significant yield losses associated with common root rot infection of bread
wheat cultivars ranging from susceptible to partialsistant. The yield losses in the
susceptible cultivars ranged between 13.9 and 23.9%, whereas those in partially resistant
cultivars ranged from 6.8 to 13.6% depending on the cultWédermuth and McNamara
(1991)reportedasignificant increase iB. sorokiniandevels in wheathatfollowedplantings
of barley, oat, and triticale in the field<0.05) faturallyfield infection), thus, increasing the
disease severity in wheat.

The symptoms of crown rot and common root rot are similar, and it is, therefore, difficult to
distinguish between the two diseases without conducting pathogen isolation and identification
tests. Crown rosymptoms caused by differeRtisariumspecies are also indistinguishable.
The symptoms of crown rot begin as small necrotic lesions on the coleoptile, followed by a

browning of the suerown internode and leaf sheath tis¢Bergess et al. 2001 he first
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obvious symptom of crown rot in the field is browning of stem bases, which is usually observed
after flowering(Burgess et al. 2001pubsequent discolouration can reach up to the fifth node
in stem tissugButler 1961; Burgess et al. 20013imilar to crown rot, common root rot
symptoms first appear asall brown necrotic lesions on the coleoptile and r@étsgulo and
Klein 2010) As the disease progresses, lesions also develop on tlveosub internode and
lower parts of the leaf sheaths and the s{Burrage and Tinline 1960)The subkcrown
internode has typically been used for ratinghamon root rot disease, while leaf sheaths and
stems have been used for rating crown(Yetldermuth et al. 1992; Burgess et al. 2004)
strong association occurs between-stuiwn internode browning and resistance to common
root rot(Wildermuth et al. 1992)oweverthis has not been demonstrated for crowr{Petrcy

et al. 2012; Wildermuth and McNamara 1994)

The aim of the current study was to determine and compare the abilitids of
pseudograminearum, F. culmoruk,graminearunandB. sorokinianao cause crown rot and
common root rot diseases in a single commercially itaporcultivars of barley (cv.
Grimmett), bread wheat (cv. Livingston), durum wheat (cv. Hyperno), oat (cv. Genie), and
triticale (cv. Endeavour). The response to inoculation with the four pathogens was assessed
using disease severity, shoot length and wlejght measurements of each cereal species.
Knowledge of the diseasmusing abilities of each pathogen species informs strategies for

diseasananagemenrdnd future breeding goals.

Materials and methods

Strains and inoculum preparation

Two strains okach pathoger( pseudograminearum, F. culmorum, F. graminearandB.
sorokiniang were used for inoculations (Table 1). Colonised grain inoculum was produced

using a modified method describedMuglligan (2009)andPercy et al. (2012A single spore
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from each strain was grown on Czafi@éx Agar (CZA)(Leslie and Summerell 2008)nd

i ncubated f or skusatums glaqyise @ t aB2sbroknina Mycélion

was scraped off two CZA plates for each strain and mixed into 1kg bags of sterilised (twice
autoclaved) bread wheat (650g) and barl ey (:
After seven days, the bags were shaken manuallgy éw® to three days over 21 days to
encourage uniform colonisation of the grain. After theldag period, colonised grain was-air

dried between sheets of Dblotting pafuther and s
14 days and stirred every tways. Individual inoculums were then ground using an electric

8-inch Laboratory Mill (Christy & Norris Ltd) to pass through a 2mm siMeinoculum bags

were sealed and stored at 4 for future use.

Plant growth and inoculation

Two replicated seedling tests were conducted in a glasshouse at the Leslie Research Facility
Department of Agriculture and Fisheries (LIRRF-QId), Toowoomba, Australia. The plant
growth medium consisted stlfmulching black Vertosol of the Irving clayi$ association,
obtained from the Darling Downs in Queensland, Austfdlieompson and Beckmann 1959)

mixed with river sand (50% sand:50% soil). This mixture was seedme r i | i sed at 80
minutesand airdried for seven days. No fertiliser was added to the mix. The twérsgesbsts

were planted on' April 2016 and & May 2016, respectively (Australian autumn). Three
replicate pots each of barley (cv. Grimméttpderatelysusceptiblgo F. pseudograminearum

(GRDC 2018, bread wheat (cv. Livingstonjsusceptible to B. sorokiniana and F.
pseudograminearupfLush et al. 2018)durum wheat (cv. Hypernd@inoderatelyresistanto
moderately susceptible to B. sorokiniana and sisceptible to very susceptibleto F.
pseudograminearuj{Lush et al. 2018) oat (cv. Genie), and triticale (cv. Endeavour) were
inoculated individually with two strains of each of the four pathogens, along with-a non

inoculated control treatment. The two expemmsewerearrangedas a randomised complete
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block design, where each treatment (combination of pathogen, strain, and cultivar) was
randomly allocated to a pot within each replicate block. The seedling inoculation method
described by Wildermuth and McNamara (1994) was used with slight modificaBioesy,

280g of moist soil (38% moisture content) was added to 5x5x10 cm pots. Fifteen seeds were
planted at a depth of 5.5 cm from the top of the pot and covered with a layer of sieved dry soil
(1609). Inoculum (0.45g) was applied in an even layer tadlesurface of all pots excluding

the noninoculated control. The inoculum was covered with 40g of dry soil. All pots were
placed in a water bath @6°C with natural day lengths in a glasshouse. The inoculum was
activated after seven days by wateringhepot to field capacity (38% moisture content) by
weight, after which the pots were watered daily up to field capacity. Plants were harvested 21
days after planting, up to ten plants from each pot were rated for disease severity and assessed
for shoot legth and shoot dry weight.

Disease severity ratings

Disease severity was assessed using a 0 to 100% rating scale based on the visual discolouration
of the subcrown internode and the first three leaf sheaths. Rating of each tissue occurred in
5% incrementsvhere 0 = no discolouration and 100% = completely discoloured tissue. The
disease symptoms of the inoculated plants were assessed relative to the background
discolouration of the nemoculated control plants of the respective cultivars. Following
diseag severity ratings, all roots and sctown internode were removed, and shoot length of

each plant was measured from the base of the crown to the tip of the longest leaf. Individual
shoots were placed in paper bags and dried in a 65°C oven (UF160, MefoméBth, after

which dry weights were recorded.

Data analysis

The percentage of disease severity on the first three leaf sheaths were totalled and divided by
three to give a combined leaf sheath percentage. To ensure homogeneity of variance an arcsine
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square root transformation was applied to the-suwn internode and the combined leaf
sheath rating data. The analysis of each variable was performed using a linear mixed model.
The model included fixed effects for pathogen, strain within pathogen, avuléxperiment,
and their interactions. Terms to account for the replicate blocks, plots, and plants within plots
were included as random effects, with these variances estimated separately for each
experiment. Estimates of variance parameters were gemheugaieg Residual maximum
likelihood (REML) estimatior{fPatterson and Thompson 197R}edictions for each trait were
generated from their respective models as empirical Best Linear Unbiased &stimat
(eBLUES). Where a transformation had been used, predicted mearisaskteansformetb
the original scale, and approximate standard errors were calculated using the Taylor series
approximation. All analyses were performed using ASRRnButler et al. 2009)n the R
software environmern(R Core Team 20168ignificance of fixed effects were assessed using
a Wald test with a significance level of 0.05.

Data for disease severity of the flesheaths and the sudbown internode have each been
presented graphicallyn two ways to allow comparison of significant differences detected

betweercultivarsand strains in this study.

Results

Comparison of leaf sheath disease severity

The appearance of visual symptoms caused by the four pathogens on the first three leaf sheaths
of each symptomatic cultivawere similar (Fig. 1). A significant interaction between
experiment, pathogen, strain and cultiyar=(0.017) was observed in theal sheath ratings
(Supplementary Table 1). This interaction meant the two experiments could not be combined.
Fusarium pseudograminearuraused significantly greater disease severity chamlmorum

F. graminearumand B. sorokinianain barley (cv. Grimmg), triticale (cv. Endeavour) and
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durum wheat (cv. Hyperno) (Fig. 2). The greatest disease severity rating was obsekved for
pseudograminearunin Grimmett (99.6% disease severity). Significant differences were
observed between some strains of the saatigogen, for example, strairc2 andFg2 had a
significantly higher leaf sheath rating than striol andFgl, respectively, for Grimmett,
Livingston, and Endeavour and stréipl had a greater leaf sheaths rating thgp2 in
Livingston (Fig. 2).

For most of thestrains the disease severity on Grimmett leaf sheath tissue was significantly
greater than Livingston, Hyperno, Endeavour and oat cultivar Genie, respectively, ranged from
0.33 t0 99.6%, yet Livingston was greater than GrimmetBfaordiniana(19.6%) (Fig. 3).
Hyperno (ranged from 0.09 to 30%) and Endeavour (ranged from 0.002 to 30%) had lower
disease severity when infected by all pathogens compared to Grimmett (ranged from 0.33 to
99.6%) and Livingston (ranged from 1.14 to 51.53 %@ cultivar Genie exhibited
significantly lower disease severityp(> 0.05) across all pathogens (0.03 to 2.5%) (Fig 3).

Comparison of suorown internode disease severity

There was a significant pathogen by strain by cultivar interaction fauttaerowninternode
rating(p < 0.001) (Supplementary Table Zhe highest disease severity ratings were observed
in Grimmett infected with+. pseudograminearuifi00%), followed byF. culmorum(97.6%)

and one strain df. graminearun(59.8%) (Fig. 4a)The subkcrown internode disease severity
in Livingston infected withF. pseudograminearurstrainsrangedfrom 32.3 to 64.7%B.
sorokinianastrains from 16.5 to 58.2%nd a 31% disease severity rating was observed with
F. culmorumstrains (Fig. 4a). Sigficant variation between strains was observed in the sub
crown internode disease severity of Grimmett inoculated wWAthculmorum and F.
graminearumLivingston inoculated with. pseudograminearunand Genie inoculated with

F. culmorum(Fig. 4a).
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Grimmaet (0.5 to 100%) and Livingston (0.9 to 64.7%) had the greatest disease severity on
the subcrown internode, whereas Genie (0 to 12%), Endeavour and Hyperno (0 to 13.7%) had
low levels of sukcrown internode disease severity (Fig. 4b).

Shoot length

Shoot length of cultivars varied significantly< 0.001) (Supplementary Table 3) in response

to pathogen inoculation (Fig. 5). In most instances, the inoculated treatments had a reduced
shoot length compared to the controls. The greatest reductionahlehgth occurred in all
cultivars inoculated witlr. pseudograminearumvhere shoot length was reduced by 12% for
Genie, 13% for Hyperno, 20% for Endeavour, 34.3% for Livingston, and 55@rimmett
compared to the control (Fig. 5). Oat cultivar Gerad the lowest levels of reduction in shoot
length across all pathogens (6 to 12%) (Fig. 5).

Shoot dry weight

A significant interaction between cultivars and strains within the pathogens was observed for
shoot dry weightf = 0.035) (Supplementary Tablg. rhe reduction of dry shoot weight
between the control and inoculated plants sigsificant for Grimmett infected with both.
pseudograminearurstrains(45.1 to 57%),Fc2 (11.6%) andFg2 (10.7%) (Fig. 6). Genie
seedlings inoculated witstrainFgl alsohad a significant 11% decrease in dry shoot weight
compared to the control. The dry shoot weight of Livingston was significantly lower (17.2%)

than the control when inoculated wHipl.

Discussion
In Australia, extensive research on crown rot has focuséd pseudograminearuntn these
studies, host response, genetic resistance and yield loss were assessed mostly on bread wheat

and barley cultivar@Percy et al. 2012; Wildermuth and McNamara 1994; Burgess et al..1975)
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In the present study, the focus was expanded to assess the pathogenicity of four crown rot and
common root rot pathogens across a range of a single cultivar of five winter cereals species.
Fusarium pseudograminearustrairs caused greater disease symptoms than any of the other
pathogens in Grimmett, Livingston, Hyperno and Endeavour. Similar results to our study were
observed byKnight and Sutherland (20L17ywho reported a comparison of visuditease
symptoms on the leaf sheaths and fungal biomass of a single strRaipsgfudograminearum

and F. culmorumin seedlings of six winter cereals and three summer ceréaarium
pseudograminearurcaused greater discolouration tiarculmorumin all the cereals, except

oat, rye, maize, and rice, where thaly minimal disease was reported I§night and
Sutherland (2017)

Greater leaf sheaths discolouration was observed on barley cultivar Grimmett (15 to 25%)
and bread wheat cultivar Livingston (22.4 to 23.5%) when infectedRgizh In addition, the
disease severity on the satbwn internode of Grimmett was also high witis strain(59.8%).
Fusarium graminearurhas not historically been considered an important crown rot pathogen
in Australia (Obanor & Chakraborty 2014). However, Dg¢ral (2009) and Obanor &
Chakraborty (2014) suggested that the abilityfrofyramineaum to cause crown rot might
increase in areas where Fusarium head blight is more common. In Australia, the fungus has
been associated with crown rot in areas where head blight occurred in northern NSW and in
the warm to subtropical areas with moderateigh mainfall in Queenslan@kinsanmi et al.

2004; Backhouse and Burgess 200Bhe F. graminearumstrains that were used in our
glasshouse experiments were isolated from Fusarium head blight affected grain. This suggests
that F. graminearummay contribute to crown rot disease in Australia under favourable
conditions.

Low disease severity ratings (0.6¥ 9%) were observed on the leaf sheaths of most hosts

inoculated witHB. sorokinianastrains, except for Livingston wheBe sorokinianastrainswere
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equivalent td~. culmorumstrainsin disease severity. High levels of disease severity (58.2%)
were onlyobserved on the sutrown internode of Livingston infected witirainBs2. This
finding confirms previous studies that suggested Biasorokinianais more effective at
causing disease on the lower part of the p{Botrage and Tinline 1960; Wildermuth et al.
1992)

Variation between strains within the pathogen species was observed for combined leaf sheath
ard subcrown internode ratings in some of the cultivéfssarium culmorunstrain Fc2
caused greater disease severity on the leaf sheath$-¢haon Endeavour, Grimmett and
Livingston. Also, strainFg2 frequently caused greater disease severity Bginacross the
cultivars.Fusarium pseudograminearumas been described to vary in aggressiveness between
strains, depending on several factors including, farming system, geographical factors, and the
genetc diversity of each strai(Akinsanmi et al. 2004)

Low levels of disease werbserved in durum wheatltivar Hyperno on the leaf sheaths
and the sufzrown internode after inoculation with each of the pathog@redlwork et al.
(2004) reported lower than expected disease severity in durum veoéatars Gundaroi,
Tamaroi and Yallarakith a terrace system. Thessultsare in contrast to the resultidhight
and Sutherland (201,7)vhere durum wheatultivarsEGA Bellaioi andJandarohad similar
disease severity ratings to the most diseased cultivars of barley. This could be due to some
cultivars exhibiting resistance in the early stages of growth, with the disease symptoms
becomingmore pronounceih the advanced stagie¥ang et al. (20103uggested that different
genes can be responsible for crown rot resistance at early deesitsh stages of wheat and
barley cultivars and this resistance might disappear throughout growing stages. In addition, the
inoculation techniques could have had an impadiseas@rogressionKnight and Sutherland
(2017)a p p | i e @ 106&enidia/mlf to the coleoptile, which may have eleddte disease

severity. In both ousystem and that of Wallwort al (2004),the inoculum was applied as a
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colonised grain added to the soil in a layer above the seeds. Thus, the coleoptile grows through
the soil and the inoculum, similar to a naturaldiinfection.

Triticale cultivar Endeavour had low levels of visual symptoms on the leaf sheaths (0 to 30%)
and subcrown internode (0 to 13.7%) compared to Grimmett (0.33 to 99.6%) and Livingston
(1.1 to 51.5%)Knight and Sutherland (2017¢ported that triticaleultivars Hawkeyeand
Berkshirehad a high level of disease severity with similar respaladespseudograminearum
andF. culmorumas spring wheat, barley and durum wheat cultivars. This difference may be
due to the different inoculation methods used or genetic variation between cultivars.

Oat is consideredresistant or an asymptomatic hostFofppseudograminearuifiPercyet al.

2012; Knight and Sutherland 2017). Low levels of diseasgnificantly greater than the
controls were observed on the sebown internode of Genie when inoculated with one strain

of F. culmorum(12%)and on the leaf sheaths when inoculated with straieact pathogen,

with the exception df. pseudograminearustrainFpl (2.5%). While disease levels were low,

the capacity of oats to host all of these pathogens was confirmed and further supports
recommendations that oat should not be used as a rotatropafoc crown rot(Nelson and
Burgess 1994hor common root rot manageméwildermuth and McNamara 1991)

The physiological impact of disease caused by these four armmwand common root rot
pathogens has not extensively been detabedarium pseudograminearunasulted in the
greatest reduction of shoot length across all cultivars. Grimmett and Livingston had significant
shoot length reductions across all pathogerseptB. sorokinianawith Grimmett. While oat
cultivar Genie had low or no symptoms, there was a significant reduction in the shoot length
of Genie across all pathogems<0.05). The reduction in the shoot length indicates that each
pathogen had a negat effect on the development of the host. Simila8giley et al. (2005)
indicated that disease severity was negatively correlated with plant heighE. for

pseudograminearum, F. culmoruamdF. graminearunbut not forB. sorokiniana.
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Differences in host shoot dry weight were olsérbut varied according fathogeror strain.
StrainFp1l significantly reduced the dry shoot weight in Grimmett and Livingston WAgle
significantly decreased the dry shoot weight in Gemie §.05). This outcome is in contrast to
Knight et al. (2012)who indicated a significant increase in dry weighthaf individual leaf
sheath up to the fourth leaf for four bread wheat cultivars colonisedgseudograminearum
compared to noinoculated controls. This difference between the two studies could be due to
the dry shoot weight of the entiseedling including leaf blade being included in our study.

A negative impact on the dry shoot weight of plant tissue indicates that each pathogen has a
detrimental effect on plant growthpwever this level in reduction was not as significant as

that for shoot lendgit Further assessment of plant height and weight in the field is crucial for
investigating the physiological impact of these pathogens.

This study dentified significant differences in disease severdysed by infection witk.
pseudograminearunfr. culmorum, F. graminearunandB. sorokinianan five winter cereals
speciesFusarium pseudograminearucaused the greatest disease severity on both the sub
crown internode and leaf sheaths followed By culmorum B. sorokiniana and F.
graminearum The most severe disease symptoms were observed on Grimmett and Livingston,
while Genie showed low or no symptoms. Significant differences were observed in the host
response (shoot dry weight and shoot length) to all pathogens with tletioadn the shoot
length being more significant than the shoot weight. The reactions observed across the cereal
hosts demonstrate the comparative disease impacts of each of these fungi, which will inform
improved management strategiesdaywnrot and conmon root rot diseases by crop rotation.

A field test will facilitate further investigation of the impact of these four pathogens on the five

winter cereals at different stages of plant growth.
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Table Heading

Table 1Location and source of each strainFafsarium pseudograminearyt. culmorum, F.
graminearumandBipolaris sorokiniana

Figure Headings

Fig. 1Example of disease symptoms observed on the first leaf sheaths asrdwabnternode

of triticale (cv. Endeavour) after inoculation. Treatments include-inoculated control,
Bipolaris sorokiniana (Bs), Fusarium culmorum (Fc), F. graminearum(Fg), and F.
pseudograminearuiffrp). This is representative of symptoms observed on barley, bread wheat,
durum wheat, and oat.

Fig. 2 Mean combined leaf sheath disease severity ratings for each experiment by strain by
cultivar interactionTreatments includBusarium pseudograminearugstrainsFpl andFp2),

F. culmorum (strains Fcl and Fc2), F. graminearum(strains Fgl and Fg2), Bipolaris
sorokiniana(strainsBsl andBs?2), and norinoculated control for each host. Different letters
represensignificant differences within a cultivar and experimerid &t0.05.

Fig. 3 Mean combined leaf sheath disease severity ratings for each experiment by cultivar by
strain interactionTreatments includEusarium pseudograminearufstrainsFpl andFp2), F.
culmorum(strainskFc1 andFc2), F. graminearungstrainsFgl andFg2), Bipolaris sorokiniana
(strainsBsl andBs2), and nornoculated control for each host. Different letteepresent
significant differences within a strain and experimertd at0.05.

Fig. 4 Mean values of the sutrown internode disease severity rating for the pathogen by
cultivar interaction (a) and the cultivar by pathogen interaction Tgatments include
Fusarium pseudograminearugstrainsFpl andFp2), F. culmorum(strainsFcl andFc2), F.
graminearum(strainsFgl andFg2), Bipolaris sorokiniana(strainsBsl andBs2), and nomn
inoculated control for each host. Different letters indicate significant differences between
strains within a cultivar (a) and between cultivars for a straint(B)eD.05.

Fig. 5Mean values of shoot length for the pathogen by cultivar interaction. Treatments include
Fusarium pseudograminearuiffrp), F. culmorum(Fc), F. graminearum(Fg), Bipolaris
sorokiniana(Bs), and norinoculated control. Different letters indicate significant differences
within a cultivar atJ< 0.05.

Fig. 6 Mean values of cultivadry shootweight for the pathogen bsgtrain by cultivar
interaction. Treatments includd-usarium pseudogramineam (strains Fpl and Fp2), F.
culmorum(strainsFc1 andFc2), F. graminearungstrainsFgl andFg2), Bipolaris sorokiniana
(strainsBsl andBs2), and nornoculated control for each host. Different letters indicate
significant differences within a cultivar< 0.05.

Supporting Information Headings

Supplementary Table JANOVA table for analysis of combined leaf sheath disease severity
ratings of five winter cereals colonised by the four crown rot and common root rot pathogens
used for this study. Mean separations were
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Supplementary Table 2ANOVA table for analysis of subrown internode rating of five
winter cereals colonised by the four crown rot and common root rot pathogens used for this
study. Mean separations of U <0.05.

Supplementary Table 3ANOVA table for analysis of shoot length of fiventer cereals
colonised by the four crown rot and common root rot pathogens used for this study. Mean
separations of U <0.05.

Supplementary Table 4AANOVA table for analysis of dry shoot weight of five winter
cereals colonised by four crown rot and commumut rot pathogens used for this study. Mean
separations of U <0.05
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Table and Figure Headings

Table 1Location and source of each strairFosarium pseudogramineary. culmorum, F.
graminearum andBipolaris sorokiniana

Figure 1 Example of disease symptoms observed on the first leaf sheaths aowab
internode of triticale (cv. Endeavour) after inoculation. Treatments includenooualated
control, Bipolaris sorokinianaBs), Fusariumculmorum(Fc), F. gaminearum(Fg), andF.
pseudograminearulffrp). This is representative of symptoms observed on barley, bread wheat,
durum wheat, and oat.

Figure 2 Mean combined leaf sheath disease severity ratings for each experiment by strain by
cultivar interactionTreatments includBusarium pseudograminearugstrainsFpl andFp2),

F. culmorum (strains Fcl and Fc2), F. graminearum(strains Fgl and Fg2), Bipolaris
sorokiniana(strainsBsl andB<2), and norAnoculated control for each host. Different letters
represensignificant differences within a cultivar and experimerit &t0.05.

Figure 3 Mean combined leaf sheath disease severity ratings for each experiment by cultivar
by strain interactionlreatments includBusarium pseudograminearuisirainsFpl andFp2),

F. culmorum (strains Fcl and Fc2), F. graminearum(strains Fgl and Fg2), Bipolaris
sorokiniana(strainsBsl andBs?2), and nornoculated control for each host. Different letters
represensignificant differences within a strain and experimeni at0.05.

Figure 4 Mean values of the sutrown internode disease severity rating for the pathogen by
cultivar interaction (a) and the cultivar by pathogen interaction Tgatments include
Fusarium pseudograminearufstrainsFpl andFp2), F. culmorum(strainsFcl andFc2), F.
graminearum(strainsFgl andFg2), Bipolaris sorokiniana(strainsBsl andBs2), and nomn
inoculated control for each host. Different letters indicate significant differences between
strains within a cultivar (a) and between cultivars for a straint(0)e0.05.

Figure 5 Mean values of shoot length for the pathogen by cultivar interaction. Treatments
include Fusarium pseudograminearurtFp), F. culmorum(Fc), F. graminearum(Fg),
Bipolaris sorokiniana(Bs), and norinoculated control. Different letters indicate significant
differences within a cultivar &< 0.05.

Figure 6 Mean values of cultivadry shootweight for the pathogen bstrain by cultivar
interaction. Treatments includd-usarium pseudograminearuistrains Fpl and Fp2), F.
culmorum(strainsFc1 andFc2), F. graminearungstrainsFgl andFg2), Bipolaris sorokiniana
(strainsBsl andB<2), and norinoculated control for each host. Different letters indicate
significant differences within a cultivai< 0.05.
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Table 1Location and source of each straifFolsarium pseudogramineary. culmorum, F. graminearupandBipolaris sorokiniana

Species Strain BRIP Collection  Collection location  Source of strain
designation accession year
no.2
F. pseudograminearurr Fpl 64949 2009 Emerald Crown rot
QueenslandQld) affected stem
Fp2 64952 2012 Irvingdale, Qld
F. culmorum Fcl 64973 2010 Unknown location, Crown rot
New South Wales  affected stem
Fc2 64974 2010
F. graminearum Fgl 64975 2010 Tolga, Qld Fusarium Head
blight affected
Fg2 64976 2010 Clifton, QId grain
B. sorokiniana Bsl 64970 2005 Moonie, Qld Common root rot
affected sub
B2 64972 2006 Wallumbilla, Qld crown internode

a ) .
BRIP: Queensland Plant Pathology Herbarium (Australia)
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Figure 1
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Figure 2

Experiment 1

Experiment 2

100 =
L
=
mﬂ

501 55
a a a a s
e o o O | e o .
o EmEm . _d == _d | et m d _d_
100

S 59

2 504 G

=

2

go_ababababababaabb b ab b ab b b _a8 b b

@

0w

>

2 100- _

o Qwm

c 38

g . 35

g 50 %~<

w

'©

2 01

o

2

£ 1004 ~£

S g

o 33

© 504 33

a a =8
a a =8
b 3 B
oleen ¢ BS d _bc NN d |Loelo b b c b _c
1001 =3
=9
2=
a
50- b e
.- o B
o_----_ | EeEal . e .
@ P '5 I Y e 2 9 35 T 5 S = ¥ B
2 & & & & o2 & & = a 4 & ¢ & & & & =
3 3
Strain

Pathogen . Bs - Fe . Fg - Fp |:| Control

49




Figure 3
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Subcrown internode disease severity (%)

Figure 4
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Figure 5
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