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Abstract

The assessment of crown rét pseudograminearuninfections in winter cereals

was explored using a quantitative polymerase chain reaction (PCR) approach. A
range of cereal genotypes of varying resistance to crown rot were monitored during
seedling and adult growth stages. A histopathological inveistigat F.
pseudograminearurfi-p) growth during pathogenesis in seedling and adult growth
stages was also performed across a range of cereal genotypes. This utilised a novel
staining method developed during this project.

Visual assessment of crown rot sympsin wheatseedlingis commonly
conductedn order to rapidly identify resistant genotypBsitings rely heavily on
discolouration of seedling tissues, predominantly the leaf sheaths. This study is the
first to explore the relationship between seedlisgue discolouration arfeh DNA
content in wheat genotypes of differing resistance. The partially resistant wi@at 2
exhibited lower visual and gPCR values than the suscepttidatPuseasThe rate
of disease development aRd growth in seedling leagheaths was slower in49
than Puseas. The rates of symptom development in intermediate genotypes EGA
Wylie and EGA Gregory were not significantly different from that recorded4f.2
A comparison of visual ratings and gPCR valueBDNA indicated astrong
correlation (r = 0.89, p < 0.01) between these characters aty$dfter inoculation
across all genotypes. The correlation weakened over time. Furthermore, gPCR
revealed differences between partially resistant and susceptible genotypes to a much
greater extent than possible using visual discolouration.

Crown rot infections of adult cereal stems are typically rated at maturity by
recording the amount of discolouration on individual internodes. A comparison was
performed between visual ratings & DNA content of four cereal genotypes (two
bread wheats, one durum wheat and one barley) at anthesis (16 weeks after planting)
and maturity (22 weeks after planting). At anthesis a strong correlation (r = 0.86, p <
0.01) was present between visual and BR@lues. At maturity this relationship was
modest (r = 0.58, p < 0.01). Furthermore, differences between partially resistant and
susceptible genotypes were greatest at anthesis.

The strong correlations between visual discolouration and fungal DNA

contentindicate hat visual discolouration iswseful measure of fungal load in



seedling and adult cereal tissudswever, the degree to which these two parameters
correlate varies with the time elapsed since tissue infection.

Fluorescence microscopy reveatemmajor differences betweé&mngal
growth patterns or structural characteristics inftbgtgenotypes assessed. Leaf
sheaths were most frequently penetrated via stomata, indicated by initial lesions
forming at the guard cells. Leaf sheath tissues beeamaasively colonised in most
cell types, except for the vascular bundles and abaxial silica cells. Colonisation of
leaf sheaths resulted in theemergence of hyphae and occasionally conidiophores
from stomata.

Colonisation of culm tissues frequentlyginated in the parenchymatous
hypoderm, which became greatly discoloured, resulting in the visual discolouration
used for disease rating. Early infection of pith parenchyma cells was also frequent.
Infections typically spread from the culm base upwardsuih the tissues, typically
only to internode three, with much slowelateral spread of hyphae. Colonisation of
sclerified cells occurred later in the infection process. Vascular tissues were
frequently colonised by anthesis. This was more rapid ireptibte genotypes.
Occlusion of large xylem vessels was rare during moderate infections.

The ability of quantitative PCR to accurately desctiteeextent otrown rot
infection suggests that it could be utilised as a powerful technique for detecting new
resistance sources or for identifying quantitative trait loci for resistance. This
method, along with further microscopic and biochemical assessments of partially
resistant and susceptible genotypes, may provide new information on the

pathogenesis of crownot and the nature of host resistance responses.
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Chapter 1: Literature Review

1.1 Introduction

Wheat(Triticum aestivur) worldwide,is currently grown on more land ar@d3
million hectaresjhan any other commercial crdpllowed by maize and rice (158
and 155 million hectares respective{@ornell and Hveling, 1998, Curtigt al.,

2002, FAOSTAT, 2010)The high dependence of hunemtietieson wheat crops
and harvestdrivesthe intense genetic research imtcaestivunand related species
of grasses, which has continued for over a cenfacyssingon breeding
characteristics for agronomic performance, maximising yields, post harvest grain
quality andresistance to disease.

1.2Wheat

Modern wheatTriticum species) originated froseveral wild speciethrough
hybridisation, mutation and the effs@f human selection and cultivation. Wheat has
three levels of ploidy (number of sets of the base group of chromosomes): diploid
(2n=2x=14), tetraploid (2n=4x=28) and hexaploid (2n=6x=42). Of the three ploidy
levels, the tetraploid and hexaploid whebtsingTriticum turgidumssp.durumand
Triticum aestivumiespectivelyare the most commonly@wn in present day
cultivation The earliest evidence of wheat domestication appears ~10 000 years ago
in the Fertile Crescent of the Near E@dstv-Yadunet al, 2000) In prehistoric times
wheat was cultivated throughout Europe and was one of the most valuable cereals of
ancient Persia, Greece and Eg{percival, 1921)

Wheat is superior to most other cereals in its nutritive value, paricdue
toits protein component. The unigpbysical and chemical qualities of tiwbeat
grain gluten allow production ahore palatable bread than any other cereal. Its
cultivation is simple and its adaptability to varying soils and climatic conditions
makes it suerior to most other crog®ercival, 1921, Zohary and Hopf, 2000)

Wheat is grown in Europe, Asia, Africa, the Americas, Australia and New
Zealand. The only parts of the world in which it is less common are hoglibwde

regions of the Tropicd he ten major wheat producing countrie2007wereChina,
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India, UnitedStates of America, Russian Federation, France, Pakistan, Germany
Canada, Turkey and Argentina, produc#® million tonnes of wheat ithat year
(http://www.fao.org). Wheat is also the most important crop grown in Australia, the
fifteenth highest wheatrpducer worldwide in 2007. It is the largest single
component of the Australian grains industry with a total annual value of besixeen
and sevemillion dollars(AWB, 2004)

Within Australia commercial quantities of wheate grown irall states
(Figurel.1). New South Wales and Western Australia each contribute approximately
one third of the total cropping area and subsequent wheat harvesth®peribd
from 2000 to 2009 the average harvest was 18.6 million tonnes from 12.3 million
hectaregAustralianBureauof-Statistics, 2009)The Australian domestic miaat
consumes around®million tonnes of wheat annuallgvenly divided between
human consumption and stockfeed. The remaining 70% of thesceaported to
countries such as China, Egypt, Indonesia, Iraq, Japan and South(Krewsin,

2006)

The major limitatios to wheat production in Austral@readequate seasonal
rainfall and soll fertility The importance of seasonal rainfall varies between the
northern grain growing region (northern New South Wales, southern Queensland and
central Queensland) where summer rainfall is predominant and the southern regions
(Western Australia, South AustralMictoria and soutfwestern New South Wales)
where winter rainfall is predominant. Yield decreases of nearly&f¥pared to the
long term averageere recorded during the drought ye2@93, 2006, 2007 and
2008 (AustralianBureauof-Statistics, 2009, Australia@overnmerntBureauof-
Meteorology, 2009)
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Figure 1.1. Areas and intensity of wheat production within Australia during the 2000-2001
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1.21 Anatomy

A wheat seedlingonsists of a crown, coleoptile, satbwn internode, leaves and
seminal (primary) rootsHigurel1.2a). During adulgrowth the plants produce nodal
(secondary) roots and expand into multiple culms (stems) consisting of nodes,
internodes and an inflorescenéggure1.2b). The culm is composed of subunits
called phytomersThe phytomer is composed of the node anditiseiesderived from it
being the leaf sheath, leaf blade, internode (above the node) and axilldBrisid,
1991, Wilhelm and McMaster, 1999)hese phytomers originate at the cnothe
region just below the soil surface, and expand during growth of the plant.
Seminal roots and the coleoptdaginate fromprimordia found irthe seed

(Carver, 2009)The coleoptile encases the stiown inernode up to the emerging
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shootandfunctions chiefly as a protective cover to the young leaves during their
upward growth through the soil. The crofamms at the top of theubcrown
internodeand is located just below the soil surfaddodal roots ar@roduced from
primordia developedt the crowrafter germination

The foliage leavepossess a sheath, blade and ligule, with a pair of auricles at
the base of each bla@eercival, 1921JFigurel.2a). The leafsheath, which is split
in the upper parts but entire near the base, encircles theatacting the latter
from damage byrbst, drought and insect attackpossesses considerable strength
and serves as a support for the young growing internode within. The greater portion
of the sheath is somewhat thicker and more transparent than the blade, with thin
transparent margins. For a distance-&f m above the pot of insertion(node)on

theculmit is considerably thickene@bout 1 mm thick

Seed Head
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Figure 1.2. a, Seedling anatomyVeseth, 1987)b, Culm anatomy (Knight and Quir k, 1994)

1.22 Growth Cycle

Each culm is able to produce an inflorescence which typically undergoes self
pollination. Following pollination the seed head devel@sllarge quantities of

starch and protein are stored in the developing seeds. Afterxapately four weeks



grain filling hasbeen completed, seeabisture levels have fallen below 15% ahd
crop isready for harvesiSimmonset al, 1995)

1.2.3Diseases

Organisms able to cause serious diseases on wheat include fungi, bacteria, viruses
and nematodes. It is estimated that losses in Australian wheaase@lsl high as

$913 million per year, or approximately 20% of the average annual value of the
Australianwheat crogfMurray and Brennan, 20090 Australia the major diseases

of wheatincludeyellow spot Pyrenophoratritici repentis), stripe rustiPuccinia
striiformis), Septoria nodorurnblotch, crown rot Fusarium pseudograminearuamd

F. culmorum and root lesion nematoderatylenchus neglectysrepresenting $599
million of the total losses. Withotibe years of researabn breeding for disease
resistance and the use of cultural and chensimairol measures, such as crop
rotations and pesticideannuallossesdue to theséive diseasesvould be

considerably greatéMurray and Brennan, 2009b)

1.2.3.1Foliar and Head Diseases

Diseases occurring on the foliage of a wheat plant generally affect the photosynthetic
capacity of the plant. This becomes severe when the flag leaf, the major producer of
sugars going to the grains, becomes infected. The main effects caused by foliar
pathogens are the redirection of nutrients to the pathogen instead of to the host and/or
death of host tissue, limiting the photosynthetic capacity of the plant. Diseases of the
grain head result in contamination of the grain with the pathogen and may thad to
production of mycotoxins, fungal metabolites which can lsmr@us effects on

animal and human healtRoliar diseases commonly result in lower grain yields

while diseases of the head may lead to whole crops being discarded due to

contamination.

1.23.2Root and Crown Diseases

Diseases of plant roots and crowns are potentially the most debilitating of plant
ailments and are harder to monitor and control than leaf diseases. When roots or the
crown become infected and either can no longer absorb rigtaush wateyor the



nutrients absorbed are diverted by pathogens, growth of the entire plant is restricted.
The decrease in nutrient uptake can have highly detrimental effects on plant and crop
yields, making these diseases an important focus of moderasdi resistance

researchln Australia important root and crown diseases of wheat include crown rot
(F. pseudograminearu@ndF. culmorun), takeall (Gaeumannomyces graminis var,
tritici ) root lesion nematod@(atylenchus neglectndP. thorne), cereacyst
nematodeHKeterodera avangeand common root roBfpolaris sorokiniana

(Wallwork, 2000, Murray and Brennan, 2009b)

1.3Crown Rot

Crown rotis so called because it appears to originate from the crowspaedd
upwardsthrough the plant during the season, predominantly into leaf sheath and
culmtissue where a browristolouration is observed. Crown rot is generally
associated with serairid areas where wheat maturation occurs un@emdry
conditions(Burgesset al, 2001) however, it has been reported in varying climates
ranging from the semarid to mediterraneafBackhousest al, 2004,Gargouriet al.,
2006)

1.3.1Economiclmpact in Australia

Yield lossesf over 50%due to crown rot have beegported undeconditions
favourable for this diseag@/allwork, 2000) In 1998 losses due to crown rot were
reported to be worth approximately $50 million in lost yield each (#@nnan and
Murray, 1998) with this figure increasing to $79 milligast over a decade later
(Murray and Brennan, 2009b)

1.3.2Crown Rot Distribution

Crown rot is important in the southern and northern regions of the eastern wheat belt
of Australia(Burges<set al, 1975, Burgesst al, 1981, Murray and Brown, 1987,
Backhouse and Burgess, 2002, Backhaisd, 2004, Murray and Brennan, 2009Db,
Hollawayand Exell, 201Q)importance of the disease is increasing in the western



grain growing region of AustralidMurray and Brennan, 2002k Queensland and
New South Wales crown rot is predominantly caused by the anamorphic fungal
pathogerfFusarium pseudogram@arum(Burgesset al, 1975, Backhouset al,
2004, Scotet al, 2004) In Victoria and South Australia. pseudograminearums
also the most common species associatea evgwn rot, howevelf;. culmorumhas
also frequently been isolated in these states. In the high rainfall areas of \4otbria
South Australid. culmorumcan be the dominant pathogen in some fields
(Backhouseet al, 2004) OtherFusariumspecies such &8 avenaceunt.
crookwellens@andF. graminearunSchwabe have been infrequently isolated from
crown rot infections(Backhouseet al, 2004)

Globally, crown rot has ab been reported in New Zealaiiondset al,
2005, Bentleyt al, 2006) North America, particularly in the warmer climates of
the Pacific Northwest of the United 8ta(Cook, 1968, Smilewt al, 2005)
Argentina(Carranza, 1961 )taly (Balmas, 1994)South Africa(Van Wyket al,
1987, Klaasewt al, 1991) North Africa(Burgesset al, 2001, Gargouret al,
2006) Western AsigBurgesset al, 2001, Saremet al, 2007, Tunalet al, 2008)
and Great BritairfColhoun and Park,964)

1.3.3History

The most common causal agent of crown rot in Australia is currently named
F. pseudograminearunidowever, in the past this fungus has blegown under the
namegsGibberella saubinetfiFusariumroseumdé Gr ami near bkm6é and | at
graminearumGroup 1. Burgesst al (1975)provide the first evidence of two groups
within F. graminearumreporting that one set of isolates, Grougdid,not form
perithecia in cultug and were commonly associated with crown rot, while another
set, Group 2, normallformed perithecia in culture and was infrequently associated
with crown rot. Cultural and genetic characteristics have provided distinctions
between the two grougBurgesset al, 1975, Aoki and O'Donnell, 1999a, Ladety
al., 2000) During 1999F. graminearunGroup 1 wagormally described as a
distinct speciedrusarium pseudograminearugdoki and O'Donnell, 1999apoki
and OO0 demonsteated th&t. pseudograninearumis a phylogenetically
di sti nct stpgbalioane tsanslatoom aloggation factor gene sequences

coupled with careful measurements of the spores proddicederous studies have
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confirmed this resuliBenyonetal., 2000, Tan and Niessen, 2003, Moetisl,
2005, Scott and Chakraborty, 2006)

Possible documentation of the crown rot fungus in Australia dates back to
1892 where a fungus was observed on herb stems in Victoria and Tasmania and later
described using pehiecial and conidial form &Sibberella saubinett{Cooke, 1892)
In 1896, in Australia, acopecuires plhtthegio
growth on nodal and head tissue was designatédserium culmorunbased on
morphological comparisons Eusisporium culmoruntMcAlpine, 1896) This is
similar to the report by Hyng4924)who found what ws described aGibberella
saubinettion footrot of oats. Hynes stated the belief that due to the frequency of
isolation ofFusariumfrom tissues showing foabt and nodal symptomBEusarium
may be an important cause of cereal fiadtin New South Wale8oth Atanasoff
(1920)and Bentley(2007)have suggestdthat the species referred to in 1896 and
1924 wasactually the asexual form & pseudograminearundue to the lack of
documented perithecial production in culture.

The first official record of crown rot of wheat Queensland was made in
1951 by Dr. T. McKnight. It is probable that the disease was present much earlier, as
McKnight and Har{1966)stated that symptoms similar to crown rot were reported
as early as 1940. Purg966)conducted the first significant studies into the effects
of crown rot disease and found differences in crown rot disease between wheat
varieties. During the lagk5 years a significant body of research on crown rot has
been performed, howevegmogress has been challenging

1.4 Fusarium Genus

Plantassociated fungi comprise a wide variety of groups, but few are as harmful to
plant and animal health as the geRusarium a large and ancient group that has
evolved extraordinary diversi{fpesjardins, 2006 Fusariumspecies can infect

many plant species, including cereal crops such as wheat, barley and maize. They
cause serious diseases in thasps, such as crown rot and head blight on wheat and
barley and ear rot on maiZEhese pathogens not only have the capability to
significantly decrease grain yields bdaring infection and after harvegtusarium

species have the ability to produceaage of secondary metabolites known as
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mycotoxins,such astrichothecenes, zearalenones and fumon{flesjardins,

2006) Duringthe last 20 year$;usariumspecies have been studied extensively
because the mycotoxins they produce lvam threat to plant, animal and human
health. The phytotoxicity and effects in pla#thogen interactions of some of these

toxins have been demonstrated, but the roles of others are still being elucidated.

1.4.1Fusarium pseudograminearum

F. pseudograminearu o K i and O6Donmleylumh bel ongs t
Ascomycota It produces hyaline, septate macroconidia with agbaped basal cell
(Leslie and Summerell, 20Q8Reproduction is predominantly by asexual means via
the anamorphic stage pseudograminearunmoweve a teleomorph (sexual stage)
Gibberella coronicolecan be produceds. coronicolais heterothallic (sexes reside
in different individualsland as a resuit does not commonly produce perithecia
(Aoki and O'Donnell, 1999aY he sexual stag@ibberellabelongs to te phylum
Ascomycota, characterised by formation of asci which ardileacells typically
containing 8 ascosporéBead and Beckett, 1996 he genusibberellais within
the group of filamentous ascomycetes which form perithecia metallicrbbadour,
which enclose the as@hlexopouloset al, 1996) Hyphae of both stages are well
developed, branched and sept&tepseudograminearuiolony colour on Potato
Dextrose Agar (PDA) is typically red to light pink, sometimeth yellowish aerial
hyphae.

1.4.1.1Genetic Diversity Studies

Multiple studies have assessed the genotypic diversity present in populations
of F. pseudograminearum Australia(Akinsanmiet al, 2006, Bentlet al, 2008,
Bentleyet al, 2009)and other countriedviondset al, 2005, Bentleyt al, 2006,
Mishraet al, 2006, Scott and Chakraborty, 200B) pseudogaminearum
populations in Tunisia and Canada have been described as kabsigntially high
genetic diversityith no spatial clustering. This indicates frequent gene flow occurs
over a wide geographic area, resulting re@ombining structure correspting to a
single populatiorfGargouriet al, 2006, Mishraet al,, 2006) Other studies using

Fusariumspecies have found a similar lack of correlation between genetierslust
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and geographic origifOuellet and Seifert, 1993, Benyenhal, 2000, Scott and
Chakraborty, 2006)

In an assessment of genetic variation within Australian isolatés of
pseudograminearurkinsanmiet al (2006)observed a high level of intraspecific
diversity, identified by five amplified fragment length polymorphism clusters
forming within a population collected from Queensland and New South Wales.
Akinsanmiet al found hat only 4% of the overall genetic diversity could be
attributed to differences between isolates from the adjacent states, indicating high
gene flow between isolates from different regions and thus a low level of population
subdivision A strong link betwen aggressiveness and AFLP clusters was also
reported Bentleyet al (2008)performed a similar but more geographically diverse
experiment comparing. pseudograminearumsolates from across rabof the major
wheat growing areas of Australia. An assessment of AFLP similarity separated
isolates into two groups, originating from eitherth-eastern Australia or south
central and soutlvestern AustraliaBentleyet al. (2008lhy pot hesiFse t hat o6t he
pseudograminearumpopulations from nortkeastern and southern Australia are
independent, which could result from different founding events or §@ographic
isolation and the accumulation of genetic differences dgeretic drift and/or
s e | e cAthigholevel of gene flow was again reported within each of these
populationsBentleyet al. (2009)performed further analysis of micezale genetic
variation wihin 1 metre rows and compared this to field and regional variation. It
was found that the genetic diversity amongst the isolates from the 1 metre row
populations accounted for a large proportion of the genetic diversity observed for
field and regional popations. Genetic differences due to geographic region have
also been reported in New Zealand where isolatés p§eudograminearufnom
the South Island clustered separately from North Island isqd@sdset al, 2005,
Bentleyet al, 2006)

While it is apparent that the speclespseudograminearutmas high genetic
variation, theprocess by which this has come aboutil unclear. Akinsanmiet al
(2006)found that the differences in population structure between the heterofhallic
pseudograminearumand the homothalli€&. graminearunwere not as pronounced as
expected given their contrasting mating systems. They determinde that
pseudogramingamwas neither panmictic (random mating within a breeding

population) or strictly clonalt was suggestetly Akinsanmiet al. (2006)that these
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results point to a level of sexual regbination inF. pseudograminearuntHowever,
ascosporefrom the sexual stage &f. pseudograminearun®. coronicolg have

only occasionally been reported in the field or laborafbrgncis and Burgess, 1977,
Aoki and O'Donnell, 1999b, Summeretial, 2001) and only limited information is
available on the importance of this staBentleyet al (2008, 2009)confirmed that

F. pseudograminearuimas a dimictic mating systentt was revealethatboth

mating types and genetic distances had significaniasp@gregation. They suggest
that this is consistent with the presence of-remmlom spatial genetic structure due
to clonal aggregatiorOthertheories related to panmixia, sexual recomioma
ascospore/inoculum spread and parasexual recombination have been discussed
(Benyonet al, 2000, Akinsanmet al, 2006, Mishraet al, 2006, Scott and
Chakraborty, 2006, Bentlest al, 2008, Bentleyet al, 2009)but more work is
required toconvincinglydetermine the method/s employed by the fungus to increase

or maintain genetic variation.

1.4.1.2Use of Genetic Information

SpecificDNA primers for identification oFusariumspecies are frequently used for
experimentatiorfSchilling et al, 1996) This primarily relates to identification of
individual species and quantification of fungal DNPhe ®ctionentitled

Bpeciess p e ¢ i f icentaigsRuctiRBexplanation. The availability of the whole
genome sequence Bf graminearumand an Affymetrix GeneChifGuldeneret al,
2006)allows for molecular characterisation of fungal genes, which could highlight
important responses during growth and plant infecmott and Chakrabor{®007)

have used this genome sequence to identify polymorphic loci suitable for population
studies ofF. pseudograminearunstephen®t al. (2008)have also applied this
information to identify genes which may be of importance during crown rot

infection.
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1.5Aspects of Crown Rot Disease

1.5.1Disease Cycle

F. pseudograminearuis a widely distributed sciborne pathogen found mainly in
association with infested plant debris where it can survivedeeralyears

(Wallwork, 2000, Leslie and Summerell, 2008Jheat crops planted into soil
containing this debris appet® be infected via the sutyown internode or

crown/leaf sheath bases as the plant comes into contact with the (Bgss

1966) It is probable that the coleoptile of the seedling is the first tissue to come into
contact withF. pseudograminearumoculum as it grows towards the soil surface.
However, infectiorhas been reported to occur from seedling emergence through to
maturity (Purss, 1966, Burgess al, 1981, Summere#t al, 1989) The fungus may
survive on seed, infected stubble or by usitgrnative host@McKnight and Hart,
1966) However, seethorne carryover of. pseudograminearais of little practical
significance or importance in AustraliButler, 1961) F. pseudograminearumhoes
have the ability ta¢ause head blightnore typicallycaused by. graminearum

Despite this, head blight infection By pseudograminearuis relatively raredue to
poor dispersal of its macroconicaadhasonly infrequentlybeen reported in the

northern wheat belt of Ne®outh Wales under wet conditiofBurgesset al, 1987)

1.5.2Host Range

F. pseudograminearutmas been isolated from all major wintareals. ldwever,
wheat {Triticum aestivurjy barley Hordeum vulgargand triticalexx Triticosecale
Wittmack are symptomatic primary hogtSimmonds, 1941, Purss, 1966, Quetzi
al., 2009) Cereal oatsAvena sativpand the grass weed wild oafsvéna fatua
become infected bly. pseudograminearuiout are considered asymptomatic hosts
that are likely to contribute to the maintenanteéoculum(Nelson and Burgess,
1994, Nelson and Burgess, 1995, Burgssal,, 2001) F. pseudograminearuimas
been isolated from many other grass genera includigngpyron Austrostipa
Avena Bromus, Danthonia, Dicanthiylordeum Panicum Phalarisand the
specieZea maygSimmonds, 1966, Burgess, 1967, Purss, 1969, Be20&y,)
This large host rang&hich includegyrass weeds, allows. pseudograminearuno

survive in many environments and produce further inoculum even when host crops
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have been removed. This ability has major implications for cropping, particularly
when planningrop rotationsweed controbnd diseasmanagement.

1.5.3Disease Symptoms

Infection can lead ta variety of outcomesanging from theleath of
seedlingor older plantsthroughvarying degreg of basal tissue discoloration
(Purss, 1966, Burgess al, 1981, Wallwork, 2000)In a wheat crop, crown rot
effects are usually first observed after flowgrimhen scattered white (dead) heads
develop. These whiteheads haier shrivelled or no graiCrown rot may be
detected before whitehead formation by examining basal leaf sheathisnor
internodedor tissue browninginfectionfrequentlyresults in adark brown
discolouraibn of leaf sheaths and a horleypwn discolouration ofulms.
Discolouration maylsobe present on theoleoptile, subcrown internode and nodal
roots In adult wheat plants the fungus has been fourghsas the internode below
the head but imorecommonly restricted to the first three internodes above the
crown (Purss, 1966, Malligan, 20083everely infected internodes typically contain
pink mycelium characteristic &f. pseudograminearunin noticeably greater
abundance in thgith cavity. Under moist conditions sporodochia may be produced
on infected tissue and these appear as pink patches near the base of plants.

In warm, moist conditionand in the presence siifficientF.
pseudograminearummoculum wheatseedlings may suffer seedling bligivhere
disease resudin severe stunting or death. In these early stages brown
discolouration/lesioning typically occurs on the seedling leaf sheaths but can also
appear on the sutrown internode, dependirog wherethe plant comes into contact
with the fungal inoculum. Curiously, the discolouration of the leaves appears to be
confined to the sheath as discolouration stops didke of the laminéLiddell,

1985) Infection via the roots is not common, with any fungal growth into the roots
appearig to originaé from colonised culror crown tissu€Purss, 1966, Taylor,
1983, Liddell, 1985)

The whitehead symptom of crown raiges one of the most intriguing questions
concerning thislisease complex: What causes whitehead formation? @966)
found that whileculmswith headsclassified as whiteheads had a greater level of

infection in the third and fourth internodesims with headsclassified as healthy
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also had a remhkably high percentage of infection in the third internode. Water

stress increases the frequency of whitehead formation and it has been hypothesised
that the fungus may block vascular tisguéhe culm resulting indeath of the

developing grainhowever o strongevidencedemonstrating this effect has been

producedThe nature of this hogtathogen interactiorequires further elucidation.

1.5.3.1Mycotoxins and Infection

Current knowledge concerning the role of mycotoxins in crown rot infection is
limited. Production of thérichothecenenycotoxindeoxynivalenol (DONhas been
monitored during crown infections by pseudograminearu@ndF. graminearum
however its role during infection has not been determihkaigeet al, 2006) Host

cell death due teelease 0DON has been reported, howetee effect of the

interactions is not clear as DON may also contribute to the induction of antimicrobial
host defencef@Desmoncet al, 2008) Studies on the numerous other toxins produced

by Fusariumspecies have not been perfornfiedF. pseudograminearum

1.5.4Environmental Conditions Affecting Infection

Environmental conditions have long been known to be important during infection
and disease development of plaf@slhoun, 1973)Crown rotincidenceand

severity are affected by soil moisture, soil type, topography, time of planting and
temperaturédMcKnight and Hart, 1966, Purss, 1966, Purss, 1971, Buejeds

1975, Kleinet al, 1985) Initial fungal infection of seedlings is favoured by moist

soil environmentgLiddell and Burgess, B5, Liddell and Burgess, 1988, Sweain

al., 2000)but crown rot can still develop at later growing periods. The disease is
usually not severe in crops grown under optimum soil moistuee the entire
seasonhowever in low moisture environments the effects of crown rot are enhanced
with significant damage being inflicted as plants approach matur@tioiknight

and Hart, 1966, Burgess al, 1975, Kleinet al, 1990, Hollaway and Exell, 2010)

It also appears that the fungus is able to grow more rapidly through the plant tissues
when plants are moisture stressed. Crown rot hasreeerded on all major soll

types, however it principally occurs on soils of heavy texture or ontigyitired

soils with an impervious layer in the prof{lelcKnight and Hart, 1966, Burgess
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al., 1975, Burgesst al, 1981) The diseasappears to be affected bgil
topographywhere it is more prevalent on thatter plains than on undulating

terrain. In addition, crown rot is more common in low lying areas within a field,
where it can form distinct patches in gilgais (localised dspoas)McKnight and

Hart, 1966) Burgesset al (1981)suggest that soil type and topography affect the
incidence and severity of crown rot indirectly by their effect on the water relations of
the plant. The two main environmental conditions affedingseudograminearum
growth are temperature and water,haiitteractions between these factors impacting

on fungaland planigrowth.

1.5.4.1Temperature

Temperature is known to effect geographic infection patterfRsigdriumspecies in
cereals, withFusariumcrown rot being most common in warm, @meas throughout
the world(Cook and Christen, 1976)he temperature of the soil is an important
factor determining the extent of seedling infectjbickson, 1923)Klein et al

(1985) Wildermuth ad McNamarg1994)and Smiley(2009)found that high soil
temperature favours infdon of wheat byr. pseudograminearumind allowsa
clearerdifferentiation of disease responses. Lower temperatures (~ 13°C) typically
resulted in indistinguishable differences in crown rot severity between susceptible
and partially resistant seedlingsheveas at a temperature of 25%3Sual rating
grouped seedlings into distinct groups and correlated with field test ratings
(Wildermuth and McNamara, 1994)

Temperature also has significant effects on the early growth patterns and
metabolism of wheat seedlings, which nsayurn affectthe growth of the fungus
(Dickson, 1923, Dicksomt al, 1923, GAumann, 1950 particular, atdwer
temperatures (~12°C) wheat seedlings have a high content of available
carbohydrates, which results in thickened cellulose whadlsmay offeresistance to

fungal penetration.

1.5.4.2\Water

Water is required for germination and growthFofpseudogaminearumbut optimal

water potentials for infection and subsequerilantagrowth have been identified
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as important conditions in respect to crown rot severity. Maximétro growth of

F. pseudograminearuion agar platesand similar fungi such d&s roseum

0 Gr ami ne@seumn& uy | mo r G.maubirettinchs been found to require
progressively drier conditions, with similar trends being observed in the field
(Dickson, 1923, Cook and Christen, 1976, Wearing angéas, 1979)Moisture
content of surface saih particularhas a major influence on the incidence of
infection of wheat plants by. pseudograminearuifiiddell and Burgess, 1985,
Liddell and Burgess, 1988, Swahal, 2000) It has been determined that a critical
threshdd level ofi 1.5 MPa or equivalent surface moisture is needed to initiate
infection(Liddell and Burgess, 1985, Liddell and Burgess, 1988js has been
reported foboth pot experiments and field experiments.

It has been demonstrated thkm water stress, for example low seedling
water potential, predisposes wheat seedlings to colonisation and further damage by
F. pseudograminearuiand also that crown rot incidence and severity, particularly
duringearly head ripening, is greater wheralaglants have been affected by low
soil moisturg(Cook, 1973, Burgesst al, 1975, Beddis and Burgess, 1992, Fekbn
al., 1998, Liet al, 2008) Therate of infections most likelyinfluenced by
interactions occurring between soil moisture, temperature and other variables
(Dicksonet al, 1923, Swaret al, 2000) In vitro testinghasdemonstrated that at
higher temperatures a lower water potential was generally required for maximal
growth. This response has been suggested to be an adaptive mechanism in the fungus
to respond to the common situation of a dry environment when temperatures are high
(Cook and Christen, 19764 fitting description of this disease process wegsorted
by Papendick and Codqk974) who suggesthat Fusariumis a slowdecay organism
in wheat that hasptimumwater potentialeading up tglant maturitybutit can Kill
its host by aggressive attack if the plant water potential decreases (past a specific
value)during maturation

Other potential variables were investigated by Can#PapendicK1970)
who suggested that the frequent occurrende atilmorumfoot rot in dry soils was
a result of the germ tubes being much less liable to lysis by bacteria in dry than in
wet soils. MalalasekermndCalhoun(1968)suggested that a furthexdtor
contributing to the more frequent occurrence of this disease in dry soil is that wheat
seedlings take longer to emerge above soil level in dry soil, which increases the time

thatthe highly susceptiblseedlingcoleoptilesare exposed to the pathogen
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Work in the United States of Ameridey Dicksonet al (1923)demonstrated
interesting interactions between temperature and soil water during seedling
development in relation to seedling blight of maize and wheat causeibbgrella
saubinetti Dicksonet al reported that at low temperatures (~8°C) wheat seedlings
do not blight but as the temperature increases abovedli@gft® symptoms appear.

The symptoms continued to increase with temperatypeo ~24°C. The authors
argued that if the temperature was efifeg the fungal growth then blighting of

wheat and maize should occur in a similar manner. However, if temperature was
causing an effect in plant growth/metabolism the wheat and maize (being cold and
warm environment plants respectively) would blightetiéintly. This difference in
blighting between the two species was observed, with maize blighting at 8°C while
wheat did not and vieeersa at 24°C. In addition to this, when soil moisture was
lowered to the point where normal metabolism of the seedlimdiisited (30% of

the moisture holding capacity), maize and wheat seedlings became blighted at all
temperaturesa finding alsaeported byBeddis and Burgeg4992) The ability of
temperature and water conditicisalter the normal metabolic processes of wheat
plants and in turn affethe sisceptibility of the plants to infectigmather than

directly affecting growth of the fungus, needs close examination.

1.5.43 Whitehead Formation
Whitehead formation is described as a 06pl

with the resultant p((Bulae,bddol)itasnfrequéntlys hr i vel |
been reported as a symptom of crown(kd¢Knight and Hart, 1966, Purss, 1966,
Wildermuthet al, 1997) It is commonly believed that whitehead formation is due to
restriction of water uptake within the vascular tissue caused by blockage of xylem by

F. pseudograminearunt his leads to premature ripening of heads and poor grain fill.

To date, however, very little histopathological evidence to support this theory has

been reported. It is noted however tBatiley(2009) Klein et al (1991)

Kirkegaardet al (2004)andBentley(2007)all refer to translocation disruption or

vascular blockage resulting in deadhead developnie the cases whe references

are given for thesstatemergthe references do not provide direct evidence for this

claim, which must be considered as yet an unprbypothesis
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Whitehead development in plants affected by crown rot is reportedly
favoured by dry condition@vicKnight and Hart, 1966, Burgess al, 1975, Burgess
et al, 1981, Wildermuttet al, 1997, Hollaway and Exell, 2010 a study
observing tillagdreatments Wildermutht al (1997)reported theercentagef
whiteheads to blwer in notillage treatmentsompared t@onventional disc tillage
treatments. They hypothesised that high levels of whiteheads in the tillage treatments
were due to moderate to high levels of disease and low available soil water at
planting and anthesis. The ndagde treatment had a high incidence of crown rot,
however, there was a higher availability of soil wdtkre to no tillagejesulting in a
lower disease severity as indicated by percentdgehiteheads. This demonstrates
that whilewater availabilityis importantin relation to crown rot severity
(whiteheads)water availabilitymaynot greatly affect crown rot incidendee.

percentage of plants infected

1.5.5Management

Current recommended practices for controlling crown rot are ussistant (anr
tolerant)cultivars, control of alternative hosts and, probably the most important
currently use of crop rotations with at least two years out of susceptible cereals
(Burgesset al, 2001) McKnight and Har{1966)reported a severe incidence of the
disease opreviously uncroppedoil, suggesting the possibility seedborne
inoculumor the presence of alternative host grasSaemical treatments of seeds
and chemical spraysgave not proved effective in controlling crown ¢(btcKnight

and Hart, 1966, Lamprecht al, 1990)and thus are not part of the current
recommended practices guide for crown rot cor{te@DC, 2009) However,
controllingalternative hostand using crop rotations has prowdfective in
minimising the effect of crown rot. The integration of remreal break crops, such
as grain sorghunSrghum bicoloy, chickpeasCicer arietinun), faba beansMicia
faba), canola Brassica napusor mustard Brassica juncep into crop roations with
wheat produces an environment beneficial for the decomposition of cereal stubble,
leading to a reduction in inoculum levels before the planting of the next crop of
wheat(Feltonet al, 1998, Kirkegaaret al, 2003, Kirkegaaret al, 2004, Quazet
al., 2009, Evanst al, 2010)
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Tillage practices also influence teeverityof crown rot. Conservation
tillage, where crops are grown with minimal cultivation of the and frequently
have a cover of standing stubhiesults insoil moisture retention, reducing the risk
of late season moisture stress which can enhance symptoms of cr¢Burgatsset
al., 2001) Due to the typically dry environment in therthern wheat belt of eastern
Australig conservation tillage has been widely adopted in this(&@amerellet al,
1989) Conservatiorillage alsohasextra requirementprimarily the need to use
herbicides to control weeds and the need for specialised machihesge practices
resultin retention of stubblabove omon the soil surface, whiateduces the rate of
stubble breakdowandmaintains highemoculum levelsin comparison to full
incorporation of the stubble by tillag&/hile a tillage systerdoes not necessarily
result in significantly decreased incidences of crowntha& associated decrease in
inoculum levels lowers the potential disease sevéditynmerellet al, 1989, Swan
et al, 2000) The associated moisture loss in tillage systems may also increase crown
rot severity Stubble burningan also beffective at reducing inoculum bittalso
reducessoil moisture storge capabilities and organic matter and increases the risk of
erosion(Summereliet al, 1989, Burgesst al, 1996, Backhouset al, 1997)

Of the wheat cultivars grown in Queenslamt! northern New South Wales
the majority aranoderately susceptibte crown rot(McRaeet al, 2010) Farmers
in areas prone to crown rot infection are encouraged to grow some of the more
modern varieties, such &5A Wylie, which have partial resistance and the ability to
out-yield other varieties under similarown rot infestatiorfNicol et al, 2004)

A recently described method of DN#ased soil testing can also assist grain
growers in predicting thikely extent of losses from various sbibrne diseases well
before a crop is planted, allowing effective control strategies to be implemented
(OphetKeller et al, 2008) This method has been applied to bbth
pseudograminearurandF. culmorumin order to compare the ability of different

rotation crops to redudeusariuminoculum in the field Evanset al, 2010)

1.6 Screening forCrown Rot Infection and Yield Loss

While aown rot infectiongenerallyhas beemssesselly scoringthevisual

discolouration oteedlingeaf sheaths anadultinternode, there are significant
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differences in the details of the scoring methods used by different research groups
(Hill, 1984, Liddellet al, 1986, Wildermuth and McNamara, 1994, Niebhl,
2004, Wallworket al, 2004, Mitteret al, 2006) Thedegreeof discolouratiorwill
also vary under differergnvironmentatonditions. In order to minimise this
problem, experiments typically include a set of standard genotypes known to be
partially resistant or susceptible. Observed ratocagsthen beeported as a
percentage response of the mastceptiblestandardyenotyge, allowing
comparisons between different trial environments

Environmental variation is greatest between field grown experiments but this
variation can be limited by growing plants in controlled growth chambers or
greenhousessrowth chambers limit expenient sizes and aret typically suited for
adult plant growth, thusonfininggrowth chamber experiments to seedling tests.
Seedling tests are commonly used for measuring disease resistance, however the
relationships between crown rot seedling resiggamtult resistance and yield are

complicatedand not yet welcharacterised

1.6.1Adult Screening

Adult screening is typically based on the percent of culm discolouration caused by
the fungugWallwork et al,, 2004, Hogget al, 2007) While this may allow

resistance to be identified, the relationship between stem discolouration and grain
yield is critical.

Yield lossis an important factor for consideration when selecting wheat lines
to be grown in crown rot affected are¥gork has been performed correlating yield
loss to infection levels, which could allow rating methods based on visual disease
levels to predict potsial yield without timeconsuming yield experiments.

A strongcorrelation (r = 0.94P = 0.01) between percent yield loss and
percent diseasexllms (i.e.culms showing discolouration) was reportedydman
and Wildermuth(1987) This method did not have tigal control plants as all plants
were grown in the same infested soil. At matucilyms wee separated based on
presence o¥isible disease symptoms with the yield from non diseaséds being
compared to yield of diseasedlms. This methodloes not compareyields between
infected and uninfected plants but demonstrates that within single plants infected

tillers show a significant yield loss in comparison to apparently uninfected tillers.
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Klein et al (1989)performed a comparison between loss in potential yield
and incidence of plants with basal browning across two (&tdgeroi and Bellata,
NSW)with two different sowing dateg&dgeroihadcorrelations between loss in
potential yield andncidence of plants with basal browniagthe two time points
(early, r = 0.65P = 0.05 and late, r = 0.8P,= 0.01) There was no relationship
reportedoetween basal browning and loss in potential yield at the Bellata site. Klein
et al. (1991)reported further results relating potential yield loss to three characters,
plants with whiteheads and basal browning (r = 0.89), plants with basal browning (r
= 0.59) and incidence of infection (based on isolatiof. gfeudograminearum
from culms) (r = 0.58P = <0.01). Even though whiteheads demonstrated a strong
correlation with yield losghis character is not suitable for predicting yield loss as it
is highly dependent on environmental conditions and in some ciramees infected
plants mayshow no whitehead®urss, 1966)

Kirkegaarcet al (2004)suggested that for susceptible durum wheat the likely
yield loss caused by crown rot is around 1% for every 1% increase in the number of
cuims with basal browning symptoms at harvest, however no consistent trend was
reported for crown rot tolerabread wheatarieties. Overall it would appear that
there is a moderate relationship betw#ennumbenf diseasedulms and yield
loss. The methd employed b¥Kirkegaardet al (2004)relied on a random group of
plants not becoming infected under conditions with natural inoculum. This group
was used foyield comparisons against a group of infected plants of the same plot. In
an environment with a high incidence of crown rot, this mettaodat be applied. A
more suitable methgduch as gired plots with and without inoculurshould be
used when comparmnyield and further separation of plants based on the amount of
culmdiscolouration, not just its preseneeuld be helpful in determining the effect

of disease severity on yield loss.

1.6.2Seedling Screening

Experiments based on field trials are venye-consuming and prone to
environmental variation. In order to speed up the process of selecting wheat lines
with potential resistance to crown rot, seedling inoculation procedures have been
developed. Numerous techniques for wheat seedling inoculatiofw

pseudograminearuirnave been described. Purss (1966) reported two methods based
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on direct seed inoculation with pseudograminearuionidia before planting and
another method of planting seed into colonised cornmeal/sand media. These
techniquesvereprimarily based on seedling blight symptoms rated from 12 to 24
days after planting. It was concluded that seedling blight reaction gives no guide to
field tolerance. However, Purss did state that it could be of use if true resistance was
found.

In contrast to this, Kleiret al. (1985)reported a good coraion between
diseasesymptomsn seedlings and adult plarfts six out of eight tolerant and
susceptible wheat cultivars at 64 days after planting. This paper reports a novel
method for crown rotlevelopmenin the greenhouse. Briefly, seeds are coveral
a layer of solil, a layer of inoculum (ground, colonised grain) was placed over this soil
and finally a further layer of soil was added. This method allows the seedling to grow
through the fungal inoculum layer in a manner similar to that occurridgruratural
conditions in the fielgwhere there is an opportunity for infection soon after
germination. While the results were promising, the rating method is poorly described
but appears to rely solely on counting the number of healthy plemtsh may
record nothing more than disease escdpddell et al (1986)used a similar method
to describe diffe¥nces between two wheat lines in leaf sheath discolouration from as
early as 39 days after planting.

These earlier attemplsd to the development of the seedling inoculation and
rating method designed MYildermuth and McNamarél994) This method utilised
a similar inoculation technique to that described by Kétial (1985)buttherating
of disease syptoms was optimisedVildermuth andMcNamara rated coleoptiles,
subcrown internodes, leaf sheaths (1 to 3) and whole plants at 21 days after planting.
They determined that combined ratings of the percent discolouration of leaf sheaths 1
to 3 gave the mosiseful indication of resistance. Most importanthey reported
significant correlations between field ratings for crown rot susceptibility and percent
leaf skeath discolouration (r = 0.78,= <0.01). This gave the first solid evidence
that seedling redions could be use predict the response lafiesin the field

Recentlyvariousotherseedling inoculation techniquasd rating methodls
frequently based on applyingcanidial suspensioto host tissueshavealsobeen
reportedMitter et al, 2006,Li et al, 2008, Poolet al, 2009) However, no
consensus has yet emerged on which methods, in addition to that of Wildarduth

McNamara(1994) are reliable predictors of field performance.
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1.7 Disease Reactions

A plant can have either immunity (it is not attacked by the pathogen even under the
most favourable conditions), resistance (prevents infection or limits its extent),
tolerance (does not reduce or eliminate infection, but instead reduces or offsets its
fitness consequences) or a combination of resistance and tolerance to a pathogen
(Fineblum and Raher, 1995, Agrios, 2005, Rabergal, 2007) The assessment of
resistance and tolerance can be extremely valuable to brgedgrammes but

while resistance and tolerance are related, doerepresent distinct concepts.
Resistance improves host fitness by reducing infection, whereas toleeaices

the effects of infection on fitness

1.7.1Resistance

Resistant qualities gdlants fall into two major categories: preformed and inducible
defence mechanisms. Preformed (or passive) defences represent the first barriers to
invasion by a pathogen and include anatomical features such as strengthened cell
walls reinforced with ligm or suberin and the accumulation and sequestration of
antimicrobial secondary plant metabolitegplant tissuessuch as cyclic hydroxamic
acids of wheafFreyet al, 1997, Morrissey and Osbourn, 1999, Osbourn, 2001)
Local protection against pathogen invasion algpears commonly as inducible
defence mechanisms, including responses such as hypersensitive cell death,
strengthening of invaded tissue by callose and/or lignin deposition, production of
phytoalexins and induction of expression of deferatated gene@sbourn, 2001)
Numerous pathways resulting in expression of defeeled¢ed genes have been
documented for many plant pathogé¢Bent, 1996, Elliet al, 2000)

Resistance cafurtherbe described as either horizontal or vertical. Horizontal
resistance is a resistance in which there are no differential reactions between races of
the pathogen and varieties of the Hd&n der Plank, 1975nd is classed as
multi-gene or quantitativeesistance. Vertical resistance refers to specific
interactions occurring between the host and pathogen. If a plant variety exhibits a
high degree of resistance to a single race of a pathagerh as reported fgpot
blotch @ipolaris sorokiniana (Meldrumet al, 2004, Knightet al, 2010)and leaf

rust Puccinia recondita(Mesterhazyet al, 2000) it is said to be vertically
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resistant. his type of resistanas controlled by one or a few genasd isdescribed

as qualitative resistance. No pathogenic specialisatién pdeudograminearum
isolates has been demonstrafiiclligan, 2008) althoughdifferences in
aggressiveness between isolates infecting wheat crowns has been reported
(Akinsanmiet al, 2004, Malligan, 2008)rhereforeyesistancé¢o crown rot is
horizontal andjuantitative (requiring multiple resistance genes of small effect). This
indicates that any paat resistance identified in wheat should be effective against all

F. pseudograminearuisolates.

1.7.2Crown Rot Resistance

Progress in producing crown rot resistant genotypes has been slow, with only
moderately resistant lines identified to date. A difficulty in the current system is that
mechanisms of resistance have not been identified and there is a paucity of
information o the disease biology. Furthermore, the popular method of visual rating
for discolouration has not been thoroughly described for its properties or relationship
to resistance.

The following is a conglomerate of information highlighting the major
propertiesof resistance currently identified for crown rot. An initial study performed
by Pursg(1966)found no true resistance to crown rot, any differences between
varieties were oOconsidered to be due t
di sease rather than t o anudbaarghed thatte c e
partial resistance identified in more modern varieties still only acts to slow the
disease developme(itlalligan, 2008)as no resistance mechanism has been
identified. While studying the effects of water potential dufing
pseudograminearummfection using sterile soil, LiddedndBurgesq1988)found
infection rates of 100% and surmised that wheat has little or no inherent resistance
infection byF. pseudograminearunbodmanandWildermuth(1987)reported the
possibility that there is resistance to initial penetratiof byseudograminearum
since spraying conidia arulms produced less disease in a resistant cultivar than in a
susceptile cultivar. When conidia were injected irolms, thus bypassing the
penetration phase, no differences were found. This potentially highlights differences
between inoculating seedlinsddell and Burgess, 1985, Liddell and Burgess,

1988)and inoculating more matuoelms, asculms have stronger cell walls.
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Resistant reactions to crown rot have been divided into two types based on
the wheat line they appear in, namelgt2and Sunco.-49 displays a resistant
response which can be recorded at seedling and adult stadeSunco has a
resistant response only detectable in adult plant maf&itdermuthet al, 1999)
Shallow crown formation has been attributed, at least in part, to the resistance found
in 2-49. Shallow crown formation may enable escape of irdedut this type of
resistance most likely does not operate in Sunco, which has deep crown formation.
During additional experimentation Wildermwhal (2001)produced further
evidence tht crown depth may be partly responsible for the reaction of a wheat
genotype to crown rot.

Wheat adaptations to water stress have also been investigated as a potential
area of interaction with crown rot disease. An assiocidietween the
osmoregulatiorfor) geneand crown rot resistance was explored but analysis of the
incidence and severity of the disease showed no association with the presence or
absence of ther gene(Wildermuth and Morgan, 2004)

Zinc has also been attributed to crown rot resistance. In an experiment
comparing crown rot infections of wheat plants grown in differentemeronments
it was found that the extent of infection above the infection point decreased
significantly when the level of available zinc was incregSgmhrrow and Graham,
1988) Theincidence of infection wasot affected by zinc supply. The effect of zinc
on crown rot infection wareinvestigated by Grewat al (1996)where a similar
effect was found. A zinefficient cultivar, Excalibur, produced more shoot and root
dry matter and showed less disease infection compared with thimefficient
cultivars Durati and Songlen. In contrasSparrow and Grahai988)the results
of Grewalet al (1996)demonstrated that increased levels of zinc may decrease the
incidence of infection. The importanceraftrient deficiencies, especially zinc, to
crown rot infection has only had minor attention from researchers to date. This field
of study, however, may yield important information about plant physiological

pathways which act during crown rot resistance.

1.7.2.1Genetics of Resistance

Resistance in wheat lines to crown rot disease has been extensively surveyed in

glasshouse and field trials and has led to the selection of partially resistant lines
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(Wildermuth and Purss, 1971, Wildermuth and McNamara, 1994, Wilderhath
2001) Quantitative trait loci (QTL), regions of DNA associated with a particular trait
(e.g. resstance), have been identified for crown rot resistance in different wheat
populations, with one of the current goals being the pyramiding of these regions
within wheat lines to increase resistaééallwork et al, 2004, Collarcet al, 2005,
Bovill et al, 2006, Collarcet al, 2006, Bovillet al, 2010)

Using adult plant reaains to crown ro¥Wallwork et al (2004)described a
QTL located on the long (L) arm of chromosome 4B using doubled haploidlimes
Kukri/Janz crossMultiple studies have been performed looking for seedling QTL
for crown rot resistance&ollardet al (2005)identified significant QTL on
chranosomes 1DL and 1Ain a doubled haploid-29/Janz cros<ollardet al
(2006)performed experiments to confirm the QTL identifieddxllardet al. (2005)
using an independent doubled haploid population of a Gluyas Early/Janz cross. The
presence of a major QTL on chromosome 1DL andrer QTL on chromosome
2BS was confirmedovill et al (2006)performed further QTL analysis on a
doubled haploid popation of W21MMT70/Mendos cross. This resulted in
identification of three logion chromosomes 2B, 2D and 5@hich weredifferent
from those associated with crown rot resistance in other wheat populations.

Pyramiding of these QTL in a wheat line coulddbg@articular use for
increasing resistance to crown muovill et al(2010)used a population derived from
a cross between4£9 and W21MMT70, two partially resistant lines, to determine if
pyramiding was an effective method for producing lines with resistant characteristics
of both parents. Mvas observed that a number of lines from this population
performed significantly better than each of the parents. This is one of the first
demonstrations that pyramiding of genes is an effective tool for producing new
resistance combinations. The idemifiion of QTL has the potential to enhance
crown rot resistance breeding by allowing the application of molecular screening

before time consuming phenotypic screening is performed.

1.8 Estimating Fungal Load

Rating of crown rot diseasd# wheatis performed by visually examining the plants

for their reaction to diseasm particular tissue discolourati¢wildermuth and

26



McNamara, 1994)Selecting wheat lines with resistance to infection is based on the
ability of visual rating to report on fungal loads in infected tissues. The capacity of
new technologies, such esal tme quantitativepoymerase chain reactioto

accurately quantify pathogen DNA in host tissue has proven to be a valuable
resource foassessing current rating methods and produbi@gext generation of
disease rating methodologies.

1.8.1Traditional Q uantification Method

The traditional method is based on visually rating diseased tissues, such as leaf
sheaths and internodes and then placing these tissues, after surface sterilisation, onto
Czapek Doxagar plates. As the fungus grows out of the tissuatsaare performed

on the colonies emerging from the tissue over a period of a week. M4RiQga8)

reported that isolatioscores oF. pseudograminearumom diseased wheat leaf
sheaths and internodes had a strong to modest correlation with visual symptoms (R
of 0.65 and 0.31 respectively). This varied between plant tissue type and time after
planting. This result demonates that generally, at earlier time points, the

relationship between disease symptoms and fungal isolation is quite strong. It is also
important to note that at least 20% of the variation was still unexplained by these
methods, which indicates that otliactors are also contributing.

1.8.2DNA Based Quantification

The invention of the polymerase chain reaction (P@RP84 by Kary Mullis was
major advance in the study of genefipiillis, 1987) PCR has charmgl the face of
DNA analysis leading tamapping andequencing of entire genomes and a greater
understanding of how biological systems work. One of the important developments
has been multiplex PCR. This method allows simultaneous detection of multiple
DNA products in one sample. Multiplex PCR was first described by Chambetlain
al. (1988)and since then has been applied in many areas of DNA testing, including
analyses bdeletions, mutations and polymorphisms or quantitative assays.

Subsequentlyreal time quantitative PCR was develogeeid et al, 1996)
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1.8.2.1RealTime Quantitative Polymerase Chain Reaction

Real timequantitativePCR(gPCR)measures PCR product accumulation using
fluorescent molecules (e.g. intercalating dyes or labelled oligonucleotides) and
provides very accurate and reproducible quantitation of DNA pro(detd et al,
1996) gPCR is based on the classic PCR reaction, where primers are used as starting
points for DNA polymerase to make copasspecific regions of DNA. PCR
consists of three major stagegenaturationannealingandextension Cycles of these
run the amplification reaction to its endpoint, where exponential increases in DNA
product can no longer occur due to enzyme denataratiexhaustion of raw
substratesgPCR uses the same basic procedure, with an extra component, such as an
intercalating dye, the fluorescence of which can be measured spectrophotometrically
during the reaction, not just at the endpoirttis dye only bind and fluoresces in the
presence of double stranded (ds) DNA. Thus after each PCR cycle the dye binds to
the new product and greater fluorescengecdsrded by the specialiseBQR
machine. The point where an increase in fluorescence is first detectdiedsthe
threshold cycle (Ct), which is the cycle at which the fluorescence level increases
above the background level. This is more accurate than looking at endpoint
fluorescence. The fluorescence after each cycle is plotted against the number of
cyclescompleted, showing the rate at which the DNA amplicon is being produced,;
this can be related back to initial DNA quantities using a standard curve. The
drawback of using an intercalating dye is its lack of specificity for the DNA product,
i.e., it will bind to any dsDNA, and thus this is termed a-spacific method.

To overcome this problem sequence #pemethods have been devised
which use probes specific for the sequence being ampli8etenaet al, 2004)
These probes are oligonucleotides with siieceagentattached to each end, called
reporter (or fluoropbire and quencher (or acceptor) molecules. The reporter
molecule can become excited and emit energy (fluoresce) at a predetermined
wavelength and this is what is read by the machine. However, when a quencher
molecule isn closeproximity to the reporter, the emitted energy is absorbed by the
guencher, thus quenching the reporter mole(igenko, 2001) The sequence of
these dualabelled probes is designed to be specific for the DNA fragment being
amplified, so any fluorescence then corresponds directly to the specific product. This
method relies on the exorlaase activity of DNA polymerase to cleave the reporter
away from the quencher to allow fluorescerfegire1l.3). Probeslsoallow the
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production of multiplex assaythis means that multiple DNA amplicons can be
amplified in the same reaction and monitored separately, e.g. a fungal amplicon and
a host plant amplicon. More advanced and sensitive detection systems such as
molecular beacons and Scorpion primers are agilable but are technically more
demandingThelwell et al, 2000,Schenzet al, 2004)
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Figure 1.3. qPCR reaction using a duallabelled probe, labelled with a reporter (R) and a
quencher (Q) moleculeThe probe binds to a specific sequence within the target DNA ahé¢
same time as the primer binds to its complementary sequence. The polymerase enzyme (P)
extends the primer along the amplicon; once it meets the probe it progressively cleaves it,
releasing the reporter molecule and nucleotides. The reporter molecule ndiuoresces as the

quencher molecule cannot absorb the released energy.

Real timequantitativePCR has many applications for identification of pathogens and
in the study of hospathogen interactions, including improving the resolution of
disease screergrprograms in selecting highly resistant plants and allowing the
infection pathways of pathogens to be trac{&chaad and Frederick, 2002,
Vandemark and Ariss, 20Qbservations of the infection pathways may allow
specific regions associated with resistance mechanisms to be identified for future

study.

1.8.2.2SpeciesspecificqPCR

Species specifigPCR assays for detecting pathogen presence in plant material have
become relatively common over the lestyears.gPCR assays have been

produced foMycosphaerella graminicolduring leaf blotch infection of wheéGuo

et al, 2006) verticillium wilt of alfalfa caused byerticillium albcatrum (Larsenet

al., 2006) crown rot . pseudograminearuni. graminearumandF. culmorun) of

adult wheat plant@Hogget al, 2007) crown rust Puccinia coronatd. sp.avena¢

of oat(Jacksoret al, 20®), the interaction oAphanomyces euteichegth legumes
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(Vandemark and Ariss, 200@hd crown rotk. culmorun) infection of wheat
seedlinggPetrisko and Windes, 2006)lethods and concepts used in these studies
can be applied to crown rot disease in Australia, particularly for monitoring fungal
proliferation during infection, determining correlations between visible disease or
yield loss to fungal DNA content and eviem testing fungicide or tillage effects
(Waalwijk et al, 2004, Hogeet al, 2007, Stepherst al, 2008, Evanst al, 2010)
PCRbased assayse powerful because they all@pecific detection and
identification ofthe target organisnior example, studies have used sequences of
particul ar -mulmgeneto cerrealy identity a furfgus as
venenatuminstead of the previously reportEdgraminearun{O'Donnellet al,
1998) This provides strong evidence for the usefulness and accuracy of these PCR
based identification methods. time case oF. pseudograminearunpartial genetic
codes for singl e c op3yubulirugene and the tiureslatiers , such as
elongation factor alpha gene, have been sequenced and compared in separate studies
(Aoki and O'Donnell, 1999a, Scott and Chakraborty, 20@6iners designed against
these sequences have been found to be specific freudograminearunT he
significance of these primers is the ability to use them to determine the prasdnce
extentof F. pseudograminearuimfection, even in the absence of visible symptoms
gPCR is not only an important method of monitoring plant resistance, but is
also an important technique for classifying hewpseudograminearuwauses
disease, particularly in relation to its assooiativith necrotic lesions:.
pseudograminearutas been shown to produce a range of mycotoxins (e.qg.
deoxynivalenol and zearalenone) which may diffuse out of the fungal tissue and into
the host plant. So while visible ratings cannot distinguish betwegalfgnowth
areas and areas affected by mycotoxgZRmayhelp make this distinction.
SomegPCR assessment has been performe#dsariumspecies and crown
rot infections of wheat, particularly comparing visual symptoms and fungal DNA.
Hogget al (2007)developed an assay which amplified DNAFof
pseudograminearunir. graminearumandF. culmorumduring crown rot infection.
This study compared disease severity scores, based on discolouration of the first
internode, withHFusariumDNA content of the crown and found a positive correlation
(R*= 0.6,P <0.001). A similaresult was observed for the DNA content of node one.
Both the disease severity scores BndariumDNA content were negatively
correlated with yieldr(=10.64 and 0.77, respectively), which indicates tlytCR
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can be an effective tool for measuring crawhseverity in wheat. However, these
values represent the best correlations. Thene largalifference between
correlations in different years and between cultiviadicating effects of both
genotype and environment on this relationship

Other stuees have used similgPCR methods and found no or a weak
association between classical phenotyping methods and pathogen DNA content
(Nicholsonet al, 1998, Batemast al, 2000, Turneet al, 2002) Strausbauglet al
(2005) for example, examined root lesiogjrprimarily caused bk. culmorum and
fungalDNA content of roots and found no correlatiblarge quanties of root
material were required for accurate quantification of pathogen DAt fssue is
commonly associatedith soil which can inhibit downstam applications if not
removed before DNA extraction and later it was determined that the PCR assay
resulted in a lower detection level®f culmorumdue to partial inhibition of PCR
(Hogget al, 2007) Other problems occurred due to disease symptoms caused by

other pathogens and interactions between pathogen growth and plant age.

1.9 Fungal Microscopy

Bright field microscopy has historically been the major method used to observe
plantpathogen interactions, followed by electron microscopy. While electron
microscopy provides high magnification, high resolution images, it ialnatys
readily accessible and involves complicated fixing procedures. Fluorescence
microscopyhas now become the masimmonmethod used to examine biological
interactions mainly due to increased accessibility and easy visualisation of fungal
tissuesandhas been proven extremely useful for observing plant pathogen
interactiongDarken, 1961, Duckett and Read, 1991, Hood and Shew, 1996, Howard
et al, 2004, Jasenet al, 2005) This technique relies on exposing samples to
particular wavelengths of light which cause the sample to fluoresce. The methods
require the use of eith8uorescent stains or getically modified orgaisms and
allow new technologiessuch as confocal microscopy, to be harne¢tSpdaret al.,
1999, Loranget al, 2001)

Confocal laser scanning microscomyhichenables optical rather than

mechanical sectioning of specimehas been used for studyifgsarium

31



oxysporunt. sp.radicis-lycopersicj which causes tomafoot and root rot disease
(Lagopodiet al, 2002) This study used genetically transformed fungal isolates
expressinghe greerfluorescent proteirwhich allows the fungus to béasualised

using a fluorescenamicroscope. Thisnethod producesdistinctcontrast between

plant and fungal cells as they emit different wavelengths of light. The difficult aspect
of this method is genetically transforming the fungus without interrggénes

needed for infection and growth. An alternative to genetically modifying fungal
isolates is to use differential staining, which involves using a fungal cell wall stain,
such as calcofluor, and a separate stain for host cells, thus allowing didfeoan
between the two cell types. Schaé¢al (2004)used this method to study the wheat
and barley pathogdBipolaris sorokinianaallowing the hemibiotrdpc nature and

in plantagrowth of the fungus to be observed. The results were not as clear as using
the genetically modified fungus but new fungal cell wall binding dyes, such as
solophenyl flavine, may allow better contrast compared to calcqfiiamhet al,

2005) Either of these methods could be applied to the stufly of

pseudograminearurrown rot.

1.9.1Fusarium Microscopy

Few studies have been performed on the microscopic assesgmenwn rot

infection of wheat plantsTaylor (1983)performed the first and only detailed
microscopic assessmentffpseudograminearuicrown rot. The experiments

primarily utilised seedling and adult tissues of the wheat cultivar Timgalen, observed
using bright field microscopy and scanning electron microscopy. Taylor reported that
the mode binfection was predominantly by the formation of appressidte

structures on the surface of wheat tissues, particularly of the coleoptile. Further
infection involved both intra and intercellular hyphae, particularly in the cortical
parenchyma tissueBrom the inoculated coleoptile the hyphae appeared to spread
into the epidermal cells of the sebown internode, progressing down to the crown

and scutellum tissues. As the disease progressed xylem tissues were penetrated and
became colonised. The invasiof the xylem is described as beginning in the
scutellum and then spreading up into the-stdwn internode xylem. No discussion

was provided on potential mechanisms or areas displaying resistance to hyphal
growth.
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Several other microscopic studies haeerb performed using various
FusariumspeciesClementandParry(1998)and Mudgeet al (2006)reported on the
colonisation of wheat blf. culmorumandF. graminearumrespectively. Clement
andParry(1998)found that~. culmorumcolonising wheatulm bases appeared to
grow in the pith cavity, with a suggestion that mycelial progression may be delayed
by nodes. Mudget al. (2006)usedbright field microscopy on stained tissues to
observe-. graminearunprimarily growing in the pith parenchyma with intend
inter-cellular growing hyphae. Very littleolonisation of the vascular tissues in
typical plants was observed in either stugygraminearundisplayshyphal growth
around and upvheat leaf sheattiichomes(Stephen®t al, 2008) This study also
reported gtensive colonisation in the vascular tissue and pith ofvtiesatcrown.

Microscopic studies ootherFusariumspecies may provide ideas on hBw
pseudograminearummfects and colonises plants. culmorumF. nivaleandF.
solanif. sp.phaseolihave leen observed to penetrate host tissues via stomata
(Christou and Snyder, 1962, Malalaseketral, 1973) F. solanif. sp.phaseoliand
F. lini havebeenreportedio penetrate host tissues via trichonflsir and
Kommedahl, 1957, Mulligaet al, 1990) DuringF. lini infection ofsusceptibldlax
(Linum usitatissimuirtissues hyphae entered through trichomes and became
abundant in xylem and phloefNair and Kommedahl, 1957 resistant tissues
hyphaewere limited to the cortex and were not found in the vascular tissue.

A similar comparison between crown rot susceptible and partially resistant
wheat lines would greatly improve current knowledge of the disease processes and
would assist both germplasnereening methods and crop management strategies

aimed at disease reduction.

1.10Project Rationale

Since crown rot was first report@d Australiain 1951(McKnight and Hart, 1966)

there has been intense research éstablishing the identity ofhe causal fungus,
appropriatananagement practices ascteeningrarietiesfor resistanceHowever, it
remains one of the top five diseases of Australian wheat, causing an estimated $79
million in lost yield annually. The identification of differences in susceptibility to

crown rot between wheat lines was first documented in 1966 and since then
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numerous stdies have reported lines displaying lower susceptilfifityss, 1966,

Wildermuth and Purss, 197 Tjhis susceptibility is most frequently described by

observing visual symptoms on the seedling leaf sheaths anctaliodt Malligan

(2008)describes the first experiments where fungal quantity was related to visual

symptom development. This study used isolateEchniques to quantify the fungus

and found a strong correlation between fungal quantity and visual disease

development.Further studies examining the ability of visual rating methods to

describe the extent of infection and examirimgseudograminearumgrowth habits

during pathogenesis will provide a greater understanding of this disease complex.

Thefour major objectives of this study are outlined below.

1.

Produce a specific real time quantitative PCR assay for quantfying

pseudogaminearunin plant tissues

After design and optimisation, the real time quantitative PCR assay has many
potential applications within research Basariumcrown rot. A selection of

these apptations is described in objective 2

Examine cereal tissuedfected byF. pseudograminearumrown rot using

traditional visual rating methods and real time quantitative PCR.

F. pseudograminearumisease symptoms gpeedominantly classified using
traditional visual rating methods. This forthe basis of selecth of partially
resistant genotypéas wheat breeding programghe questions this project

will seek to answer are:

Is real time quantitative PC&ble to accurately determine fungal biomass in
infected tissues, potentially providing a meensitivedescription of the
extentof infection than visual ratingPhis ability has important
consequences as quantitative P@R be used to assess the ability of visual
rating methods to accurately describe infection. Thus the hypothesis

examined states thatrsng correlations exist between visual ratings methods
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b)

and real time quantitative PCR in both seedling (Chapter 2) and adult
(Chapter 3) tissues.

Is there evidence for host tolerancd-tgpseudograminearuolonisation?
Thetwo ratingsystemavere compredacross partially resistant and
susceptible cereal genotyp@is allowednvestigation ofany ability for
genotypes to tolerate fungal preserather without symptom development

or with reduced symptom development.

Do differences in crown rot iettion between partially resistant and

susceptible genotypes become more apparent when assessed by quantitative
PCR than visual rating? This was assessed in seedling and adult tissues across
a range of time points.

Produce a staining method for microsaogxamination of diseased tissue.

Production of a novel, rapid staining technique allowing discrimination
between host and pathogen tissues enabldepth microscopic examination
of plantpathogen interactions during crown rot infection. While thetreed
guantitative PCR assay is limited to specific analysis. of
pseudograminearunthe tissue staining technique has potential applications

in many other plarpathogen interactions.

Microscopically examine the infection and colonisation of partiakystant
and susceptible cereal tissuesfhyseudograminearuiguring crown rot
disease.

This project has performed the first detailed microscopic examination of

crown rot disease in partially resistant and susceptible cereal genotypes.
Descriptions of infection structures and behaviours in leaf sheath and
internodetissues were particularlpatgeted (Chapter 4). Leaf sheaths

represent the tissues used during visual rating of seedling infections and
interactions between the host and pathogen in these tissues demonstrate how
infection initiates and progressdsternodetissues are used to assessease
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in adult plants and are potential tissues where effects of crown rot such as
yield loss and whitehead formation may initiate. Due to their nutrient
transporting roles vascular bundles were of particular interest for monitoring
during infection. 1 was hypothesised that during culm infection vascular
bundles were colonised, with susceptible tissues becoming colonised earlier
and to a greater extent than partially resistant tissues. The theory that
susceptible tissues become colonised earlier aadjteater extent than

partially resistant tissues was investigated using multiple host genotypes.
Due to the novelty of detailed microscopic observation of crown rot infection,
a general approach to record infection patterns throughout major tissues was
applied. This was based on colonisation of partially resistant and susceptible
seedling and adult tissues. These findings gvidlatly extendhe currently

limited knowledge of-. pseudograminearuigrowth and infection

mechanisms during crown rot infection
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Chapter 2. Seedling Infection

2.1 Introduction

Resistance to crown rot infection has predominantly been described in terms of
lesion development or tissue discolouratigRurss, 1966, Wildermuth and
McNamara, 1994)Several methods for inoculating seedlings and describing tissue
discolouration have been reported to demonstrate differences in resistance between
genotypegWildermuth and McNamara, 1994, Mittet al, 2006, Liet al, 2008)

Using these methogdenly partial resistance has been described in which a reduction
of symptoms, rather than absence, is observed.

The relatimship betweerthe discolouration of seedling tissuaad quantity
of fungus has had relatively little attentioklalligan (2008) performed isolation
counts on infected cereal tissues by placing them on Czapek Dox Agar and counting
the colonies formed after one weé&hereported that correlations between disease
rating and isolation scores from seedling tissues were all highly significaré (R
0.7), with younger, less diseased tissues demonstrating the closest relationship. Time
after infection, ranging from 14 to 42yaafter planting in inoculated medium, did
not greatly affect these correlations.

Recently qPCR methodology has been applied to the detection of fungal
colonisation in host tissues in a range of interact{@wo et al, 2006, Petrisko and
Windes, 2006, Hoget al, 2007, Stephenst al, 2008) However,qPCR analysis of
F. pseudograminearunnfection of wheat seedlings has not yet been reported.
Stephenset al (2008) used qPCR to descride graminearuminfection of wheat
seedlings othe susceptible cultivar Kennedy over a 49 day period. Three phases of
infection were reported, i) initial spore germination withniation of a superficial
hyphal mat at the inoculation point, ii) colonisation of the adaxial epidermis of the
outer leaf sheath and mycelial growth from the inoculation point to the crown,
concomitant with a drop in fungal biomass and iii) extensive csdtion of the
internal crown tissue.

The primary purpose of this current work was to build on the initial re
isolation studies aMalligan (2008) A gPCR assay was designed to allow accurate
guantification ofF. pseudograminearuin infected tissues and allow comparisons of

fungal spread and proliferation between partially resistant and susceptible genotypes.
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Visual ratings bdiseased tissues were assessed for their correlation with gPCR

values.

2.2 Methods

2.2.1Wheat Genotypes
Four genotypes direadwheatvarying in degree of crown rot resistarveere chosen

for the seedling study:

1 Puseas (Pusa 4//Three Seas) is &tyalired by Richard Soutter in 1939 and
was subsequentlyidely grown in Queenslan@urss, 1966, Skerman, 1990)
It is highly susceptible to crown r@¥icKnight and Hart, 1966, Purss, 1966,
Malligan, 2008)

1 2-49 (Gluyas Early//Gala) is an experimental line selected due to its partial
crown rot resistanc@Vildermuth and McNamara, 1994, Wildermwhal,
2001, Malligan, 2008)

1 EGA Gregory (Pelsart/2*Batavia doubled haploid line) eaiaent
commercialarietyreleased in 200&hich is described as moderately

susceptiblésusceptibldo crown rot(McRaeet al, 2010)

1 EGA Wylie (QT2327/Cook//QT2804)eleased in 2005, is described as
moderately resistant to crown rot. It carries one of the highest levels of partial
resistance to crown rot among current commercial wheat vared@pted to

the northern grains regiqiMcRaeet al, 2010)

A detailed pedigree of these four genotypes is providégppendix 2A.

2.2.2Planting
Wheat seeds were surface sterilised by rinsing for two minutes in a 2% sodium

hypochlorite solution followed by three rinses in high purity water (MilliQ system,
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Millipore). Each seed was transferredite surface od 5 cm x 5cm x 10cm pot
filled to 25 cm below the rim witfPremium HiRetention growing medium (Power
Blend, Narangba, QId). Seeds wérencovered witha further2.5 cm of growing

medium. The pots were transferred to the greenhouse and watered twice a week.

2.2.3Inoculum Production
The highly aggressive. pseudograminearumsolate A03#24, collected from Tara,

Queensland and characterisedvibglligan (2008), was selected for inoculum
production A single conidial culture was grown and maintainecpezieller
nahrstoffarme(specific nutrientipgar(Nirenberg, 1976)Sub-cultures of thigulture
were grown on starch nitrate agar (SNBpdman and Reinke, 198) the dark at
25°C for fourteen day$SNA was selected as the growth mediumRor
pseudograminearurafter comparison of conidial production on four different media
(Appendix 2B).Conidia were collected by flooding plates with 5 mL of a 6%
Tween20 solution before filtering through several layersheesecloth with high
purity water (MilliQ, Millipore), to a volume of 10 mL. The conidial suspension was
quantified using a counting chamber (Weber and Sons, Lancing, United Kingdom)
and diluted to a concentration of®knidia/mL. The final suspensievas stored for

a maximum of two months af0°C before inoculation.

2.2.4Inoculation and Harvest
Inoculationof horizontally laid fourteen day old seedlingas modified from

methods reported by Mittet al (2006) During testing it was found that a 10 pL
dropletof the 10° conidia/mL inoculum (reported by Mittet al) frequentlyrolled

off inoculated seedlings. A 6 uL droplexhibitedmuch greater adherence to the
plant tissue. Initially few disease symptomsuléed from this method, however,
after very gently rubbing the coleoptile of the seedling with a sterile toothpicke
placing the inoculum onto trerea0.5 cm behind the tip of the coleoptiluch
greatelinfection andissue discolouratioresulted The coleoptile was a useful
infection point as it has been found to be highly susceptible across a range of
genotypegMalligan, 2008)ard allowed initial growth of the hyphae into enclosed
leaf sheath (LShissue without any mechanical stress to the LS. Control pheares

mockinoculated with6 pL of high purity water.
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After inoculation seedlings were placed in a growth chamber in thefaa
48 hours with two cycles of 25°C for fourteen hours followed by 15°C for 10 hours
at approximately 100% RH. After 48 hours seedlings were placed upright in a
growth chamber and maintained under lights at 25°C for fourteen hours followed by
a 10 houdark period 815°C. Temperature and humidity during all experiments
were monitored by a Tinytag Ultra 2 TGA500 data loggeiGemini Data Loggers,

ChichesterUK). Plantswere positioned in a randomised block design.

2.2.5Visual Rating
At harvest eacbf the collected tissuesas rated based on the perderdwn

discolouration of the whole tissue and of tissue sections. The method for rating
discolouration was described Wildermuth and McNamarg 994) Briefly, tissues
were rated for disease on a 0 to 4 scale. 0 = no visible discolouration, 1 = less than
25% dscolouration, 2 = 25 to 50% discolouration, 3 = 51 to 75% discolouration and

4 = greater than 75% discolouration.

2.2.6Time Course Harvest
Harvest of control and inoculated seedling materighefour wheatgenotypes was

performed at 0, 1, 3, 5, 7, 121, 28 and 38ays after inoculatiord@i). Separately
harvested tissues included coleoptiles seyplaraté Ss. The length of each LS was
recordedEach time point was independently replicated. Duplicate samples at each
time point consisted of five plants. Tissues wasevested into praveighed

microfuge tubes. During harvest samples were kept on ice and then stai@tCat

2.2.7SeedlingHarvest for Sectioning
Seedlings of Puseas andl2 were harvested at 14 andd®8. Samples were

collected in groups of three plants, with three replicates at each time point. Each of
the time points werasdependentlyeplicated. The seedlings were sectioned as
described imable2.1. Leaves 13 and eaves1-4 were harvested at 14 and 28 dai

respectively. Secondary roots were only available at 28 dai.
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Table 2.1. Tissue sections harvested and analysed by gPCR.

Organ Length (cm)
Leaf Blade (LB} 2

Ligule 0.5

LS Top (LSt} 2

LS Middle Varioug

LS Bottom (LSb} 2
Secondary Roots 2
SCF Various
Primary Root% 2

%Indicates that tissue underwent qPCR analysis.
P ength range of ® 8.3 cm.
¢ Length range of © 4.4 cm.

2.2.8DNA Preparation
Lyophilised tissues were groundinga TissueLyser (Qiagen, Doncaster, Victoria)

and three tungstecarbide beadssampleswith dry weights greater than 0.01 g were
subsampled into 0.005 to 0.01 g sampleiagen DNeasplant minikit was
selected to perform DNA extractions after extensive assessment of several DNA
extractionprocedures (Appendix 2CPamplesvere eluted ito 200 pL of Elution

buffer and stored a#°C until required.

2.2.9Primer Selection and Optimisation of PCR Conditions
Primers and probes were designed from GenBank sequer€es of

pseudograminearurand wheatTriticum aestivurjhusing Primer§Rozen and
Skaletsky, 20009r were sequences from published literatligb{e 2.2 and Table
2.3).The sequences for primpra i r F p weTepievided by Di Hartley
(CSIRO).Thesesequences were assed by a BLAST

(www.ncbi.nlm.nih.gov/BLASY search of the GenBank nucleic acid database using
the Others (nr etc.) database: Nucleotide Collection (nr/nt). Primer and probe
sequences were also assessethfar GC content, potential primer dimer formation

and theoretical melting temperature.
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2.2.9.1Initial PCR Assessment
Singleplex PCR conditions were initially optimised for each primer pair,

which were tested oR. pseudograminearu@nd wheat DNA sepately. Suitable
primer pairs foiF. pseudograminearund wheat were then combined and assessed
in multiplex reactions, using DNA extracted from infected LSs.

PCR was initially performed in 10 uL reactions (0.5 simimolase DNA
polymerase (Bioline, Alexandria, New South Wales), 100uM dNTPs, 1x
Immobuffer, autoclaved MilliQ water), with various MgCh mM to 1 mM) and
primer (1 uM to 0.0625 uM) (Invitrogen, Mulgrave, Australia) concentrations, on a
TGradient PCR machine (Biometra, Germany). Thermal cycling conditions were
95°C for 7 min, followed by 40 cycles of 94°C for 30 sec, annealing (at terapesat
50- 70°C) for 30 sec and 72°C for 30 sec, followed by 72°C for 10 min.

Primers were further assessed using a RGtme 6000 (Corbett Life
Sciences, Sydney, Australia). Reactions were performed in 25 pL reactions, with
reagents as previously deserih except that 2 pM of Syt&9 nucleic acid stain
(Invitrogen, Mulgrave, Australia) was included. Thermal cycling conditions were
95°C for 7 min, followed by 40 cycles of 94°C for 30 sec, various annealing
temperatures (6066°C) for 30 sec and 72°C 80 sec. Fluorescence was read after
each 72°C extension step.

DNA amplicons were observed ompalyacrylamide gel using a G8lcan

2000 instrument (Corbett Life Sciences, Sydney, Australia). This assessment resulted
in the selection of two pairsof priner Fp TEF1U. 2 and Wh TEFG. 5,

specific forF. pseudograminearum@nd wheat, respectively, and were compatible in

a multiplex reaction.

2.2.9.20ptimisation of the Multiplex Real Time Quantitative PCR Assay
Multiplex gPCR conditions were optimisédor pr i mer pairs Fp

TEFG.5 and their respective dual labelled probek. e-tefnihal of the-.
pseudograminearumprobe was labelled with the reporter dye CAL Fluor® Gold and
t h eterr@idal with quencher BHQ® (Biosearch Technologieslovato,

Cal i f or n-terminal of thehwdeatptobe was labelled with the reporter dye
FAM an dtermihatwitlBquencher BHQ® (Biosearch Technologigs
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These primer/probe sets were tested in singleplex and multiplex reactions
using a RotoiGene 600. Negative controls and no template controls (NTCs) were
included during gPCR assessment. Primer and probe concentrations were optimised
for each set according to the multiplex results. Reactions were performed in 20 pL
volumes (autoclaved MilliQ water,®units Immolase DNA polymerase, 1x
Immobuffer, 2.5mM MgG| 100uM dNTPs, 10450 nM F. pseudograminearum
CAL Fluor® Gold labelled probe, 16050 nM wheat FAM labelled probe, 0.0625
0.5 uM of theF. pseudograminearuind wheat primers and 5 pL of DNA
tenplate). Thermal cycling conditions consisted of 10 min at 95°C and 50 cycles of
95°C for 15 s and 666°C for 1 min. The final multiplex real time qPCR assay is

described below.

2.2.9.3Confirmation of PCR Products
F. pseudograminearuand wheat fragmenfsr om pr i mer sets Fp TE

TEFG.5 respectively, were cloned using pGEM@asy Vector System Il

(Promega, Sydney, Australia) and sequenced to confirm that the sequence amplified
matched that reported on the GenBank nucleic acid database. Br@Ryproducts

were run in a 1.2% agarose gel for 30 min. Fragments were viewed using an
ultraviolet transilluminator (Ultrd.um Electronic UV Transilluminator, California,

USA) and the gel containing the fragments was removed using a sEajgghents
werecloned into JIM109 cellasing the recommended kit procedaral sent to the

Australian Genome Research Facility, Brisbane, for sequencing.
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Table 2.2. F. pseudograminearunprimer and probe sequences assessed for host specificity.

Primer Name Forward Primer (5630 ReversePrimer (5636 ) Fragment Size (bp) Probe Sequencég56-36 ) GenBank No.
Fp TEF1 ATCATTCGAATCGCTCGACG AAAAATTACGACAAAGCCGTAAGAA 82 ACTCGACACGCGCCTGTTACCC DQ382162
Fp b tu AGCTCACGCGTTTAGGCCTCCGGTA AGCTGTCCGAAGGGACCAGCACGA 107 - DQ382227
Fp TEF1 ATCATTCGAATCGCTCGACG AAAAATTACGACAAAGCCGTAAAAA 82 ACTCGACACGCGCCTGTTACCC DQ382162

Table 2.3. Wheat primer and probe sequences assessed for host specificity.

Primer Name Forward Primer (5639 ReversePrimer (5636 )

Fragment Size (bp)

Probe Sequencg56-36 )

GenBank No.Reference

Glud CGTTGGCACCGGAGTTG TCACCGCTGCATCGACAT

Wh TEF1U( GGGTCATGTTCCTAATTTGTTAGC GCGACATATAAATATTCCACACGA
Puroindolineb ATTTTCCATTCACTTGGCCC TGCTATCTGGCTCAGCTGC

Actin GGAAAAGTGCAGAGAGACACG TACAGTGTCTGGATCGGTGGT

Wh TEFG.1 CGT GAAGGATTG AGG AAAGC ACATCACCCAAATGCTCCTC
Wh TEFG.2 CTTCCGTGAAGGATTGAGGA CCTCTTCTAGAGTTCAAGTCACCA
Wh TEFG.3 TCCGTGAAGGATTGAGGAA CCTCTTCTAGAGTTCAAGTCACCA
Wh TEFG.4 TCCGTGAAGGATTGAGGAA CCTCTTCTAGAGTTCAAGTCACCAA
Wh TEFG.5 TCCGTGAAGGATTGAGGAA GTCCTCTTCTAGAGTTCAAGTCACC

101
149
92
150
89
120
118
118
120

TGCAAGCTCGCAATACCGAATCATC

GGCCCACGACTCCTGGAACCTATAA
TGGCCCACGACTCCTGGAACCTATA
TGGCCCACGACTCCTGGAACCTATA
TGGCCCACGACTCCTGGAACCTATA
TGGCCCACGACTCCTGGAACCTATA

Terziet al (2003)
M90077

Li et al (2004)
Lu et al (2005)
DQ247872
DQ247872
DQ247872
DQ247872
DQ247872
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2.2.9.4Primer Specificity and Sensitivity
The species specificity of the pseudograminearumprimer/probe set was tested on

variousFusariumspecies visually identified and supplied by Phillip Davies
(University of Sydney|Table2.4). F. pseudograminearumolate A03#24 ané.
pseudograminearumnsolates used by DEEDI researchers at the Leslie Research
Centre, Toowomba were also assessed

Specificity of both primer/probe sets were further tested across pure DNA
from multiple bread wheat genotypdsificum aestivum as well as singlgenotypes
of durum wheatTriticum turgidum durumand barleyllordeum vulgarg(Table
2.4).

The sensitivity of the primer/probe sets wast¢d using DNA quantities in a
range from 1000 to 0.0001 ng using either gurpseudograminearuior wheat
DNA or combined DNA extracted from infected LSs. This allowed the optimum

quantities for producing precise linear regression models to be detdrmine

2.2.10Multiplex Real Time Quantitative PCR Conditions
Reactions were performed in 20 pL volumes containing autoclaved MilliQ

water, 0.5 units Immolase DNA polymerase, 1x Immobuffer, 2.5mM K§COuM
dNTPs, 150nMF. pseudograminearu@AL Fluor® Goldlabelled probe, 150nM
wheat FAM labelled probe, 0.25uM forward and reverse prifioedsoth organisms
and 5 pL of DNA template.

Multiplex reattime gPCR was performed using 50 pL tubes in a 72 tube
rotor of a RotoiGene 6000. Thermal cycling was comptiin less than 2 h and
conditions consisted of 10 min at 95°C and then 35 cycles of 95°C for 15 s and 64°C
for 1 min. The RoteiGene 6000 series software collected data for both reporter dyes
every 0.15 s from each tube, generating a fluorescence pgovféach amplification
product. The threshold cycle (Ct) was recorded for each dye as the cycle at which
fluorescent signal, associated with an exponential growth of PCR product, exceeded
background fluorescence.

The wheat primer/probe set was designdoetancluded in multiplex PCR as
both an internal positive control afa normalisation purposebdlormalisation of
gPCR results was performed using two methods. ARE&R,normalised estimates

of F. pseudograminearuolonisation of wheat tissue were aioied by dividing the
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quantity ofF. pseudograminearuM@NA by either thegquantity ofwheat DNA (ng
Fp/ ng wheat) or the original extracted sanggweight (ngFp/ g). These are
referred to individually as thiep perwheatDNA andFp DNA per weightmethods,
respectively, or collectively as qPCR values within this document.

Intra- and interassay variability were examined using two experimental DNA
samples. This involved each sample being assessed in a gPCR assay as 10 replicates.
During further expementation these two samples were included in at least 10

separate PCR assays. Samples were comparedrspeywheatDNA results.

2.2.10.1Controls and Standard Curve Production
PCR controls in every assay included no template controls (NTC) and

genomc DNA standards (positive/negative) for b&thpseudograminearund
wheat.Serial dilutions of pure genomic wheat DNA and pure gendmic
pseudograminearu@NA standards were run in duplicate. DNA concentrations of
wheat andF. pseudograminearustandads were determined spectrophotometrically
by measuring optical density at 2661 using a nanophotometer (Implen, Munich,
Germany). Samples were diluted into fourf@ serial dilutions foiF.
pseudograminearu@NA (10 ng to 1pg) and three Xfbld serialdilutions for wheat
DNA (100ng to 100pg). Standard curves for both pseudograminearumnd wheat
were generated by plotting known DNA amouagsinst the Ctalculated by the
RotorGene 6000 software in order to produce a regression equation. Unknown

samples were quantified by plotting their Ct values on the regression equation.

2.2.11Statistical Methods
Comparisons betweanrcsine square root transformadual and gPCR ratingsf

individual genotypesvere performed using a owwgay ANOVA with the Levene

Statistic from the Test of Homogeneity of Variameel the multiple comparisons

Tukey HSD test in SPSS 17.0. Weights and LS lengths of control and infected
tissues were compared using a#i@ded paired sampletest in SPSS 17.0. All tests

u s e d0.0B.Pearsod €orrelation Coefficientgtwo-tailed)were calculateth

SPSS 17.0The strength of each correlation was reported using the system described
by Fowleret al (1998)
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2.3 Results

2.3.1PCR Optimisation

Wheat primer/probe set Wh TEFG.5 dadpseudograminearuiprimer/probe set Fp
TEF1U. 2 were selected as the most compat .|
assessmenif hese were based on sequences of translation elongation factor G and
transl ati on el on g aBothsaigeduisedsimiar optichum PCRs pe c t |
conditions andwvere specific to their target hoStable2.4), amplified the expected
sequences from their respective target DNA and did not display unwanted
interactions between primers.

A maximum of 35 cycles was deemed sufficient for standard curve
production, allowing for a rapid qPCR ass&y.pseudograminearumas
quantifiable from 0.001 to 100 ng and wheat was quantifiable from 0.05 to 500 ng. In
singleplex and multiplex reactions both primer/probe sets displayed high precision
over a linear range df orders of magnitud@-igure2.1). The liner regression
correlations between Ct and known DNA quantities were high forfoth
pseudograminearurand wheat (R>0.99)

Normalisation of samples served to adjustRhpseudograminearui@NA
estimates of colonisation forfthrently sized tissue samplaad sampld¢o-sample
variation in both DNA extraction and PCR amplification efficien¢i&nton et al,
2002)

Intra- and interassay precision in PCR efficiency for this assay was high
(Figure2.2), demonstrating the reproducibility within and between individual gPCR
assays Pi petting accuracy was i mproved by u
tips (Axygen, California, USA).
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Table 2.4. Fusarium and cereal species assessed using thggseudograminearunand wheat

primer/probe sets.

Species Number Tested Fp primers® Wheat primers®

. compacturh 2 - -

F
F. crookwellense
F. culmoruni - -
F. equiseft

F. poaé

F. proliferatunf

F. scirp?

F. semitecturh

F. pseudograminearufn
F. graminearurh

Triticum aestivum

= 01 o1 60 N N N N N N DN
1
1

Triticum turgidum durum - +

Hordeum vulgare 1 - -

& Fusariumspecies visually identified and supplied by Phillip Davies (University of
Sydney).

PF. pseudograminearuincluded 5 isolates visually identified and supplied by
Phillip Davies (University of Sydney) and 3 isolates from the LRC, DEEDI
collection.

6+06 i ndi camhd ¢ eai GpdairsmjativaeCse result for that
primer/probe set.
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Figure 2.1. a, Normalised fluorescence curves of five 10 fold serial dilutions &f
pseudograminearunDNA. b, Standard curve produced by plotting Ct against quantity of DNA
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Series Software 1.7.
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2.3.2Time Course

The three different rating metho@ssual, Fp perwheatDNA andFp DNA per
weight)varied slightly in their ability to report accurately on colonisation. Tissues of
control plants did not become infected.

Visual discolouration of LS tissue was observed from 3 dai, however,
consistent ratings could not be assigned until 7 dai. gPCR values for coleoptile or
LS1 tissues from one to seven dai were not useful indicators of resistance. Increase in
the gPCR valuesf these tissues was exponential from 1 to 7 dai, however
differences between genotypes were inconsistent (data not shown).

Visual ratings and qPCR values indicated significant differences between
genotypes from 14 dak{gure2.3, Figure2.4 andFigure2.5). This proved the most
discriminating time to assess resistance using visual ratimgsalMiscolouration
and gPCR values at 21 and 28 dai did differentiate between partially resistant and
susceptible genotypes, however, for visual ratings, differences were less than at 14
dai. At 35 dai only gPCR could discriminate between partially tegisind
susceptible genotypegPCR values atdih 21 and 28 dai indicated a large
separation between partially resistant and susceptible genotypes.

Combined values of each LS produced consistent differences between
partially resistant and susceptible gampes from 14 to 28 dakigure2.6). In most
cased . S1 and 2 weraot useful indicators of resistance. The visual ratings of these
tissues rapidly reached the maxim value, inhibiting the ability to discriminate
between resistance and susceptibility. LS3 and 4 frequently demonstrated significant
differences between Puseas and the other three genotypes. Differences between
genotypes were greatest using qPCR. Sicenifi differences between Puseas and 2
49 were more consistent using figDNA per weightmethod than thE&p perwheat
DNA method.

gPCR valueshowedexponential growth ovea period otime in each LS,
however growthreacheda dateau phasim heavily infected tissues such as LS1 in
Puseas, Wylie and Gregory at 35 dai. A similar trend was observed for LS2 at 35 dai
in Puseas. The linear relationships of the log values fdfghmerwheatDNA
method were very strong, while those of BgeDNA per weightmethod were strong
(Table2.5 andTable2.6). The gradients of the linear relationships were greater in

the susceptible Puseasnha the partially resistant-29.
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While 2-49 is considered to have greater resistance than Wylie and Gregory,
this was noteflected as statisticallysignificant differencen fungal DNA content
The mean valuefor 249, however, werpredominantly thédowestamongthe four

genotypes for each tissue across the times assgsgarck2.6).
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Table 2.5. Coefficients of determination (F) and associated gradients of the log of normalised

Fp per wheat DNA values of combined LS1, 2, 3 and 4 overZ8 dai.
7-28dai  R*  Gradient

2-49 0.98 0.066
Gregory 0.94 0.092
Puseas 0.99 0.094
Wylie 094  0.083

Table 2.6. Coefficients of determination (F) and associated gradients of the log of normalised

Fp DNA per weight values of combined LS1, 2, 3 and 4 over35 dai.
7-35dai  R®  Gradient

2-49 0.76 0.165
Gregory 0.75 0.237
Puseas 0.83 0.266
Wylie 0.87 0.172

2.32.1 gPCR normalisation using host DNA

During assessment the two methods for normalisation of gPCR results were
compared. Both methods were strongly correlatedto 28 da{Error! Reference
ource not found) and reported similar results when comparing partially resistant
and susceptible genotypes, however, with increasing time periods after inoculation
theFp perwheatDNA methodbecame less sensitive at distinguishing partially
resistant tissues frosusceptible tissues compared to EpeDNA per weight
method The reliance of thEp perwheatDNA method on host DNA quantities was
investigated by plotting the quantities of host DNA in control and inoculated wheat
tissues from 7 to 35 dai.

A comparisorbetween the wheat DNA present in control and infected LS2
tissues demonstrated that the PCR target wheat @¥¢feased over time as tissues
began to senesceh@ rate of degradation was not greater in infected tisSigsré€
2.7). A visual assessment of DNfuality was performed using gel electrophoresis
(data not shown) amab differences in quality, indicated by laddering on the gel,

were observed between infectedlaminfected tissues.
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Table 2.7. Correlation coefficients (r)for LS1, LS2,LS3 andLS4 separately and combined
comparing visual ratings of crown rot symptoms Fp per wheat DNA and Fp DNA per weight
values from 7 to 35 dai.

Visual / per DNA Visual / per weight per DNA / per weight

dai  Tissue Pearson's r Pearson's r Pearson's
7 LS1 0.68** 0.38 0.67**
LS2 0.79** 0.74** 0.92**
LS3 0.39 0.36 0.95**
Combined 0.76** 0.53* 0.77**
14 LS1 0.41 0.03 0.41
LS2 0.84** 0.71** 0.75**
LS3 0.85** 0.86** 0.96**
LS4 0.95** 0.91** 0.99**
Combined 0.89** 0.78** 0.85**
21 LS1 0.39 -0.11 -0.13
LS2 0.51* 0.37 0.68**
LS3 0.55* 0.26 0.67**
LS4 0.68** 0.18 0.2
Combined 0.65** 0.58* 0.81**
28 LS1 0.31 0.12 0.59*
LS2 0.45 0.44 0.60*
LS3 0.73** 0.80** 0.88**
LS4 0.77** 0.81** 0.98**
Combined 0.76** 0.64* 0.91*
35 LS1 -0.01 0.18 0.3
LS2 0.18 0.33 0.31
LS3 0.1 0.14 0.31
LS4 0.35 0.2 0.66**
Combined 0.29 0.25 0.5

**Correlation is significantt the 0.01 level (twaailed).
*Correlation is significant at the 0.05 level (tvailed).
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Figure 2.7. Change in quantities of wheat DNA in control LS2 tissues and of both wheat arkp
DNA in infected LS2 tissues of (a)-29, (b) Gregory, (c) Puseas and (d) Wylie from 7 to 35 dai.
Control LS wheat DNA,

Bars represent the standard error of the mean ofour replicates
= = = Infected LS wheat DNA;*****"* Infected LS Fp DNA.

2.32.2 Correlation of visual and qPCR data

The infection levels described using gPCR were most strongly correlated to visual
ratings at 14 dai, with thiep perwheatDNA method having a slightly stronger
correlation than thep DNA per weightmethod(Figure2.8). The strongest
combinedcoefficient of determinatiowas no greater than 0.8. Correlations between
gPCR and visual ratings became weaker over (in®r! Reference source not
ound.). This was most obvious in LS1. The strong correlations for LS4 at 14 dai
were due to very low infectiovalues, particularly vales of zero, at this time. By 35
dai the correlations were very weak. The individual LS correlations between the two
gPCR methods and visual ratings were generally similar. Correlaienes
frequentlystrongest in younger tissues undergoing initial disevelopment, with
correlations becoming weaker as the period under disease increased.

There were no indications of varietal differences in the relationship between
visual discolouration and qPCR valuésconsistent trend of increasing visual

ratings ad qPCR values was observed from 7 to 35 Ei@ure2.9).
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2.33 Comparison of control and infected LS weights

Comparison of dry weights of control and infected LSs revealed that infected
LSs were heavier thaheir control counterparts in all genotyp&sgure2.10). In
some cases this was a significant differed@b(e2.8). Significant increases in
weight were most frequent in LS1 ab82. LS5 in Puseas was the only tisswbich
recorded a weighgignificantlyless than the contrgbossiblydue to stuntingr
delayed development nesponse to disease challenglee increase in weight did not
appear to greatly increase from 7 to 35 dai. The difference in weight was not due to
an increase in LS length duriimfection (Appendix 2D). Estimatesleight of F.
pseudograminearutyphae in infected tissue was modestly to strongly correlated
with the LS weight increase, however, the estimated weight of hyphae was much less
than the actual increase in weight of the tisgtigufe2.11).
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Figure 2.10. Weight difference of infected LS1, 2, 3, 4 and 5 from control LSs of (a}49, (b)
Gregory, (c) Puseas and (d) Wylie from 7 to 35 dai. Theeight of control tissues is represented

by zero on the vertical axis—— LS1 === == |S2,= = == = |S3™= = == LS4pee°°*LS5.

61



Table 2.8. Difference in milligrams of Fp infected LS tissues from control LS tissues at 7 to 35
dai for (a) 2-49, (b) Gregory, (c) Puseas and (d) Wylid_etters indicate significant differences

(p<0.05). a = no significant difference, b = significantly higher and ¢ = significantly lower.
a 2-49 7 dai l4dai 21dai 28dai 35dai

LS1 3.9b 5.4b 8.9a 3.8a 7.3b
LS2 4.5b 5.4b 10.5b 6.5a 10.2a
LS3 0.8a 2.8a 0.6a 4.4a 1.9a
LS4 - 2.0a -6.5a -0.2a -4.0a
LS5 - - - -1.3a -2.0a

b: Gregory 7dai 14dai 2l1dai 28dai 35dai
LS1 1.6b 3.1b 4.0b 1.5a 8.1b
LS2 0.8a 7.9b 8.6b 4.9a 12.1b

LS3 0.2a 5.3b 5.4a 3.5a 6.3a
LS4 - 1.3a 0.9a -0.4a 9.4a
LS5 - - - -2.5a 14.3a

c:Puseas 7dai 1l4dai 2l1dai 28dai 35dai
LS1 4.3a 2.7a 7.20 1.7a 6.7a
LS2 7.3 7.8a 12.2a 5.4a 12.2a
LS3 3.4a 3.7a 8.0a 6.5 10.1a
LS4 - -12.Ja -13.1a -5.7a 6.9
LS5 - - - -18.c -10.&a

d: Wylie 7 dai l4dai 2l1dai 28dai 35dai

LS1 2.4a 2. l.6a 2.2a 4.1a
LS2 1.5 4.3 2.9 6.7 6.4a
LS3 2.1a 2.3 5.1a 6.4b 4.7a
LS4 - 1.6a 0.2a 8.4a 3.7a
LSS - - - 1.6a 11.Ca
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weights were estimated from a standard curve comparing DNA yields from a range of weights

of pure Fp mycelium (Appendix 2C).
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2.34 Seedling Sectiaing

Sections of LSs and tissuessoilzcrown internodes (SClprimary roots and
secondary roots were compared for visual discolouration and fungal DNA content in
2-49 and Puseas at 14 and 28 dasual discolouration was present in all tissue
types forboth 249 and Puseas at 14 daiqure2.12). gPCR confirmed the presence
of F. pseudograminearuin these tissues. Significant differences between these two
genotypes were few and inconsistent (data not shown), however it appeared that
Puseas generalshowed higher infection levelsan 249. Colonisation increased

from 14 to 28 daiKigure2.13). SCI and root colonisatiatid not differbetween the

two genotypegFigure2.12 andFigure2.14). The SCI contained moderate quantities
of F. pseudograminearumvhile the primary rootaere very lightly infected

Infection of the LSs was gresgttowardsthe lower (proximal) endof the sheatland
minimal towardsthetop (distal) end of the L®iscolouration of the LSs was
progressively less in the younger LSs. Leaf blade colonisatiogevesally

restrictedto the very base of the bladehiswas highlighted by qgPCR.

At 14 dai LS1contained similalevels ofF. pseudograminearumfection
between the two genotypeshile growth ofF. pseudograminearumnvas more
extensivan Puseas in.S2 andLS3. The lack of consistent differences, compared to
those reported in the Time Course study, may reflect both experimental variation due
to smaller and more numerous samples and differences due to collecting specifically
targeted tissue sections.

Infectionat 28 dairevealed similar trend® thoserecordedat 14 dai.

Colonisation levels ofexondary roots were simil&r those irprimary roots. The

upper LSand the leaf blade all contributed very little to the total values.
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2.4 Discussion

Accurate quantification of a pathogen in diseased host tissue is an important aspect
of defining the degree of host susceptibihtyd assessing otheharacteristics

involved during colonisation, such e extent of disease symptom expression
Compared to traditional quantitative methodologies, which rely on culturing the
pathogen from infected tissues, real time gPCR is a more acanchtapidnehod,

able to quantify pathogens in colonised tissues at very early to late stages of
infection. The ability to compare traditional disease rating methods with g°PCR
measurements provides important informatorthe relationship between symptom
expressiorand the extent of fungal colonisation in different genotypes.

Visual rating of discolouration due to crown rot is the most common method
used to describe resistan@arss, 1966, Wildermuth and McNamara, 1994,
Malligan, 2008) Examination of the relationship between visual discolouration and
qguantity of fungus has had limited examinatibtalligan (2008)reported that the
correlation betweenisual ratings and resolations of the pathogen from infected
tissues wakighly significant.However,this methodology is only serguantitative
and may be insensitive to both low and very high fungal load. In contrasisé of
gPCR in the current studgsulted in accurate quantitation of the amount of fungal
DNA in the infected tissue

The strongestorrelationbetween visual rating and gPCR data occurred at 14
dai; thisgreatly decreased at later time pojmtswever visual ratings and gPCR
values were always positively correlat@this demonstrates that the visual rating
method was able to reporrfgal colonisation in a similar manner to gPCR, however,
the timingof visual rating was important as ratings at 14 dai were most indicative of
colonisation. No instances were observed where tissues displayed no discolouration
but had detectable quantitiesfungal DNA, indicating that there is no tolerance to
presence of the fungus.

Periods earlier than 7 ddid not reveal differences in resistance and
significant differences did not occur until 14 dai. Téugygestshat resistance
mechanisms did not immediately affect growtiropseudograminearunfrrom 14
dai onwards differences between genotypes were most obvious during infection of
younger LSs, which frequently indicated significant differences between partially

resistant and susceptible genotypes. Differences in resistance may have been due to a
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combination of resistance mechanisms, such as resistance to spread within and
betweertissues. It is interesting to note that Wylie and Gregory, considered to be
moderatéy resistant and moderately susceptible respectively, were not significantly
different from 249 at any time point, demonstrating the continuing difficulty in
accuratelydifferentiatingmoderate resistancasd susceptibilities seedling

tissuesA likely contributing factor to reported differences in resistance is the
variation in adult resistance, rather than seedling resistance, between these
genotypes.

Eachof the threeating method (visual ratingF. pseudograminearumNA
content relative to ho®NA; andF. pseudograminearumMNA content relative to
the dry weight of tissueyas able to determine significant differences between
partially resstant and susceptible genotypes, howevepén®d most effective for
describingdifferences between partially resistant and susceptible genotypes varied
between rating methodk contrast to visual rating, gPCGHferentiated the degree
of colonisation between-29 and Puseas from 14 to 35 ddie reason for the
difference betweerating methodsit later time points is that the visual rating method
used an ordinal scale (with ratings reaching maximum values at later time points)
compared to the continuous scale of the g@&&hod The continuous scale used in
gPCRenabled a range tifne points after infection to be accurately assesEeid
indicates that even after miexum symptomsareexpressed the fungus still increases
its concentration in the tissues.

Thenormalised=p DNA per weightmethod proved to be the masinsitive
apprachfor reporting differences in fungal DNA content between genotypes. This
methodreported on only one variable, pseudograminearuM@NA, and used dry
weightsasa known constarietween samples. This was more reliable tiast
DNA, which varied betweetissues anavith age of plant. Whiléhe Fp perwheat
DNA method produced significant differences between the partially resistént 2
and Puseas, the variation in wheat DNA between wheat plants, and particularly
between LSs, inhibited its sensitivity fdetermining differences in resistance. The
importance ofetainingthe wheat primeirprobe system was to allowheatDNA to
serve as amternal positive contrah each reaction, eliminating the potential for
false negatives.

It was interesting that thate of degradatioaof the target wheat DNAvas
not different between the infected and conbti®P tissueslt has been demonstrated
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that response to infection may lead to cleavagaiofear DNA into
oligonucleosomal fragmentkiiring certain planpathogennteractiongRyerson and
Heath, 1996, Hietalat al, 2003) however this was not observed durihg
pseudograminearummfection of LSs.The target DNA in the current study waisly
120bp, yet it obviously became degraded in both susceptible and partially résistan
tissues under control and inoculated conditions. This suggests that the decrease in
host target DNA is due to natural senescence.

In contrast tdStephen®t al (2008) the current study did not detebe
different phases of infectiambserved foF. graminearumnfections. Instead
general exponential increasefinpseudograminearui@NA was observedrom 1 to
28 dai. A plateau phase was similarly reported by both studies at 35 dai, where it
appears fungl increase can no longer be supported in the heavily infected tissues.
Malligan (2008)similarly reported that the numbef isolations from LSs at later
harvest times was often lower than earlier harvests. The exponential phase was
present in partially resistant and susceptible genotypes, howeveatdbeincrease
was less in the partially resistant genotype ihahesusceptible genotype,
indicating a slower rate of colonisation. This is supported by infection data for
individual LSs, with 249 having less infection in younger tissues than Puseas. This
effect has frequently been repor{@iirss, 1966Malligan, 2008)

In further contrast t&tephengt al (2008) who stated that crown rot
symptom development occurs slowly, usually taking 4 to 8 weeks to become visible,
the current study observed ditmaration of LS tissue under inoculated coleoptiles
from 3 dai. Readily observable discolouration of at least three LSs was present at 7
dai, with significant differences indicating resistance at 143taphenst al (2008)
suggests that the delay in visible symptoms observed in their study may be partly
explained by the delayed production of DON, a mycotoxin which induces cell death
in wheat(Desmoncet al, 2008) As both studies used a simitinopletinoculation
procedure, the contrastrnisorelikely due to thediffering pathogenicities df.
pseudograminearu@ndF. graminearumthe latter of which issolated only
infrequently from wheat tissues expseng symptoms of crown r@Backhouseet al,
2004)

Characterising and monitoring the spreadr gpseudograminearuimyphae
during seedling infectiohasclarified which tissueare theamportanttargetsduring

crown rot inection. Al seedling tissues could be infected by 14 dai after inoculation
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of thecoleoptile, indicating that the hyphae afde to spread down the coleoptile to
the primary roots, as well as up the LS tolthse of théeaf blade (B). gPCR

indicated that théowest2 cm of a LS was the area of greatest hyphal proliferation.
Using fungal isolation procedures, Malligg2008)reported a similar result
Colonisation of this arelikely plays an important role in infection of culm bases.
The top 2 cm of a LS was the next most infected area, most obviously at 28 dai
followed by the SClinfection of theprimaryroats, secondary roots amase of the

leaf bladewas by comparison, verymited. Liddell (1985)reported thaF.
pseudograminearumaused severe discolouration of the SCI, the LSs and the culm
bases. However, there was no effect on the primary roots or secondarizicutet
(1985)also reported that infectigindicated by discolouratiorf the LS typically
extended only to theery base of th&B, and this has been confirmbg the gPCR
resultsin the current studysmall, isolated, distinct lesions on the LB were
occasionally observed on distal regions @f thade, suggesting that they represent
infection sites occasionally initiated while the LB was still confined within the
newly-infected leaf sheath of the preceding leaf. Following this initial lesion
formation the leaf blade emerges rapidly from the esutihg sheath and assumes its
photosynthetic functions, resulting in a small isolated lesion on the exposed LB. The
fact that these lesions fail to develop further, suggests that fully photosynthetic leaf
mesophyll is not suitable host tissue for pathagéaction.

The increase in the dry weights of infected LS tissues was an unexpected
observationin contrast,Miedaner(1988)provided evidencéhat infection of wheat
seedlings by. culmorumcaused significant reductiaof root and shoot dry weights
The increase in dry weight wasiquitousin infected LS1, 2 and 3. Potential effects
of disease such as causing an increase in LS length or the wekght of
pseudograminearutnyphae being the cause of the increased weight were excluded.
While a modestorrelation was observdzetween amount df. pseudograminearum
present and weight increase, the magnitude of the weight difference was much
greater than that of potential hypmahss Furthermore, the weighktifferencedid not
continue to increasat laterharvest times, even thouglgphae continued to
proliferate. Significant differences in weight were more common48 and
Gregory, however, this phenomenon was also observed in Wylie and Puseas,
suggesting it may not be a form of resistance but rathenapecificreaction to

infection. The reaction was rapid as significant differences were recorded at 7 dai.
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The mechanism and physiology behind this reaction remains unknown. Biochemical
tests for substances potentially related to resistance, suchiagVignceet al,

1980) celluloseg(Dicksonet al, 1923)and silicon(Fauteuxet al, 2005) are
required.
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Chapter 3 : Adult Infection

3.1Introduction

Rating of crown rot disease in seedling tissues has become poputariguapid
nature and the ability to grow large quantities of seedlings in controlled growth
environmentgWildermuth and McNamara, 1994, Mitter al, 2006, Liet al,
2008) While these assays have been reported to correlate with ratings performed on
adult plants in the field, they cannot replace field grown trials. Assassof crown
rot of adult tissues in field trials has varied over timih the original methods
measuring percent deadheads or diseased ¢Moisnight and Hart, 1966, Purss,
1966)being replacethy systems recording actual amounts of visual discolouration
(Wildermuth and McNamara, 1994, Wallwaekal, 2004).

While visual discolouratiors used as a measurement of resistance, this
relationship has been poorly describiglligan (2008)performed the first
experiments relating visual symptoms to isolation counks pseudograminearum
from infectedtissue At the time these field studies were performed (22001)
appropriate quantitative PCR (qPCR) methods were not alai@rrelations of
visual disease rating and isolation counts were strong at approximately 16 weeks
after planting (r @Qym@mgofcrown rotdiseasewerd f i el d tr
observed in all genotypes with severity of symptoms asisbtation ofF.
pseudograminearurinom infected tissue increasing over time. Genotypic
differences were observed in both visual discolouration and in the extemigal
colonisation, with the development of discolouratioririarnodes being delayed in
partially resistant genotype$is interesting that while assessment of crown rot in
field trials is usually conducted on mature plants, the weakest corrdiatiaaen
di sease rating and isolation data was seen a
differences were still detected Malligan (2008)in certain tissues at maturity, the
most consistent differences were recorded approximately 16 weeks after planting.
She state that the period between flowering and seed formatiastiae most
appropriate time to test for genotypicfdiences in crown rot susceptibility.

A less laborious and more accurate method than manual isolation counts of
infected tissues, such as gPCR, may enhance the assessment of crown rot resistance.

Hogget al (2007)evaluated field grown spring and durum wheat inoculated kvith
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pseudograminearumsingprimers and probes specific for a segment of the
trichodiene synthase gene. This amplified DNA-o§raminearumF. culmorum

andF. pseudograminearuniwo weeks prior to harvest, plants were collected and
visually assessed for crown rot severity and asedyby qPCR foFusariumDNA
quantities. Visual disease aRdsariumDNA quantities were positively correlated
with each other for all three genotypes assessed in 2684 (R0 . 6) however ,
positive correlation only occurred for the durum wheat in 200gge¢d al. (2007)
further analysed relationships between crownnfeiction and grain yield, reporting
thatyields for two spring wheat genotypes were negatively correlatedmugarium
DNA gquantities in 2004. Both visual and gPCR measurements were comparable in
predicting yield reduction. This was the first publishegartwhich indicateghat

gPCR is effective in measuring crown rot severity in wheat.

It is important to note that variation the extent ofnfection between
experiments, predominantly due to environmental conditions, greatly altered
correlationsbetween visual ratings, fungal biomass and yiditle effect of differing
temperatures and moisture levels between field trials and years was highlighted by
bothHogget al (2007)andMalligan (2008)as a major source of variation in
infection.

The current experiment was designed to highlight the relationship between
visual discolouration and levef fungal colonisation, determined by qPCR, due to
crown rot disease in cereal culms. A selectbnereal genotypes of differing
resistances was assessed to determine the ability of qPCR to differentiate between
resistant and susceptible tissues. A comparison between two times of plant
collection, anthesis and maturity, was also performed to comfirendifferences

between host genotypesre greatest.

3.2Methods

Field trials were conductetliring2009. One trial was conducted at the Leslie
Research Centre (LRC) Experimental Farm at Wellcamp, 9kms west of Toowoomba.
The other, a plus and minus cwum experiment, was performed in field plots at the

LRC sitein Toowoomba.
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3.2.1Cereal Genotypes

Three genotypes of bread wheat, one durum wheat and one barley were chosen for

the adult study based on a range of crown rot resistahabke.1).

Table 3.1. Genotypes monitored during adult plant assessments and their crown rot field rating.

Genotype APR! Species
2-49° MR-R  Triticum aestivunfbread wheat)
EGA Wylie® MR Triticum aestivuntbread wheat)
Grimmetf MS Hordeum vulgardbarley)
Pusea® S Triticum aestivunfbread wheat)

EGA Bellarof VS Triticum turgidum durunfdurum wheat)

!Adult PlantRating= Resistance Ratiny'S - Very SusceptibleS - Susceptible,
MS-S - Moderately Susceptibi8usceptibleMS - Moderately Susceptibl&/R i
MS - Moderately Resistarifloderately Susceptibl®IR - Moderately ResistaniIR
i R - ModeratelyResistantResistantR - ResistantyYR - Very ResistantField-
based crown rot rankings accordingMoRaeet al (2010)and personal
communication from Dr. Damian Hie (DEEDI).

%Genotypes assessed in the Wellcamp field trial.

Genotypes assessed in the LRC field trial.

3.2.2Inoculum Production

Methods of inoculum production can be founddetail in Appendix 3A. Briefly
mycelium of F. pseudograminearurvas added to a flask containing saturated,
autoclaved millet seed and incubate@2C for 11 days. After this initial incubation

the colonised grainvas placed on a tray in a growth cabinet in the dark #£.25
After 4 days clumps in grain were brokep with gloved hands and each tray was
shaken every second day thereafter for seventeen days. Inoculum was stored in

plastic bags in a cold room until required.
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3.2.3Inoculation and Tissue Collection

3.2.3.1Wellcamp

The Wellcamp field block had been m@ined on a three year rotation where year 1
was fallow, year 2 was inoculated durum, which was ploughed into the soil, and year
3 was the experimental site. The Wellcamp trial was tractor planted using a cassette
system for seed. The inoculum was deleeeto each furrow at planting via a
fertiliser applicator. A field plan for Wellcamp detailing the layout of the genotypes
is in Appendix 3B. Genotypesgere planted as paired 3simgle rowplots with 5 g
of seed planted per pldEach paired plot was rigated.Inoculum was delivered at a
rate of 2.5 g/m in a band lying above the seed. Inoculum added at planting contained
the isolates A03#24, AO5#49 and AO5#pdovided from the Leslie Research Centre
collection Due to a long history of crown rot in ghiield it was assumed that
numerous other isolates were present.

A selection of the available genotypes underwent examinaliini€3.1).
Plants were collected at 10, 16 andn&Eks after planting (WAPAt 10 WAP leaf
sheaths, coleoptiles, SCls al tissues were combined into two groups of e
16 and 22VAP time poins approximately coincided with anthesis and maturity,
respectivelyTypically, five plants from each replicate were collected at each time
point. Visual rating and qPCR analysis was performed on the individualNI21,
andIN3 tissues of the main culm adur of these plants at 16 and\BAP. The

remaining plants and culms were kept for microscopy (Chapter 4).

3.2.3.2Leslie Research Centre

Three metre paired plots, being either plus or minus inoculum46f Puseas and
Wylie were hand planted in sossumed to be free of natufal pseudograminearum
inoculum (soil cores not tested). The planting pgamm Appendix 3B. Each
inoculated row had inoculum applied above the seed at 2.5 g/m, with a total of 7.5 g
of inoculum applied to each plot. Inoculumsyaroduced from the single isolate
A03#24.

Five plants of each treatment were collected at 10, 16 aWdAR2 IN1, IN2
andIN3 of theprimaryculm of each plant underwent visual and gPCR analysis.

Additional plants were collected for the microscopic analysis described in Chapter 4.
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3.2.4Visual Rating

At harvest(10, 16 and 22 WARjollected culms were rated based on the percent of
brown disctouration of eaclinternode [N). LS, SCI, coleoptile, and crown tissues
were also collected and rated at 10 WARe method for rating discolouration was
described byVildermuth and McNamar@ 994) Briefly, tissues were rated for
disease on a 0 to 4 scale. 0 = no visible discolouration, 1 = less than 25%
discolouation, 2 = 25 to 50% discolouration, 3 = 51 to 75% discolouration and 4 =
greater than 75% discolouration. Separaldsl($ectioned from the top of the lower

node to the top of the higher nodegre placed into microfuge tubes.

3.2.5DNA Preparation

Lyophilised tissue samples with dry weights of more than 0.02 g wersasupled
into a new tube containing from 0.015 to 0.02 g of material. A Wizard Genomic
DNA Extraction kit (Promega) was used to extract DNA following the plant DNA
extractionprotocol (Apgendix 2C). DNAwas eluted in 200 pL of DNA Rehydration

Solution.

3.2.6Multiplex Real Time Quantitative PCR Conditions

This was as described in ChapteS2ction 2.2.10

3.2.7Statistical Analyses

Comparisons betwearcsine square root transformadual or qPCR values of

individual genotypes within time points were performed using anemeANOVA

with theLevene Statistic from th€est of Homogeneity of Varian@nd the multiple

comparison Tukey HSD test in SPSS 17.0. Comparisons between time po@ts we

performed using an independent samplesstst i n SPSS 17. 0. For «c¢omg
=0.05.P e a r €armeldtisn Coefficientgtwo-tailed)were calculateth SPSS 17.0

The strength of each correlation was reported using the system described by Fowler

et al (1998)
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3.3Results

gPCR results are reported using only the normalised by extraetgtt (\gFp/ g)
method. This isfirstly due to the consistency of tk@ DNA per weight method in
Chapter 2Section 2.3.2The other consideration is that the genomic DNA content of
hexaploid bread wheat, tetraploid durum wheat and diploid barley differ on a per cell
basis. The Wweat primer/probe reaction was still included as an internal positive

control for the bread and durum wheat samples.

3.3.1Wellcamp

3.3.1.110 WAP
At 10 WAP visual ratings of LS, SCI, coleoptile, crown and IN1 tissafez49,

Grimmett, Puseas and Belladid not reveal consistent differences between
genotypes (data not shown). gPCR data of these same tissues revealed a similar
result (data not shown). A general trendjgestiveof 2-49 having lower values than

the oher genotypes was observed.

3.3.1.216 WAP

Visual rating values at 18/AP (approximately anthesiggvealed significant
differences between the genotypEgy(ire3.1a). 2-49 was the least discoloured in all
INs. IN1 of 249 was significantly less discoloured than IN1 of Puseas and Bellaroi.
IN1 of Grimmett was not significantly different from any of thber genotypes.
Discolouration of IN1 in Puseas and Bellaroi had reached the maximum value by 16
WAP. Discolouration of IN2 indicated that49 was significantly less discoloured
than Puseas and Bellaroi. IISBowed no discoloration @&49. As a general
assessment INWvassimilarly affectedn Puseas and Bellaroi, however the extent of
symptoms in IN2 and IN@/as greater in Bellaroi than Puseas. Grimmettas less
discolouedthan Puseas and Bellaroi but more tha#92Spread of discolouration
hadrisenbeyondIN3 for same culms, particularly Bellaroi, and discolouration was
associated with presence of fungal DNAueto lack of symptoms on similar tissues

of the other genotypes this data was not used for comparison.
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gPCR revealed differences betweenagpes similar to the visual data
(Figure3.1b). Colonisatiorof IN1 on2-49 was significantly less than Puseas and
Bellaroi, while colonisatiomf IN2 on 2-49 was only significantly less than Bellaroi.
In general, 249 showedthe least colonisation in all INs, followed by Grimmett.
While IN1 of both Puseas and Bellaroi had similar levels of colonisation, IN2 of
these genotypes revealed Puseas to maah less colonisation than Bellaroi,
actually being at a level closer to Grimmett. IN3 values revealed much greater mean
colonisation for both Puseas and Bellaroi thad®2and GrimmettHigh levels of
variationoccurred within genotypes.

Combined valuesf IN1, 2 and 3 at 18VAP were the best indicator of
differences indiscolouration and colonisation between partially resistant and

susceptible genotypeBifure3.2a, b).

3.3.1.322WAP

Visual ratingsof IN1 at 22WAP (maturity) were significantly less for-29
compared tdhe other thregenotypesKigure3.1c). At IN2 only 249 and Bellaroi
were significantly different. Differences between the other three genotypes were
absent in both IN1 and IN2. IN3 revealed no differences between any genotype
gPCR of IN1 demonstrated that colonisation of this tissue was similar for
each genotypdgure3.1d). No significant differences between genotyyese
reported for IN2 and 3. This is predominantly due to the large degree of variation
within genotypes. In general, howeve#42 had the least colonisation of IN2.
Colonisation of IN2 in the other three genotypes was similar. Colonisation of IN3
was hghly variable; however Bellaroi did have a greater mean value.
Combined values of IN1, 2 and 3 at 22 WAP were not a strong indicator of
differences in discolouration and colonisation between partially resistant, moderately

susceptile and susceptible genotypésgure3.2c, d).
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Figure 3.1. Visual ratings of crown rot symptoms(a and c)and gPCR valuegb and d), of IN1,
IN2 andIN 3 of four cereal genotypesat 16 WAP (a and b)and 22WAP (c and d). Columns
represent the standard error of the mean ogight replicates Different letters indicate significant
differences (p<0.05).
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Figure 3.2. Combined visualratings of crown rot symptomsand gPCR values, respectively, of
IN1, 2 and 3of four cereal genotypes 6 WAP (a and b)and 22WAP (c and d). Columns
represent the standard error of the mean ogight replicates Different letters indicate significant

differences (p<0.05).

80



3.3.1.4Comparison between 16 and 2RVAP

Combined visual rating values demonstrated that visual discolouratieA%&ad
Grimmettslightly, but not significantlyincreased from 16 to 2&AP (Figure3.3).

In contrast, the visual rating values of Puseas slightlynot significantly,

decreased while visual ratings of Bellaroi significantly decreased. The greatest areas
of discolouration weg related to time exposed to infection, with IN1 being the most
affected, followed by IN2 antiN3. The decrease in visual discolouration observed in
Puseas and Bellaroi was due to differences indh2IN3 Overall differences in
infectionbetween genopeswere most obvious before maturity, at\W\P (Figure

3.2).

" 2-49 Grimmett Puseas Bellaroi

8 - i i i
(@)
£
+— 6 i i i i
& mIN3
e 4 i . . CIN2
]
S 5 i i mIN1

0 = n | i i

16 WAR2 WAP 16 WAR2 WAP 16 WAP22 WAP
16 WAR2 WAP

Figure 3.3. Combined visual ratingsof crown rot symptomsof IN1, 2 and 3of four cereal
genotypesat 16 and 22WAP. Columns represent the standard error of themean ofcombined

IN valuesof eight replicates Different letters indicate significant differences (p<0.05).

Combined gPCRalues revealed similar overall trends to the visual datte

3.4). Colonisation of 249 and Grimmettid not alter between 16 and ¥2AP,
however both Puseas aBdllaroi showeda significant decrease fungal DNA
content The decrease in Puse@as primarily due to a decrease in fungal content in
IN1. The decrease in Bellaraias due to a decrease in fungal content in both IN1
andIN2.
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Figure 3.4. Combined qPCR values of IN1, 2 and 8f four cereal genotypest 16 and 22WAP.
Columnsrepresent the standard error of themean ofcombined IN valuesof eight replicates

Different letters indicate significant differences (p<0.05).

3.3.1.5Visual versus NormalisedgPCR Values

At 10 WAP infection of IN1 was limited and thus was not included in this analysis.
Comparisons between visual and normalg&Rvalues were performed on 16 and
22 WAP tissues Figure3.5). Separate INs at MVAP had modesto strong

correlation coefficientbut they were each less than the strong combined IN
correlation where visual discaloation explainea@t least 7% of the gPCR data
(Table3.2). Separate INs at 2&AP had very weak to weak corréltan coefficients
and they were each less than thedest combined IN correlation where visual

discolouration explained 34% of the gPCR data.
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Figure 3.5. Linear correlation of crown rot symptomsof visual ratings and qPCR \alues for
combined totals ofINs 1, 2 and 3f four cereal genotypest (a) 16 WAP and (b) 22WAP.

Table 3.2. Correlation coefficients (r)for visual discolourationdue to crown rot symptomsand
gPCR values ofindividual and combined INs at 16 and 22VAP.

16 WAP 22 WAP

Tissue Pearson'sr Pearson'sr

IN1 0.68** 0.2

IN2 0.67** 0.42*

IN3 0.61** 0.2
Combined 0.86** 0.58**

**Correlation is significant at the 0.01 level (tvailed).
*Correlation is significant at the 0.05 le@lvo-tailed).
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3.3.2LRC

Infectionof 2-49, Wylie and Puseas the LRC trial was considerably less than that
at the Wellcamp trial due to it relying solely on artificial crown rot inoculum.
Infectionprogressed slowly and at 10 WAP differenbesveen genotypes were not
observed (data not shown). By 16 WAP significant differences in the visual
discolouration were present betweed2and Puseas in IN1 andAdure3.6a),
however, gPCR data did not reveal significant differenE&gi(e3.6b). The mean
gPCR values of Puseas were much greater théh @ Wylie.

Thecorrelation coefficienbetween visual and gPCR data was very strong at
16 WAP, with visual discolouration explaining 84% of the gPCR da&ble 3.3).
Due to low disease levels and time constraints tissues of plants collected/AP22

were not assessed. Control plants were not infectéd pgyeudograminearum
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Figure 3.6. (a), Visual ratings of crown rot symptomsand (b), qPCR values of IN1, 2 and 3 atf
three cereal genotypes at6 WAP. Columns represent the standard error of the mean ogight

replicates Different letters indicate significantdifferences (p<0.05).

Table 3.3. Correlation coefficient(r) for visual discolourationdue to crown rot symptomsand

gPCR values ofcombined INs at 16WAP.

Pearson's t
Combined 0.92**

**Correlation issignificant at the 0.01 level (two

tailed).
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3.4 Discussion

The current study is the first detailed assessment of crown rot of adult cereal plants in
Australia using gPCR specific fér. pseudograminearunbifferences between

partially resistant and susceptible genotypes were observed using both visual
discolouration and qPCR data. The correlation between these two characters was
strong, particularly at anthesis.

Assessment of leaf sheaths, coleoptiles, SCls and IN1\&AEDdid not
reveal useful differences between the genotypes assessed. The similarity in infection
levels was too great to allow significant differences to be recorded. This is similar to
results reported bwildermuth and McNamarg@l994)at 42 daiMalligan (2008)in
seedling tissues at 10 WAdAd in seedling tissues at 35 dai (Chapteéettion
2.3.2.

Thevariation in infectiorwithin genotypesvas most likely due to variation
in the time/region of initial infection and the quantity of inoculum encountered in the
field. A large difference in infection intensityas observed due tbe effect of
supplementing natural soil inoculum with artificial inoculum compared to providing
artificial inoculum to norinfested soil. This was most obvious for the susceptible
Puseas, whereas the partially resista#® 2lid notshowa large difference in
infectionbetween the two methodshe Wellcamp trial, utilising natural and
artificial inoculum, resuttd in greater infection which effectively revealed greater
differences in resistance than the LRC trial.

In agreement witiMalligan (2008) plants collected at 1&/AP were the
most useful for recording differences in resistance, with tissues at this stage
demonstrating a strong correlation between visual and gPCR ratings(F2&8)s
reported that the greatest riseHnpseudograminearuisolations was during 67 and
100days, the 100 days being WRAP, similarly indicating that this is a useful stage
for assessing infection.

Adult plant resistance to crown rot has most commonly been assessed in
plants at maturityDodman and Wildermuth, 1987, Wallwoek al, 2004, Malligan,
2008) However, plants collected at ¥2AP did not allow differences in resistance
to be distinguished in the same manner as plarit§ WAP, which was further

evidenced by a weak modestorrelation between visual and gPCR ratiag22
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WAP, similar to that reported byalligan (2008)for visual symptoms and isolation
data.

Similar to the current study, Hogq al (2007)reportedvisual discolouration
andFusariumbDNA quantities were positively correlated with each other for three
wheat genotypes in a 2004 trial but for only a durum wheat genotype inA905.
discused in Chapter 2, the most likely reason for the lack of a very strong
relationship is that the visual rating method used an ordinal scale compared to the
continuous scale of the qPCR data. Visual rating of IN1 and 2 frequently had
maximum visual scores whithe qPCR data still demonstrated a range of
colonisation levels in these tissues. The qPCR rating method has much greater power
to describe colonisation of tissues thie visual rating method and does not suffer
from differences in visual scoring bexen operators. Furthermore, the strong
correlation between visual discolouration and qPCR data indicates that no cereal
genotype was able to symptomlessly tolerate the presefcgséudograminearum
Tolerance may be present within some cereal genotypgsver it is most likely
combined with resistance. The distinction between these two mechanisms in terms of
crown rot is still unclear.

Combined values for IN1, IN2 and IN3 gatvee best indication of resistance
to crown rot. Hogget al (2007)did not find thatrusariumDNA quantities obtained
from one culm location wre superior to another at predicting visual symptoms or
yield lossesMalligan (2008)similarly reported that infection afie whole culm,
particularly IN1, 2 and 3, was more useful than individual IN assessment. This is
most likely due to variation in extent of infection between genotypes, which does not
appear to be affected by INs or nodes, but is a reflectitmesprea and
proliferationof the fungus within a whole culm.

The proliferation and spread of the fungus within a culm was altered at
maturity. qPCR values at 2®AP indicated, most obviously in the susceptible
genotypes, that IN1 colonisation was low, evenileaa IN2. Purss (1966) reported
a similar result in culm tissue where fewer isolations were made from IN1 compared
with IN2 in mature wheat plants. It was suggested that due to the advanced stage of
disease, the badly decayed lower INs did not offer goatgrial for isolation.

Another suggestion was that infection could originate 2\ penetration through
leaf sheath tissueBlalligan (2008)similarly reported that the number of isolations

made from leaf sheaths at later harvest times was often lower than earlier harvests.
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The qPCR methodias not limited by badly decayed tissueswever similar results
were observed. Thlarge drop in levels of infection in Puseas and Bellaroi from 16
to 22WAP suggests that prolific growth & pseudograminearuis supported by

live tissues. The more resistantt and Grimmett did not have a large change.in
pseudograminearummontent from 16 to 2BVAP, demonstrating that resistance

limits infection during the anthesis stage. It is possible that the decline of nutrients
and water within culm tissue during maturation may result in a reductien of
pseudograminearutnyphal mass.

gPCR proved an effective and accurate method for describing colonisation of
tissues byF. pseudograminearuishuring crown rot infection. Various methods of
assessing infected plants using gPCR are possible, such as assessing individual INs,
taking sectioa of multiple culms for analys{giogget al, 2007)or comparing
similar lengthsof culm basespers. comm. Margaret Evans, SARDI, SA).
Furthermaoe, the difficulty of correlating crown rot disease with yield may in part be
overcome by utilising a method similar to thattafgget al. (2007) where a
representative sample of tissuesollected before maturity and assessed using
gPCR, followed by aigld assessment at maturity and subsequent correlation
between these two factors.

The disadvantages of gqPCR are that it is more time consuming than simply
visually rating culm discolouration and it has the associated cost of the equipment
and chemicals puired to perform routine tests. This must be taken into account
against the increased accuracy of describingseudograminearurolonisation of
infected tissues. The author believes that a combination of visual and gPCR ratings
will most effectively yidd results leading to the identification méwresistant

materials.
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Chapter 4 : Histopathological Assessmentf Infected

Seedling and AdultTissues

4.1 Introduction

Histopathological examination of plant tissues during infection provides essential
information relevant to understanding pathogenesis and mechanisms of resistance.
PaulTayl or, dur i ng (1983)perfdiaesl theanlpmiorst udi e s
histopathological examination ofawn rot caused bl. pseudograminearum
detailing infection and colonisation of the coleoptile, SCI, scutellum and culm tissues
from seedling stages (7, 14 and 56 dai) through to maturity. This MSc thesis
provides the first description &f pseudograminearumsing appressoria to
penetrate cell walls, either over the vertical union of cell walls or directly through the
epidermis. Unfortunatejyhone of this work was subsequently published in the
literature.

A further assessment of fungal caleation during crown rot disease in
partially resistant and susceptible genotypes is important in order to determine
mechanisms of resistance and differences in pathogenesis between genotypes of
differing resistance. Furthermore, the development of vissgraptoms of crown rot
has been studied in detéificKnight and Hart, 1966, Purss, 1966, Malligan, 2008)
however, the physical attributes of this characteristic have not been well described.

This study also addresses the recommendatidralpr (1983)that further
studies are required to determine if the location of the inoculum can modify the site
and nature of infection and subsequent colonisation. Methods involving inoculum
encountering coleoptile tissue belgnwound and above ground have been compared.

In order to build on the study of Taylor a selection of wheat of differing
crown rot resistance underwent examination. As reported in Chapter 2 and 3 the
partially resistant 29 frequently had a lowét. pseudograminearumiomass in
infected tissues than the susceptible Puseas. Differences in colonisation of leaf sheath
and culm tissues between these genotypes at early to late stages of infection were
targeted during microscopic examination. Furtherme fitst examinations of
barley and durum wheat genotypes were performed.

An obvious symptom of crown rot in the field is whitehead formation

(Butler, 1961) A popular theory for formation of these whiteheads is that water flow
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through xylem vessels is blocked by hyphae. The first microscopic examination of
the whitehead phenomenon was performed, comparing the colonisation of
whiteheads with that of greenheads from a single plant. This also included extensive
observations of colonisation of culm vascular bundles, not only of whiteheads but of
each genotype at 10, 16 and 22 weeks after planting.

Of particular interest is resistamto penetration by hyphae, differences in
patterns of colonisation in different cell types between genotypes and/or species and
comparing the extent of colonisation vertically in the culm.

Many staining techniques have been repdidedbserving fungin plant
tissuegJohansen, 1940, Meyberg, 1988, Sahal, 1988) however studies using
fluorescencenicroscopyto observd-. pseudograminearumgrowth during crown rot
of wheat have not been reported. A new procedure for fluorescent hyphal staining
was designed to allow a distinct contrast between wheat cellSusadium
pseudograminearumyphae.

Epifluorescence, rather thdmight field microscopy, was the method pursued
due to the potential for optimised visualisation of fluorescentstres. In
consideration of harnessitige ability to clearly observe fungal hyphae grdduce
astrongcontrast betwen host and hyphae, several dyes and methods were assessed.

4.2 Methods

4.2.1Conidial Germination
Examinations of conidial germination and infection structure formation on glass

slides were performed similarly f&gpogaandJanssor{2001)(Bipolaris

sorokiniang andLi et al (2005)(Erysiphe pulchra A brief examination of the

initial germination ofF. pseudograminearuonidia ona glass surface was

performed. This involved placing 100 pL of a conidial suspensichddidia/mL)

of isolate A03#24 onto a glass slide and observing the germination and growth after
3 to 72 hours. Slides were placed in a Parafiim® sealed Petri dishcaadted at

25°C. Before observation using light microscopy, MilliQ water and a coverslip were
placed over the germinating conidia. Each slide was only observed at a single time

point.
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4.2.2Plant Materials
A range of cereals including bread wheatd@ Puseas, Wylie, Gregory, Vasco and

Sunland), durum wheat (Bellaroi), barley (Lindwall and Grimmett) and oats

(Riverina Racehorse Oats) underwent examination.

4.2.3Plant Growth and Tissue Preparation

4.2.3.1Greenhouse Plants

4.2.3.1.1Leaf Sheath Tisss

Seedlings were grown and inoculated as described in Cha@eci2on 2.2Briefly,

14 day old seedlings were inoculated with a droplet of inoculum and maintained in
an environmentally controlled greenhouse. Some experiments were coupled to those
perfamed for PCR analysis while others, consisting of ten plants of the genotypes 2
49, Puseas, Wylie and Gregory, were performed separately. Seedlings of oats and
barley (Lindwall) also underwent a brief examination. LS tissue was the main focus
for microsc@ic examination; coleoptiles were initially assessed. Tissues were

harvested from 24 hours to 35 days after inoculation.

4.2.3.1.2Culm Tissues

Infected alult wheat plants were producedthe greenhoudey planting seeds into 5
litre pots (five seeds p@ot). Six pots of 249 and Puseas were planted. Fourteen day
old seedlings were inoculated using the modified droplet method described in
Chapter 2Section 2.2.4Plants were harvested at anthesis (approximately 16 weeks

after planting (WAP)) and tissuggre microscopically examined.

4.2 .3.2Field Plants

Genotypes of bread wheat4®, Puseas, Sunland and Vasco), durum wheat
(Bellaroi) and barley (Grimmett) were collected from the field trials grown at
Wellcamp and the LRC. These trials are describ&chiapter 3 Section 3.2The
plants were collected 10, 16 and 22 WAP. The 16 and 22 WAP time points
approximately coincided with anthesis and maturity, respectively. Sunland and

Vasco were only opportunistically collected at 16 WAP due to a great number of
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whiteheads being available in neighbouring plots, which allowed a close examination
of this phenomenon. Plants were stored/@8tC before processing for microscopy.

4.2.3.3Sectioning

Transverse sections were producedbagdsectioningusing amicrotome blade

(Feather, Japankragile tissues such as heavily infeatetins or LSs were hand
sectioned while between two pieces of Paradi|mas described biyrohlich (1984)

On average a total of 6 sections were observed from each tissue segment sectioned.

During observations of LS surfaces the tissues were left whole.

4.2.4Clearing and Fixation

During method ptimisation it was determined that culm sections did not require
clearing and fixing in order to produce adequate staining, in contrast td hiSs.
significantly reduced the preparation time ¢otm sectionsTissueswere cleared

and fixed as described HickelhoverandKogel (1998)and Schafeet al (2004)
Briefly, the LSswere placed in a clearance solution (0.15% trichloroacetic acid
[wt/vol] in ethylalcohol: chloroform [4:1; vol/vol]) for 48 hours, with the solution
being changed once during this time. The samples were then washed 2n<wlithm
50% ethanol, 2 x 15 min with 50 mM NaOH and 3 x 10 min with MilligbH
subsequently followed by 30 min of incubation in 0.1 M Tris/HCI (pH 8.5). Samples
were either immediately stained or stored in 50% (v/v) glycerol.

4.2.5Staining and Microscogc Observation

4.2.5.1Development of a Fluorescent Staining Technique
A range of epifluorescendsased staining procedures was trialled. Initially,

fluorescent dyes were assessed for their ability to distinctively stain hypkae of
pseudograminearumm infected wheat tissues. These dyes included Uvitex 2B
(Polysciences, Inc(Moldenhaueet al, 2008) 3,3-dihexyloxacarbocyanine iodide
(Invitrogen)(Duckett andRead, 1991)pontamine fast scarlet 4B (Kemira Pigments)
(Hochet al, 2005)and solophenyl flavim 7GFE (Ciba Specialty Chemica{sjoch

et al, 2005) The norfluorescent dyes aniline blue, toluidine blue and safranin were
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investigated for their ability to specifically stain plant tissue and at the same time
guench autofluorescence. Each +ilborescent dye was tested in combination with

each fluoresa# dye to evaluate the degree of staining contrast between host and
pathogen.

Initial experiments involved staining tissues for 5 min with one of each of the
four fluorescent dyes. High purity water (MilliQ system, Millipore) was used to
make each dye adtion and for each rinsing steymless otherwise stated. The stain
solutions were Uvitex 2B (0.1% w/v), 3@hexyloxacarbocyanine iodide (50
pg/mL in ethanol), pontamine fast scarlet 4B (0.1% v/v) and solophenyl flavine
7GFE (0.1% w/v)After several mses withwater, tissues underwent microscopic
assessment.

Further experiments involved initially staining tissues with the non
fluorescent dyes, either aniline blue (0.1% w/v), toluidine blue (0.05% wi/v) or
safranin (0.2 g safranin, @@nL 10% v/v ethanglfor 5 min. Tissues were then
passed through several changes of water and stained with one of the four fluorescent
dyes for 5 min. After several rinses with wate&gsues underwent microscopic
assessment.

While some combinations of stains gave satisigctesults, the best results,
giving a strong contrast between plant and fungal cells, were probycdining
tissues with safranin followed by stainingsolophenyl flavine 7GFEThis resulted
in hyphae fluorescing when exposed to ultraviolet ligbt details of the procedure

see below.

4.2.5.2Differential Staining of Hyphae and Plant Tissue

Tissue samples were stained for 5 min in safr@aolution (0.29 safranin
O alcoholic(Michrome, Edward Gurr Ltd, London, Englgnd0 mL ethanol and 90
mL water) and then wagd three times in watefhe samples were then stained for
10 minin solophenyl flavine 7GFECiba Specialty Chemicals, USA) (0.1% w/v
with 0.1 M Tris/HQ [pH 8.5]) and finally washed 4 x 10 min with water. Samples

were mounted in 50%v/v) glycerol.
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4.2.5.3Lesion Microscopy

Tissues which displayed the initial formation of lesions were selected for
microscopic examination using bright field and fluorescence microscopy. Tissues
underwent clearing and fixation but were not stained aftel bright field

observations. These tissues were most frequently LSs.

4.2.5.4Lignin, Suberin and Callose Stain

A slightly modified staining procedure for lignin, suberin and callose, described by
Brundrettet al (1988) was performed on inoculated and uninoculated adult plant
sections from the LRC field trial. Brieflgectionsvere initially stained in 0.1%

(w/v) berberine hermsulphate (SigmaAldrich, Sydney, Australia) for hour.The
sectiors were then rinselly passing through several changewater, before

staining in 0.5% (w/) aniline blueWS (Gurr Microscopy Material8DH Chemicals
Ltd, Poole, Englandjpr 30 minutesSections were agaimsed in water and then
mountd on slides in @6 (v/v) glycerol. Sections were observed immediately,
obviating the need for Fe £fkreatmen{Brundrettet al, 1988)

4.2.5.5Microscopic Observation

Tissues were observed usinfjlikon Eclipse E60@luorescence microscope.

Unstained tissues were observed using both bright field microscopy and fluorescence
filter B-2A (excitation filter,450-490 nm; dichroic mirror, 0 nm;barrier filter, 515

nm). Stained tissues were viewed under fluorescéltee UV-2A (excitationfilter,

330380 nm; dichroic mirror, 400 nrbarrier filter, 420 nm). Images were captured
using a MicroPublishing 5.0 RTV digital camera (Qlmaging, Canada) and analySIS
software (Soft Imaging System).

4.2.5.6Statistical Methods

Comparison®f hyphal widhs between individual genotypegre performed using a
oneway ANOVA and the multiple comparisons Tukey HSD test in SPSS T&dds
used U = 0.05.
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4.3 Results

4.3.1Legend for Images
Images are labelled according to the genotype and sectionTigple4.1). No

differences in cell structure or areas of colonisation were observed between the
genotypes.

Furthermore, unless otherwise indicated, coleoptile and leahstiesaies
werecleared, fixed and stained with safranin and solophenyl flavine 7GFE and
viewed under fluorescence using filter LRA. Adult tissues underwent a similar

procedure, omitting the clearing and fixation steps.

Table 4.1. Abbreviations used in Figure captions.

Description Abbreviation
2-49 2-49
Bellaroi B
Gregory G
Grimmett Gr
Lindwall L
Puseas P
Sunland Sun
Vasco \
Wylie W
Surface View SV
Transverse Section TS
Longitudinal Section LSn

4.3.2Development of a Fluorescent Staining Technique

While each individual fluorescent dye stained the fungal hyphae, a strong distinction
between host and fungal tissue was not achieved due to both autofluorescence and
staining of host tissue§igure4.1a, b and c)When the fluorescent dyes were used
in combination with either aniline blue or safranin, the most informative visual
images, giving a sting contrast between plant and fungal structures, were produced
using solophenyl flavine 7GFE and safrafftigure4.1d). This combination of
stains las not previously been reported.

The solophenyl flavine 7GFE bound to the cell walls of the hyphae and
allowed clear distinction of hyphal septdure4.1e) and a strong contrast with
plant cell walls Figure4.1f). Transverse sections of wheat tissues allowed both

intra- and intercellular hyphaeo be visualisedHigure4.1g, h). The safranin stain
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sufficiently quenched plant cell autofluorescence yet still allowed sufficient red
safranin staining to differentiate plant cell walls from the green/blue fluorescénc
the fungal hyphae. Host cell wall fluorescence varied in relation to degree of
infection and cell type. It was observed that younger plant tissues do not as readily
take up the safranin stain, most likely because very little lignin had yet been
deposied. The staining, however, was still adequate for viewing of hyphae. Bread
wheat, durum wheat, barley and oat tissues produced similar r&ailted

specimens retained significant fluorescence for a period of at least two months.

4.3.3Initial Conidi al Germination

Three hours after placing the conidial suspension onto a glass surface, tips of conidia
were slightly swollen. After 6 hours obvious germ tube formation occurred from the
tips of the conidiaKigure4.2a, b), sometimes in a bipolar fashion, but germ tubes

also occasionally originated from the middle of the conidia. In some cases germ
tubes grew from each end of a conidium and from a mighilet. After 22 hours

hyphae had grown along the glass surface, typically as a single strand. After 72 hours
branching of the hyphae was frequent, however, no infection structures were

observed.

4.3.4Initial penetration and growth in the coleoptile

Inoculum was initially placed on the coleoptile of the four bread wheat genotypes
and as such this tissue was examined as the first potential site of hyphal growth and
penetration. Properties of the coleoptile made staining and observation difficult. As
the cdeoptile had only two vascular bundles occurring near either edge of the tissue,
this resulted in two raised ridges which made clear visualisation of the tissue in
between difficult. In addition strong fluorescence, most commonly at the coleoptile
tip andnot associated with hyphae or disease, occurred sporadically. Germination of
the conidial inoculum was not observed until 48 hours after inoculation, most likely
because at earlier times the fixing and clearing procedures washed the conidia off the
tissuesurface. At 48 hours after inoculation small amounts of thin hyphae,
originating from conidia, were growing on the surface of the coleoptile tissue.

Surface hyphae frequently grew appressed to the host cell exterior. Direct penetration
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of the epidermal ctd was facilitated by slightly thickened hyphal tips, underneath
which small, brown, haltike lesions appearedFigure4.2c, d). Penetration events

into the coleoptile were infrequently observed, however, penetration was most
commonly observed to occur directly through epidermal cell walls and also over the
union of vertical cell walls.

The high humidity environment created during the first 48 hours after
inoculation may have encouraged growth of hyphae across the coleoptile surface,
with some hyphae growing onto the surface of LS1. Following penetration of the
coleoptile cuticle, hyphaeere observed to grow in cells of the epidermis, cortical
parenchyma and less frequently in cells of the vascular bundles. Associations with
stomata were infrequent and trichomes were not present on the coleoptile. When
hyphae grew through the epidermatiamortical parenchyma cells thickened hyphae
were sometimesbserved, producing appressofiae swellings to facilitate cell
wall crossingsKigure4.2e). This feature of. pseudograminearumgrowth was
more frequently observed for LS tissue. At 10 days after inoculation conidia
sporadically began to form on coleoptiles of Puseas, with hyphae erupting through
the epidermal cells to form masses of canigFigure4.2f). While coleoptiles of 2
49, Wylie and Gregory were also heavily infected with hyphae, the formation of

conidial masses was not obseayv
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Figure 4.1. Effect of clearing, fixation and staining on 28 day old bread wheat leaf sheath tissues
infected by Fp. Cereal cell autofluorescence decreased after clearing and fixation. After staining
with solophenyl flavine 7GFE, hyphae were visible but nadlistinct from plant tissues. a,Tissue
fluorescencebefore clearing and fixation. b, Tissue fluorescence after elaring and fixation.

Brown discolouration is a lesioncaused by fungal infection. cFixed and cleared tissue after
staining with solophenyl flavine 7GFE only. Hyphae are visible but have similar emission
spectra to the hostissues. dFixed and cleared issue after staining with safranin and

solophenyl flavine 7GFE. Hyphae are visibly distinct from the host tissues and f,Cleared and
fixed 28 day old bread wheat leaf sheath tissues stained with safranin and solophenyl flavine.
After staining hyphal cell walls and septa are very distinct. Autofluorescence of plant cells has
been quenched by the safranine, Hyphae growing through heavily infected tissue. Hyphal wall
fluorescence is more intense than plant wall fluorescence and adjustment of the camera
exposure time in order to produce a clear image of fungal hyphae at high magnification resulted
in plant walls not being visible. f, Hyphae growing within and across epidermal cells. This tissue
was less diseased and viewedder lower magnification than (€), resulting in plant cell walls
being visible. (g and h) Uncleared transverse sections showing distinct differentiation between
bread wheat cells and hyphae in 16 week old plantg, Fp hyphae growing within vascular tissue
of a wheat internode.h, Fp hyphae growing within non-vascular nodal tissue.
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Figure 4.2. Infection of coleoptile tissuesy Fp (SV). a and b, Formation of a germ tube from a
conidium after 6 hrs. Conidia were viewed under bright fieldmicroscopy. c, Slightly thickened
hyphae forming over an epidermal cell (arrow) (249), 5 dai. d, Swelling at a hyphal tip
occurring over an initial lesion in an epidermal cell (arrow), 5 dai (249). e, Slightly thickened
hyphae within epidermal cells crosing walls by appressorialike structures (arrows), 9 dai (W).
f, Conidial formation after hyphal eruption through epidermal cells, 10 dai (P). This was only
observed in Puseas.
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4.3.5Initial penetration and growth in LSs
4.3.5.1Initial penetration

Hyphal growth on the LS adjacent to the coleoptile involved either
penetration of hyphae directly from the coleoptile into the LS or growth across the
LS surface. Penetration of hyphae through stomatal apertures was frequently
observedFigure4.3a, b, c). Penetration via stomata and the base of trichomes was
facilitated by appressorigke structures, typically occurring as simple swelliags
the end of hyphal tips but al soFigas O6hook:
4.3d, e, f).

During several weeks after germination the colé®pemained tightly
wrapped around the outside of LS1. This allowed hyphae which penetrated through
the coleoptile to grow in the small space between the coleoptile and LS1. It was
observed that these hyphae grew @ogalliform mass on the LS surface, forming
adjacent to a stomate and penetrating through the stomatal apeigure4.3g, h,

i).

Initial surface growth of hyphae was also a frequent feature on LSs. Hyphae
were observed to grow from the coleoptile onto the surface of the LS. These hyphae
grew aerially across the LS surface between trichomes. While patterns of growth
were difficuk to discern, growth of hyphae around trichontagyre4.4a, b, c, d, e
and f) and penetration into stomata was frequently obsedygzhal growth around
trichomes occurred from 48 hours after inoculation. This frequently involved
multiple hyphae gneing to and around an individual trichome. All wheat genotypes
displayed this growth pattern. An attempt to count trichomes was made however
within the wheagenotypes the density of trichomes varied between indivsdual

Trends in trichome density betweganotypes were not obvious.
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Figure 4.3. Penetration of leaf sheath tissuesy Fp (SV). a, Surface hyphae growing into a

stoma, 5dai (249). b, penetration of a stoma by a single hyphae resulting amhalo-effect around

the guard cells, 14 dai (29). ¢, Swollen hyphal tip forming over a stoma, 14 dai (P). d, surface

hyphae growing appressed to the base of a trichome, 14 dai (P). Discolouration was observed

under the trichome bkasaep.e ded, hTylpihcak e e d ucchhacuake f or mi ng
trichome base, 21 dasiha(pPe)d 6 fh,y pThhailc ksetnreudc téuhroeo kf or mi ng |
dai (2-49). g and h, Coralliform hyphae formed adjacent to a stomate and also penetrating the

stoma. The hyphae grew btween the coleoptile and leaf shéal tissues, 5 dai (219). i,Large

growth of coralliform hyphae across the leaf sheath surface, also penetrating the stoma (arrow),

9 dai (G).
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Figure 4.4. Associationof Fp hyphae with trichomes (SV). a, Surface growth of hyphae was
frequently observed to pass around trichomes (arrow), 48 hai {29). b, Growth of multiple
hyphae to a single trichome, 48 hai (29). ¢, Hyphal wrapping around trichomes bases (arrows),
14 dai (P). d, Hyphal wrapping around the midpoint of a trichome (arrow), 14 dai (P). e, Hyphal
growth around trichome bases (arrows) and within epidermal cells, 26 dai (W). f, Hyphae
wrapping around a trichome and also penetrating a stoma, 14 dai (P).
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4.3.5.2Lesion formation
Stomatal penetration was the method by wikichseudograminearumvas

most frequently observed to gain access into LS tissue. Other sites of penetration
included trichomes, wounds and, infrequently, direct penetration of the epidermis.
Evidence for stomata being the initial entry points for the fungus arose from
observéions of the initial brown lesions associated with crown rot disease. Tissues
displaying initial lesions were collected from 5 to 26 days after inoculation and
ranged from LS2 to LS5 of Puseas4@ Wylie and Gregory. Under bright field
microscopy, initilesion formation was frequently observed at the guard cells,
which becamdight to dark brown Figure4.5a, b, c, d). Bases of penetrated trichome
cdls displayed a similar discolouratioRigure4.5d, e, f, g, h). Discolouration of
guard cells frequently occurred along rows of stomata, with itidatilesions
forming at similar times but separately at each stonkaggi{e4.6a). Lesions
forming at trichomes appeared in a random fashion. Lésramation progressed
into adjacent epidermal cells, where the entire cell became discoléugede4.5¢,
h). Within these cells the brown discolotiva appeared to be associated with
cytoplasmic granulation. Discoloured guard and epidermal cell walls also appeared
to become rough and granular. The lesioning continued to spread into adjoining
epidermal cellsKigure4.6b). In some cases the discolouratappeared to spread
into the parenchyma cells directly below these epidermal cells.

Observation of areas with small lesions under fluorescelteeBi2A
resulted in halos of yellow fluorescence along cell walls of cells either displaying
discolouration or adjacent to cells with discolouration. This was observed in both
partially resistant and susceptible genotypes. The fluorescence was mdst visib
around lesions which were just forming at the stonfgu¢e4.7a, b, c). Halo
effects around penetration sites were also observed after staittirgplophenyl
flavine 7GFE and safranin.

After staining tissues with initial lesions, hyphae were observed penetrating
the stoma and trichomes which displayed discolouraiau(e4.8a, b, c, d, e).
Guard cells were also frequently colonisEdy(re4.8f). In some cases no hyphae
were seen at the lesion point, but this may have been caused by hyphae being
removed when the outer LS was detached. Where LSs had been tightly wrapped the
hyphae fequently hadoralliform surface growth adjacent to stomata. Hyphal

growth was not predictable. It occurred on the surface along cell wall boundaries
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(Figure4.8f) but hyphae not closelyppressed to thepidermal surface were also
common.

Discoloured epidermal cells adjacent to penetrated stomata were frequently
observed to be filled with hyple(Figure4.9a, b, c, d and f)These cells initially
appeared to inhibit further penetration of the hyphae into adjacent epidermal cells.
Hyphae within such cellséquently appeared to grow towards a corner otéfieen
massegFigure4.9g). This concentration of hyphae within individual epidermal cells

was observed in Puse&s49, Wylie and Gregory.

4.3.5.3Cell Wall Penetration
Penetration of cell walls was facilitated by small swellifggieved to be

appressoria, at the hyphal tipBhe appressoria ranged from small swellings of

hyphal tips or strands to large septated foot shapksl Figure4.10a, b, c, d, e, f,

g). During direct penetration the hyphae became constricted as they passed through
the cell wall, returning to normal diameter once through the wall.
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Figure 4.5. Initial lesion formation in leaf sheath tissues (SV). a, Stomata in control tissues
unaffected byFp, 28 dai (249). b, Initial lesion forming at a stomate, 28 dai (219). Alongwith

the brown discolouration around the stomate, the cell walls appear grarated. c, Initial lesion
forming at a stomate with an adjoining epidermal cell also exhibiting brown discolouration, 7

dai (P). d, Initial lesion formation at trichome bases (t) and at a stomate (s), 26 dai (W).
Unaffected trichomes(ut) do not display discolouration. e, f and g, Discoloured (t) and
unaffected trichome bases (ut), 28 dai (29). h, Initial lesion formation at a trichome base with

an adjoining epidermal cell also exhibiting brown discolouration, 26 dai (W). Leaf sheath tissues
were cleared fixed and viewed under bright field microscopy.

Figure 4.6. Lesion formation and spread in leaf sheath tissuésfected by Fp (SV). a and b,

Initial lesion formation frequently occurred at multiple indivi dual stomata (s) and occasionally
at trichome bases (t), 28 dai (219). The lesions spread into adjoining epidermal cells (e),
eventually coalescing to form one large area of discoloured tissue. Lesion formation in
epidermal cells adjacent to vascular tiage (v) was infrequent. Leaf sheath tissues were cleared,
fixed and viewed under bright field microscopy.
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Figure 4.7. Reactions to initialinfection by Fp resulting in the production of fluorescent

materials (SV). a, b and c, Fluorescence occurring around stomata (s) and trichomes (t) during
initial infection, 28 dai (2-49). Unaffected stomata (us) did not fluorescence. Leaf sheath tissues
were cleared, fixed and viewed under fluorescence using fitt&-2A.

Figure 4.8. Growth of Fp hyphae in discoloured stomata and trichomes (SV). a and b, Initial
penetration of hyphae into stoma, 7 and 5 dai, respectively (P and4®, respectively). c, Initial
penetation of hyphae into a stoma, 14 dai (29). The adjoining epidermal cells have become
lighter in colour. d, Hyphae wrapped around the base of a discoloured trichome, 26 dai (W). e,
Hyphae inside the base of a discoloured trichome, 26 dai (G). f, Guardliceolonisation and
penetration of the stoma, 26 dai (G). Surface growth of the hyphae is frequently along the
grooves at adjoining cell walls.
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Figure 4.9. Dense colonisation oindividual epidermal cellsby Fp (SV). a, Penetrated stoma
surrounded by discoloured epidermal cells containing large quantities of hyphae, 26 dai (G). b,
Epidermal cell adjoining stomata, 5 dai (249). c and d, Epidermal cells adjoining stomata, 26
dai (G). These epidermal cells gpear to resist penetration of the hyphae, with multiple hyphae
forming to fill the entire cell. e, Epidermal cell adjoining stomate, 26 dai (G). This cell initially
resisted penetration, however, the hyphae were eventually able to break through the cellliva
and spread through the tissue. f, Epidermal cell adjoining stomata and initial penetration of a
stoma, 14 dai (249). The epidermal cell wall appeared to have resisted penetration. g, Hyphal
penetration through epidermal cells occurring through the correr of cell walls, 14 dai (249).

106



Figure 4.10. Appressorial structures ofFp (SV). a, Hyphal swellings (hs) during contact with cell
wall, 9 dai (W). Indentations of the cell wall are present under the hyphal tips. b, Penetration of
the cell wall directly via hyphae, 9 dai (G). ¢, Formation of septated foethaped appressoria
(ap), 9 dai (W). Penetration peg (pp) formation occurs during penetration. d, Foeshaped
appressoria forming a penetration peg, 9 dai (G). After penetration the hyphae resumes its
initial diameter. e, Simple hyphal swellings facilitating crossing of cell wid, 14 dai (P). Cell
walls are not visible as the hyphal fluorescence was too intense. f, Febaped appressoria
facilitating cell wall crossing, 14 dai (P). After crossing the hyphae frequently split into two. g,
Multiple foot -shaped appressoria and simp hyphal swellings penetrating through cell walls, 9
dai (W). Hyphal curvature within cells is obvious.
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4.3.5.4Hyphal Growth Characteristics
Differences in hyphal growth patterns were observed between the abaxial and

adaxialsurfaces of LS tissueAn outline of the anatomy of LS tissue is provided in
Figured4.11a, b, c, d and e. The epidermal cells of both LS surfaces were the site of
greateshyphal proliferation. Théyphal infection edge was typically located in the
epidermal cells. Hyphae were also able to penetrate into the cortical parenchyma
cells. Vascular tissues of the LS were infrequently observed to have been colonised.

Figure 4.11. Cerealleaf sheath tissue anatomy. a, The abaxial surface of leaf sheaths had several
types of epidermal cells (SV). Unspecialised epidermal cells (e), stomata (s) (with guard cells),
trichomes (t) and snuous silica cells (sc). b, The adaxial surface had unspecialised epidermal
cells and few stomata (SV). No silica cells or trichomes are present. ¢ and d, Vascular tissue in
the leaf sheath was joined to the abaxial (ab) epidermis by a stereome (st) (TH)e abaxial
epidermis and vascular tissues were heavily lignified, while the cortical cells (cc) and adaxial

(ad) epidermis had low lignification. e, At the base of leaf sheaths, particularly where they had
just differentiated from a node, the stereome wasot directly linked to the epidermis (TS).
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4.3.5.4.1Abaxial surface
The abaxial surface of wheat LSs includes several kinds of specialised

epidermal cells, such as guard cells, trichomes and sinuous silicaaglise@.11a).

Initial interactions between guard cells/trichomes and hyphae have been described,
however, as colonisation progressed subsequent interactions with specific structures
occurred.

After colonisation of epidermal and cortical parenchyma cells, hyphae re
emerged from the stomat@igure4.12a, b, c, d, e, f, g, h). These predominantly
spread across the surface of the LS during favourable environmental conditions
(Figure4.13a, b, c). In Puseamasses of conidia occasionally formeutop of
stomata at the base of heavily infected leaf she&igsre4.14). During heavy
infection hyphae were occasionally observed in the bases of broken trichomes
growing inside whole trichome§igure4.15a, b, §. It appeared that if coleoptile or
LS tissues were not colonised before senescence (LS serebesng characterised
by leaf blade death) then hyphal spread was limikeglfe4.15d, e).

On the abaxial LS surface hyphae rapidly penetrateddghretomata into the
epidermal cells. Surface growth of hyphae was generally limited, perhaps due to
exposure to lower humidity and higher light levels than the adaxial surface. Hyphae
readily extended through the epidermal cells located between the Ipaastielar
bundles. However, the vascular bundle and associated stefleernwval, 1921)
frequently restricted lateral hyphal growfidure4.16a, b, ¢, d). On the abaxial
surface the vascular bundles are covered by a single layer of epidermal cells
connected by a stereome directly to the bundle sheath cells. Unspecialised epidermal
cells were regularly interspaced with silica cells. These silica cells were typically
most @mmon near vascular bundles. In order to continue lateral growth hyphae
either grew across the surface of the leaf sheath, when environmental conditions
were favourable, or grew through the epidermal cells. When growing through the
epidermal cells adjacetd the bundle sheath the hyphae were observed to grow only
in the unspecialised epidermal cells between the silica cells, forming a network
across this layefigure4.17a, b, c, d, e, f, g). Ais suggests that the silica cells have
wall properties which enable them to resist hyphal penetration. No difference in

silica cell characteristics was observed betweeseas, -29, Wylieor Gregory.
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Figure 4.12. Reemergence ofp hyphae from stomata on the abaxial surface oferealleaf

sheath tissugSV). a and b, Hyphae emerging from stomata after internal colonisation, 26 and
14 dai, respectively (249 and Ruseas, respectively). c and d, Both images are of the same
stomata at different camera exposure times, 14 dai (L). An appressoria is penetrating a cell
adjacent to the stomata while hyphae are multiplying and beginning to emerge from the stoma.
e, Myceliumerupting from a stomata en mass, 9 dai (W). f, Multiple stomata with hyphae
beginning to emerge, 14 dai (P). g, Over time the number of hyphae emerging from the stomata
increases, 10 dai (P). h, Tissue was observed under fluorescent filte2B. A row of stomata
exhibiting prominent growth of hyphae out of the leaf sheath tissue (P). Surface growth of
hyphae is limited.
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Figure 4.13. Heavy colonisation of the abaxial surface of leaf sheath tissbg Fp (SV). a, A

heavily colonised leaf sheath with large amounts of hyphae emerging from stomata (s), 14 dai
(P). b, Surface growth of hyphae across the leaf sheath surface, 14 dai (P). Hyphae are growing
around trichomes and also emerging from stomata. ¢, Mycelianat formed over the surface of

the leaf sheath, 14 dai (P). The bright areas in the mat are due to dense growth of hyphae out of
the stomata. The lower section of the image displays hyphae beginning to emerge from stomata.
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Figure 4.14. Masses ofp conidia forming over stomata on the abaxial surface of leaf sheath 1
tissue ofthe wheatPuseas, 14 dai (SV). a, Multiple affected stomata. b and ¢, Forming conidia.
d, Immature conidia on a conidiophore (cp)e, Conidia nearing maturity.
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Figure 4.15. Growth of Fp hyphae occurred in trichomes during heavy infection, while
colonisation of senescent tissue appeared decreased (SV). a, Hyphae growing at the bilage o
trichome and growing up inside the trichome, 14 dai (P). b, Hyphae growing in a stomate (s),
inside a trichome (t) and penetrating the surface of an epidermal cell (e), 14 dai (P). ¢, Hyphae
growing in the base of broken trichomes, 14 dai (P). d, Edg# hyphal growth in a senescent
coleoptile, 9 dai (G). e, Edge of hyphal growth in a leaf sheatt a senescent leaR6 dai (W).
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Figure 4.16. Restriction of Fp hyphal growth by vascular bundles (v) andassociated stereome
tissues, 14 dai (SV). a, Hyphal growth bordered by vascular tissues (P). b, Edge of hyphal
growth where penetration is restricted (P). ¢, Heavy colonisation of cells between vascular
tissues, while the surface of the vascular tissuesienuch less hyphal growth (249). d, Vascular
tissue free from colonisation yet surrounded by hyphal growth (P).
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Figure 4.17. Sinuous silica cells (sc), present only on the abaxial surface and which weresn
common in epidermal tissue adjacent to vascular tissues, displayed properties enabling them to
resist Fp hyphal penetration (SV). a and b, Hyphae growing through epidermal tissues while
growing around silica cells. ¢, Hyphae growing between silica cellLight coloured substance in
the silica cell is stored silicic acid (P). d and e, Hyphae (h) growing appressed to silica cell walls
were observed to form a sinuous pattern (P). f, Multiple appressoria (ap) formed against the
wall of a silica cell but notsuccessfully penetrating (P)g, Hyphae formed a network while
growing in epidermal cells surrounding silica cells on the abaxial surface (SV, W).
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4.3.5.4.2Adaxial Surface
The adaxial epidermis included no trichome or silica cells and few guard

cells. This cell layer supported dense growth-opseudograminearumycelium,

both internally and on the surface. It was difficult to discern if hyphae penetrated
through from the abaxial to the adaxial surface or grew around the LS edge from the
abaxial surface. The LS adaxial surface was typically facing the abaxsteof

the younger leaf blade and sheath furled within it. This more humid and sheltered
location may be the reason for the formation of the observed mycelial mats. While
these mats were observed less frequently-49, 2heir occurrence on all host

gendypes was dependent on the severity of and time after infection. As with the
abaxial surface, cells adjacent to the vascular bundles affected the hyphal growth.
The adaxial surface adjacent to a vascular bundle included epidermal cells and
typically two layers of cortical parenchyma cells, which were directly adjacent to the
bundle sheath. Hyphae were observed to grow laterally through epidermal cells until
encountering cells adjacent to a vascular bundle. At this point hyphae either grew
across the surfacander favourable conditions, or produced large quantities of very
thick hyphae, with obvious swellings, which facilitated crossing of the cell walls
(Figure4.18a, b, c, d, e, f, gHyphae penetrating across a cell frequently appeared
curved. In some cases a foot like appressorial structure was obvious, however, in
some cases hyphae appeared as swollen oblong shapes. These thickened hyphae were
frequently appressed against each other, filling the cell cavity, and produced multiple
cell wall crossing events. It could not be determined using the described methods if
these hyphae had penetrated the cell membrane or whether penetrated cells were

alive or cead.
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Figure 4.18. a and b,Fp hyphae within epidermal tissue adjacent to vascular bundles on the
adaxial surface of awheatleaf sheath frequently formed thickened hyphae (SV, P). These
hyphae appeared tdfacilitate cell wall crossing in the same manner as appressoria. The hyphae
frequently grew appressed to each other (arrowsk and d Hyphae growing appressed to each
other and frequently crossing cells walls (P). gVery thick hyphae forming within cells (P). f,
Hyphae filling a cell (top) while when hyphae were not closely packed within cells hyphal
curvature was observed (bottom) (P). gThickened hyphae forming within an epidermal cell are
limited by the cell walls (P). The cell walls are not visiblesthe fluorescent intensity of the
hyphae required a shortened camera exposure time, which limited cell wall fluorescence to a
non-visible level.
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4.3.5.5Description of Growth in Different Genotypes
Measurements of hyphal width indicated that hyphae ggpwiiPuseas-29,

Wylie and Gregory had a similar range of widthal§le4.2). The maximum hyphal

width observed growing in Puseas was greater than those obsetireather

genotypes however, hyphae with this increased width were rare. The width of hyphae
germinating from conidia was approximately 1 um. Surface hyphae did not appear to
become as wide as hyphae growing within tissues. During pathogenesis of the LS
hyphae ofF. pseudograminearumvere of three sizes. These were thin (1 to 4 um
width), thick hyphae penetrating cells, typically adjacent to vascular bundie® (4

pm width) and very thick hyphae occurring infrequently but only over cells adjacent
to a vasular bundle (9 20 pm width).

Table 4.2. Mean and range of hyphal widths observed across leaf sheaths 1 to 4 of four wheat
genotypes at 14 dai. For the purpose of the mean and standard error (SE) n = 2& significant
differences were reported using the Tukey multiple comparison test.

Hyphal Width (um)

Genotype Mean SE Range
2-49 4.4 0.6 1.47112.2
Wylie 51 04 2771110
Gregory 5 0.6 2371116
Puseas 5.2 0.6 2.171 20.5

In the trial comparin@-49, Gregory and Puseas at 14 days after inoculation more
hyphae were visible on Puseas LS1 comparee4® &nd Gregory. On LS2 of£9
hyphae were observed only on the abaxial surface and penetrating into stomatal
apertures. In contrast, on LS2 of Grggand Puseas hyphae were present on both
surfaces with significant quantities of hyphae penetrating though their internal
tissues. Tissues of Puseas frequently contained areas of more intense growth than
Gregory. At this time no hyphae were present on &i5249, while LS3 of Gregory
bore small quantities of hyphae on the abaxial surface. LS3 of Puseas varied in
infection intensity between individual plants, with small amounts of surface hyphae
on some LS3 samples while on others mycelial mats were fgraticompanied by
significant internal growth in the adaxial epidermal cells. Hyphae were never
observed on the tissues of control seedlings.

Preliminary comparisons of barley (Lindwall) and oat (Riverina Racehorse

Oats) seedlings inoculated with pseudgraminearumndicated hyphal growth
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patterns in barley similar to those observed on Gregory at 14 dai (LS2 moderately
colonised). Fewer hyphae (small quantities of hyphae on LS1) were observed on oats
at this stage of infection than or2. No stomatal peetration was observed on the
oat leaf sheaths. Both oats and barley develop shorter, wider trichomes than wheat,
however, no other obvious anatomical differences in leaf sheath structure were
observed between the three species.

A direct comparison betwaaenotypes is difficult due to significant
variation in growth patterns between different plants. Infectiarot#optiles, LSs,
INs and nodes is frequently more severe on one side of the tissue. The most
consistent patterns of fungal growth are hyphalifaration in stomata, hyphal
growth between silica cells and thickened hyphae forming in cells adjacent to
vascular bundles. No morphological differences affecting resistance are present
between resistant and susceptible genotypes. Similarly, majareditis between
fungal growth in the partially resistant4® and the susceptible Puseas were absent.

4.3.6Initial penetration and growth in culms
4.3.6.1Culm morphology
Culm tissues possess a wide range of cell tyipesi{e4.19a, b). Epidermal cells
encased the culm tissue and had moderately thickened cell walls. Stomata were
present in this layer and typically had lacunae bené&agjure4.20a, b). Depending
on the specific IN, iparenchymatous hypoderm was present the cell walis
moderately thirand there were onlgmall intercellular space¥he parenchymatous
hypoderm frequently becansenaller or absent in higher tissues of the culthe
sclerenchymatousypoderm wa composed of a layer of thick walled cellsh very
few tono intercellular spaces. This layeeduently had small vascular bundles
within it. Vascular parenchyma celigere generally larger thiwalled cells
surrounding large vascular bundI&sgure4.20c, d).Pith parenchyma cells were
generallyery thin walledwith large intercellular spacewith the exception of IN1
and node bases, wheasith cell wallswerethicker.

The safranin stain was useful for identifying different cell types irnNise
due to differences in lignificationParenchymatous hypoderm and pith parenchyma
had low fluorescence, typically of a purple colour. The more lignified tissues of the

vascular parenchyma and particularly of siekerenchymatous hypoderm were a
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brightred/orange. The bundle sheath and xylem of the vascular bundles were of a
similar colour. Large xylem and sclerenchyma cells sometimes appeared blue/white.
Phloem cells and tracheids were a deep red.

Nodes were typically heavily sclerified and aroundléwel of formation of
the pith plexus the anastomoswegscular bundles were horizontally elongated and
had multiple smaller diameter xylem vessélg@re4.21a, b, c, d, e, f)Around and
within these bundles cells frequently stained a deep red, except for the xylem cells
which were slightly brighter. The bundle sheath also produced some fluorescence. In
some cases, particularly in more mature noaegoa during infection, nodal tissues
were much darker, with fluorescence nearly absent. This decrease in fluorescence
occurred in both control and infected tissues; the reason for it is not known.

Visible structural differences between the plant genotgpesspecies were

few and could not be linked to susceptibility to infection.
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Figure 4.19. Cell types incerealculm internode tissues (TS). a, Internodes near the base of a
culm frequently had a parenchymatous hypoderm. b, Further up the culm the parenchymatous
hypoderm was not present, instead only the sclerenchymatous hypoderm was present.

Figure 4.20. Stomata and vascular bundles irterealinternode tissues (TS). a and b, Stomata
with lacunae bene#h. c, Cell types in a typicalinternodal vascular bundle. d, Position of
vascular bundles within internodal tissues.
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Figure 4.21. General anatany of cerealnodal tissue. a and b, Formation of the pith plexus (pp)
above the pith cavity (pc) allows anastomosing vascular bundles (avb) to form into the next
internode and leaf sheath tissues (LSn). ¢, Above the node (n) the next internode (in) and lea
sheath (Is) tissue become fully formed (LSn). d, Internode tissue (LSn). The anatomy is much
simpler than nodal tissue. e and f, Elongated vascular bundles (evb) form during node
formation, while the pith cavity becomes solid pith tissue (TS). Cell tisgs in the vascular layer
of the node also became much darker. Vascular bundles do not keep the typical anatomy of
internodal vascular bundles, with large xylem vessels becoming multiple smaller vessels (sv),
distinguishable from phloem by their more inten® fluorescence.
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4.3.6.2Culm Infection
Initial penetration appeared to occur around the level of the crowseaotdary

root traces. This was generally penetration of the epidermis. Actual penetration
events were not clearly observed, however, it is believed that penetration was
effected by appressorlke swellings of hyphal tips, as described & tissue. In
some casg particularly for the field grown wheatfection may have occurred at a
lower level, perhaps through tB&€Ias hyphae were observed inside the pith but not
in the outer cortexdyphal proliferation was frequently observed around emerging
secondary ras. Further up theulm, as in LS material, initial lesion formation was
also observed to occur at stomdayre4.22a, b, c, d, e). This is not considered the
main method of penetration, however, when infected LSs remairzdalse contact
with the culm, lateral penetration did occur.

Infection of the diférent cell layers and types was recorded for multiple
culms (Table4.3). A summary of the presence of hyphae is displayétguare 4.23,
Figure 4.24Figure 4.25, Figure 4.26 and Figure 4.27.

Table 4.3. Number of culms sectioned for microscopic assessment.
Number of Culms Sectionec

Weeks after planting 10 16 22
2-49 2 15 2
Puseas 3 18 2
Grimmett 4 3 2
Bellaroi 3 3 2
Sunland - 4 -
Vasco - 6
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Figure 4.22. Initial lesions formation of internodal tissue could occur at stomata (SV). The
affected stomata had been penetrated biyp hyphae. a, b andc, Lesions initiating at stomata (s)
(Sun). Unaffected stomata (us) did not have discoloration. a, b and ¢ were viewed directly under
bright field microscopy. d and e, Discoloured stomata were associated with hyphae (Sun).
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2-49 Cr IN1 N1 IN2 Cr IN1 N1 IN2
PH
SH
VP
VB
PP
Vis

Puseas Cr IN1 N1 |IN2 Cr IN1 N1 N2 Cr IN1 N1 N2
PH
SH
VP
VB
PP
Vis

-

Bellaroi Cr IN1 N1 IN2 Cr IN1 N1 N2 Cr IN1 N1 IN2
PH
SH
VP
VB
PP
Vis

Grimmett Cr IN1 N1 N2 Cr IN1 N1 IN2 Cr IN1 N1 IN2 Cr IN1 N1 IN2

PH

SH

VP

VB

PP

Vis - - - - - - -

Figure 4.23. Summary of culm infection by Fp at 10 WAP in four cereal genotypesEach
individual box represents the primary culm of an infected plant. Black indicates hyphae were
observed; grey indicates brown discolouration was observed visually before sectioning; white
indicates absence of hghae or discolouration. A dash indicates this tissue was either not
observed or absentTissues assessed weragnchymatous hypoderm (PH)sclerenchymatous
hypoderm (SH),vascular parenchyma, (VP)yvascular bundle (VB),pith parenchyma (PP) and
visual discolouration (Vis).
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Figure 4.24. Summary of culm infectionby Fp at 16 WAP in four cereal genotypesEach
individual box represents the primary culm of an infected plant. Black indicates hyphaeere
observed; grey indicates brown discolouration was observed visually before sectioning; white
indicates absence of hyphae or discolouration. A dash indicates this tissue was either not
observed or absent. Tissues assessed weaeggnchymatous hypoderm PH), sclerenchymatous

hypoderm (SH),vascular parenchyma, (VP)vascular bundle (VB),pith parenchyma (PP) and
visual discolouration (Vis).
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249  INL N1 IN2 N2 INL N1 IN2 N2
PH
SH
VP
VB
PP

Puseas IN1 N1 IN2 N2 INL N1 IN2 N2
PH
SH
VP
VB
PP

Bellaroi  IN1 N1 IN2 N2 INL N1 IN2 N2
PH
SH
VP
VB
PP

Grimmett IN1 N1 IN2 N2 INL N1 IN2 N2
PH
SH
VP
VB
PP

Figure 4.25. Summary of culm infection by Fp at 22 WAP in four cereal genotypesEach
individual box represents the primary culm of an infected plant. Black indicates hyphae were
observed; grey indicates browrdiscolouration was observed visually before sectioning; white
indicates absence of hyphae or discolouration. A dash indicates this tissue was either not
observed or absent. Tissues assessed weaggnchymatous hypoderm (PH)sclerenchymatous
hypoderm (SH),vascular parenchyma, (VP)yvascular bundle (VB),pith parenchyma (PP) and
visual discolouration (Vis).
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Figure 4.26. Summary of culm infection by Fp at 16 WAP of 249 and Puseas grown at the LRC.
Each individual box represents the primary culm of an infected plant. Black indicates hyphae
were observed; grey indicates brown discolouration was observed visually before sectioning;
white indicates absence of hyphae or discolouration. A dash indicatdsg tissue was either not
observed or absentWhere a B or T follows the tissue type, e.g. IN1B or IN1T, these letters
indicate either the bottom (B) or top (T) third of the tissue.Tissues assessed were
parenchymatous hypoderm (PH) sclerenchymatous hypo@rm (SH), vascular parenchyma,
(VP), vascular bundle (VB),pith parenchyma (PP) andvisual discolouration (Vis).
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2-49 Puseas
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Figure 4.27. Summary of culm infectionby Fp at 16 WAP of 249 and Puseas grown in the
greenhouseEach individual box represents the primary culm of an infected plant. Black
indicates hyphae were observed; grey indicates brown discal@tion was observed visually
before sectioning; white indicates absence of hyphae or discolouration. A dash indicates this
tissue was either not observed or absentvhere a B, M or T follows the tissue type, e.g. IN1B or
IN1T, these letters indicate eithethe bottom (B), middle (M) or top (T) third of the tissue.
Tissues assessed weramnchymatous hypoderm (PH) sclerenchymatous hypoderm (SH),
vascular parenchyma, (VP)yascular bundle (VB),pith parenchyma (PP) andvisual
discolouration (Vis).
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4.3.6.2.1Summary of Observations
Few clear patterns of infection were observed. However, some events did occur

frequently. All cell types within a wheat plant could be penetrated and colonised,
which depended on the severity of infection rather thandkedenotype. Certain

cells, such as those of the sclerenchymatous hypoderm, became colonised much later
in the infection process than parenchymatous cells.

Epidermal cells were predominantly intracellularly colonidedyre4.28a,

b, ¢). This was typically more prevalent in the lower parts of the culm, that is, IN1
and 2. Hyphae were also frequently observed to beruthd epidermis but not in the
epidermal tissued=(gure4.28d). Hyphae were infrequently observed on the surface
of epidermal cells.

Cells of theparenchymatous hypodenwvere colonised predominantly by
intracellular hyphae, with these cells typically appearing distorted and discoloured
when colonisedRigure4.29, b, c, d). Hyphae were frequently observed to
proliferate in discoloured parenchyma cells surrounding secondary root 8abes.
stomatal lacunae and lacunae in the parenchymatous hypoderm commonly supported
hyphal growth Figure4.2%, f, g, h). It was observed that cells of the
parenchymatous hypoderm rapidly becatiseoloured and it is believed that the
visible brown discolourationsed for visual rating for resistance is due to
discolouration of this cell layemitial discolouration of cells, particularly of the
parenchymaius hypodermwas not always associated with visible hyphae in or
adjacent to these cells. Visual ratingloé 10 and 16 week old plants demonstrated
that discolouration could precede hyphal infection of the hypoderm. In some cases
the hypoderm was rated as slightly discoloured but hyphae were only present in the
pith.

Thesclerenchymatous hypoderm was freqlyeobserved to be absent of
hyphae during initial stages of infection and sometimes appeared to act as a barrier to
lateral growthbetween the epidermis and the vascular layer or Bigufe4.30a).

When hyphae, which were only intracellular, were observed iadleeenchymatous
hypoderm the cells did not appear to become significantly discolokiguaré4.30b,
c, d).
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Figure 4.28. Fp hyphae intracellularly colonised epidermal tissues (TS). a, b and c, Intracellular
hyphae in epidermal tissue andn the parenchymatous hypoderm (Sun). d, Hyphae colonising
the parenchymatous hypoderm but not the epidermis (P).
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Figure 4.29. Parenchymatous hypoderm wasolonisedby intracellular Fp hyphae (TS). These
cells frequently appeared distorted and discoloured during colonisation. a and b, Colonised
parenchymatous hypoderm displaying distorted and discoloured cells {29 and P, respectively).
¢, discoloured and distorted cells in the parenchymatous hypoderm alse the infection edge (P).
d, Colonised parenchymatous hypoderm displaying a great level of discolouration compared to
the sclerenchymatous hypoderm and vascular parenchyma (P)he Colonisation of stomata and
associated lacunae (P, Sun, P, and P, resgieely).
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Figure 4.30. Colonisation of the sclerenchymatous hypoderray Fp (TS). a and b, Colonisation
occurring through two separate areas, the parenchymatous hypoderm and pith/vascular
parenchyma (P). Thesclerenchymatous hypoderm has not been colonised (P). ¢ and d, Hyphae
have colonised the sclerenchymatous hypoderm however the cells have not become discoloured
or distorted. (P and B, respectively).
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By 16 WAP vascular bundles were frequently colonised for all genotypes
except 249. Colonisation differed between vascular bundles, with xylem, phloem
and tracheidsll potentially being colonisedr{gure4.31a, b, c, d andrigure4.32).

No preference for one cell type was observed, however, the phloemmemet

became colonised more obviously than the xylem and tracheids. Large xylem vessels
infrequently became occluded by hyphB&ygre4.31e). Infectedcells of the

vascular bundles did not appear discoloured. The parenchyma cells surrounding the
large vascular bundles were both int@nd intracellularly colonised and could

become discoloured. At maturity the phloem cells appeared to have disintegrated
some culmsKigure4.31f).

Initial infection of the pith was by intercellular hyphae, which later became
intracellular Figure4.33a, b, c, d, e, f, g). During infection these cells frequently
became distorted and discoloured. The pith caupported large growths of
hyphae, which were partiay obvious in the INs ofulms withdeadheads, where
the pith cavity could be a solid mycelial maBgy(re4.34).

Nodal tissue showed variable colonisatibig(re4.35a, b, c, d, e, f and
Figure4.36a, b, c, d). The pith plexus, where pith becomesl sdlnode base up to
node top, included various pith cell typest the node base the pith region formed
very thick walled cells whereas typical pith cells were present towards the top of the
node Figure4.37a, b, c, d, e, f anBigure4.38a, b, c, d, e, f, g). These thick walled
pith cells appe&d to be resistant to penetration, however the lafygrore typical
pith cells above it could be colonised, perhaps by lateral growth of hyphae from the
vascular layervVascular bundles were frequently colonised. The anatomy of nodal
tissue wa extremelycomplicated and made tracing of hyphae through the tissues
difficult.

A frequent observation was of intense patches of infection on one side of a
culm, sometimes extending from the crownN@. These patches could have hyphae
in all cell types, while thether side of the culm could be free of hyphae. As
colonisation decreased either towards one side of the culm or upwards in the culm, it
was observed that infection was predominantly spreading from two separate areas,
the pith and the hypoderm. At highmoints on the culm the pith was most frequently
the tissue initially colonised.

Hyphae predominantly grew vertically. Horizontal growth was more frequent

in parenchyma cells during intense infection and penetration of cells walls was
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facilitated by hyphaswellings and appressotiite structures, followed by
penetration through the cell wall via a penetration pegufe4.3%., b). No
difference in hyphl widths was observed in culm tissues between genotypbse(
4.4).

Table 4.4. Minimum and maximum hyphal widths observed within the culm tissue offour cereal
genotypes. For the purpose of the mean and standard error (SE) n = 12. No significant
differences were reported using the Tukey multiple comparison test.

Hyphal Width (um)

Genotype Mean SE Range
2-49 40 04 22772
Puseas 39 03 22172
Grimmett 3.8 05 2.1716.7
Bellaroi 43 03 28i5.0

Plants harvested at 10, 16 and 22 WAP demonstrated a general increase in infection
over time. Puseas was most infecfetiowed by Bellaroi, Grimmett and-29.

Intensity of infection of each individual culm was the greatest variable. In plants
harvested at 22 WAP hyphae displaying no fluorescence were observed, these were
believed to be dead hyphdeédure4.31f). Vascular parenchyma and xylem vessels
were infrequently observed to be filled with a dense black mass at 22 WAP, which
had no obvious structur€igure4.39c, d). This was observed in all genotypes except
2-49. Hyphae were frequently observed to colonise the leaf trace forming from node
1 and occasionally in the leaf trace from nod€igyre4.40a, b, c, d). fie

colonisation of this material depended on the colonisation of the hypoderm in tissues
below, as this is where the cells of the leaté originated. Colonisation was most
frequently in the cortical cells of the leaf trace but vascular bundles were able to be

colonised during severe infection.
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Figure 4.31. Fp colonisation of vascular tissues occurred in all cell types (TS).-d, Colonisation
of vascular tissues (P). e, Large xylem vessels infrequently became occluded by hyphae (P). f,
Disintegrated phloem cells in a vascular bundle of a mature culm (P). The dark hyphae are

dead.
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Figure 4.32. Colonisation of phloem vesselgy Fp in internode tissue (TS, B).
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Figure 4.33. Infection of pith cellsby Fp (TS). a, Uninfected pithparenchyma (V). b,
Colonisation of a culm base (P). The pith cells are greatly discoloured. ¢ and d, Colonisation of
pith parenchyma was initially intercellular (P). The cells became greatly distorted and
discoloured. e and f, Intercellular colonisation opith parenchyma (P). g, Inter and intra-
cellular colonisation of pith parenchyma (Sun).
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Figure 4.34. Colonisation of the pith cavityby Fp (TS). a, Hyphae (h) grew across the pith
cavity (pc) (V). b, Theentire pith cavity could be occluded by hyphae, particularly in dead
culms (V). Images were captured using an Olympus p1020 digital camera.
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Figure 4.35. Colonisation of nodal tissudoy Fp (TS). a, Uninfeded nodal section (V)Blue
colouration of some cells is an artefact of chemical changes occurring in vascular elements
during node formation. b, Heavily colonised nodal tissue, with a great density of hyphae in the
pith parenchyma (Gr). ¢, Pith parenchyna tissue was integrated with anastomosing vascular
bundles (V). Colonisation occurred throughout the tissue. d, Hyphae colonising all cell types in
nodal tissue (Gr). e, Hyphae predominantly colonising the phloem of vascular bundles (Gr). f,
Colonisation d vascular tissues in the node (B).
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