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Abstract

The assessment of crown rot (F. pseudograminearum) infections 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 investigation of F.
pseudograminearum (Fp) 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 symptoms in wheat seedlings is commonly
conducted in order to rapidly identify resistant genotypes. Ratings rely heavily on
discolouration of seedling tissues, predominantly the leaf sheaths. This study is the
first to explore the relationship between seedling tissue discolouration and Fp DNA
content in wheat genotypes of differing resistance. The partially resistant wheat 2-49
exhibited lower visual and gPCR values than the susceptible wheat Puseas. The rate
of disease development and Fp growth in seedling leaf sheaths was slower in 2-49
than Puseas. The rates of symptom development in intermediate genotypes EGA
Wylie and EGA Gregory were not significantly different from that recorded in 2-49.
A comparison of visual ratings and qPCR values of Fp DNA indicated a strong
correlation (r = 0.89, p < 0.01) between these characters at 14 days after inoculation
across all genotypes. The correlation weakened over time. Furthermore, g°PCR
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 and Fp 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 qPCR values. 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

content indicate that visual discolouration is a useful measure of fungal load in



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

Fluorescence microscopy revealed no major differences between fungal
growth patterns or structural characteristics in the host genotypes assessed. Leaf
sheaths were most frequently penetrated via stomata, indicated by initial lesions
forming at the guard cells. Leaf sheath tissues became extensively colonised in most
cell types, except for the vascular bundles and abaxial silica cells. Colonisation of
leaf sheaths resulted in the re-emergence of hyphae and occasionally conidiophores
from stomata.

Colonisation of culm tissues frequently originated 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 upwards through the tissues, typically
only to internode three, with a much slower lateral spread of hyphae. Colonisation of
sclerified cells occurred later in the infection process. Vascular tissues were
frequently colonised by anthesis. This was more rapid in susceptible genotypes.
Occlusion of large xylem vessels was rare during moderate infections.

The ability of quantitative PCR to accurately describe the extent of crown 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 crown rot and the nature of host resistance responses.
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Chapter 1 : Literature Review

1.1 Introduction

Wheat (Triticum aestivum), worldwide, is currently grown on more land area (213
million hectares) than any other commercial crop, followed by maize and rice (158
and 155 million hectares respectively) (Cornell and Hoveling, 1998, Curtis et al.,
2002, FAOSTAT, 2010). The high dependence of human societies on wheat crops
and harvests drives the intense genetic research into T. aestivum and related species
of grasses, which has continued for over a century, focussing on breeding
characteristics for agronomic performance, maximising yields, post harvest grain

quality and resistance to disease.

1.2 Wheat

Modern wheat (Triticum species) originated from several wild species through
hybridisation, mutation and the effects of 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 wheats, being Triticum turgidum ssp. durum and
Triticum aestivum respectively, are the most commonly grown in present day
cultivation. The earliest evidence of wheat domestication appears ~10 000 years ago
in the Fertile Crescent of the Near East (Lev-Yadun et al., 2000). In prehistoric times
wheat was cultivated throughout Europe and was one of the most valuable cereals of
ancient Persia, Greece and Egypt (Percival, 1921).

Wheat is superior to most other cereals in its nutritive value, particularly due
to its protein component. The unique physical and chemical qualities of the wheat
grain gluten allow production of more palatable bread than any other cereal. Its
cultivation is simple and its adaptability to varying soils and climatic conditions
makes it superior to most other crops (Percival, 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 hot, low altitude

regions of the Tropics. The ten major wheat producing countries in 2007 were China,
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India, United States of America, Russian Federation, France, Pakistan, Germany,
Canada, Turkey and Argentina, producing 420 million tonnes of wheat in that year
(http://www.fao.org). Wheat is also the most important crop grown in Australia, the
fifteenth highest wheat producer worldwide in 2007. It is the largest single
component of the Australian grains industry with a total annual value of between six
and seven billion dollars (AWB, 2004).

Within Australia, commercial quantities of wheat are grown in all states
(Figure 1.1). New South Wales and Western Australia each contribute approximately
one third of the total cropping area and subsequent wheat harvest. Over the period
from 2000 to 2009 the average harvest was 18.6 million tonnes from 12.3 million
hectares (Australian-Bureau-of-Statistics, 2009). The Australian domestic market
consumes around 5.5 million tonnes of wheat annually, evenly divided between
human consumption and stockfeed. The remaining 70% of the crop is exported to
countries such as China, Egypt, Indonesia, Irag, Japan and South Korea (Trewin,
2006).

The major limitations to wheat production in Australia are adequate seasonal
rainfall and soil 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 Australia, Victoria and south-western New South Wales)
where winter rainfall is predominant. Yield decreases of nearly 50% compared to the
long term average were recorded during the drought years 2003, 2006, 2007 and
2008 (Australian-Bureau-of-Statistics, 2009, Australian-Government-Bureau-of-
Meteorology, 2009).
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1.2.1 Anatomy

A wheat seedling consists of a crown, coleoptile, sub-crown internode, leaves and
seminal (primary) roots (Figure 1.2a). During adult growth the plants produce nodal
(secondary) roots and expand into multiple culms (stems) consisting of nodes,
internodes and an inflorescence (Figure 1.2b). The culm is composed of subunits
called phytomers. The phytomer is composed of the node and the tissues derived from it,
being the leaf sheath, leaf blade, internode (above the node) and axillary bud (Briske,
1991, Wilhelm and McMaster, 1995). These phytomers originate at the crown, the
region just below the soil surface, and expand during growth of the plant.

Seminal roots and the coleoptile originate from primordia found in the seed

(Carver, 2009). The coleoptile encases the sub-crown internode up to the emerging
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shoot and functions chiefly as a protective cover to the young leaves during their
upward growth through the soil. The crown forms at the top of the sub-crown
internode and is located just below the soil surface. Nodal roots are produced from
primordia developed at the crown after germination.

The foliage leaves possess a sheath, blade and ligule, with a pair of auricles at
the base of each blade (Percival, 1921) (Figure 1.2a). The leaf-sheath, which is split
in the upper parts but entire near the base, encircles the culm, protecting the latter
from damage by frost, drought and insect attack; it possesses 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 of 3-5 mm above the point of insertion (node) on

the culm it is considerably thickened (about 1 mm thick).
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Figure 1.2. a, Seedling anatomy (Veseth, 1987). b, Culm anatomy (Knight and Quirk, 1994).

1.2.2 Growth Cycle

Each culm is able to produce an inflorescence which typically undergoes self
pollination. Following pollination the seed head develops and large quantities of

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



grain filling has been completed, seed moisture levels have fallen below 15% and the
crop is ready for harvest (Simmons et al., 1995).

1.2.3 Diseases

Organisms able to cause serious diseases on wheat include fungi, bacteria, viruses
and nematodes. It is estimated that losses in Australian wheat yield are as high as
$913 million per year, or approximately 20% of the average annual value of the
Australian wheat crop (Murray and Brennan, 2009b). In Australia the major diseases
of wheat include yellow spot (Pyrenophora tritici repentis), stripe rust (Puccinia
striiformis), Septoria nodorum blotch, crown rot (Fusarium pseudograminearum and
F. culmorum) and root lesion nematode (Pratylenchus neglectus), representing $599
million of the total losses. Without the years of research on breeding for disease
resistance and the use of cultural and chemical control measures, such as crop
rotations and pesticides, annual losses due to these five diseases would be

considerably greater (Murray and Brennan, 2009Db).

1.2.3.1 Foliar 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 lead to the
production of mycotoxins, fungal metabolites which can have serious effects on
animal and human health. Foliar diseases commonly result in lower grain yields
while diseases of the head may lead to whole crops being discarded due to

contamination.

1.2.3.2 Root 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 nutrients and water, or 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 modern disease resistance
research. In Australia important root and crown diseases of wheat include crown rot
(F. pseudograminearum and F. culmorum), take-all (Gaeumannomyces graminis var,
tritici) root lesion nematode (Pratylenchus neglectus and P. thornei), cereal cyst
nematode (Heterodera avanae) and common root rot (Bipolaris sorokiniana)
(Wallwork, 2000, Murray and Brennan, 2009b).

1.3 Crown Rot

Crown rot is so called because it appears to originate from the crown and spread
upwards through the plant during the season, predominantly into leaf sheath and
culm tissue where a brown discolouration is observed. Crown rot is generally
associated with semi-arid areas where wheat maturation occurs under warm dry
conditions (Burgess et al., 2001), however, it has been reported in varying climates
ranging from the semi-arid to mediterranean (Backhouse et al., 2004, Gargouri et al.,
2006).

1.3.1 Economic Impact in Australia

Yield losses of over 50% due to crown rot have been reported under conditions
favourable for this disease (Wallwork, 2000). In 1998 losses due to crown rot were
reported to be worth approximately $50 million in lost yield each year (Brennan and
Murray, 1998), with this figure increasing to $79 million just over a decade later
(Murray and Brennan, 2009b).

1.3.2 Crown Rot Distribution

Crown rot is important in the southern and northern regions of the eastern wheat belt
of Australia (Burgess et al., 1975, Burgess et al., 1981, Murray and Brown, 1987,
Backhouse and Burgess, 2002, Backhouse et al., 2004, Murray and Brennan, 2009b,
Hollaway and Exell, 2010). Importance of the disease is increasing in the western



grain growing region of Australia (Murray and Brennan, 2009b). In Queensland and
New South Wales crown rot is predominantly caused by the anamorphic fungal
pathogen Fusarium pseudograminearum (Burgess et al., 1975, Backhouse et al.,
2004, Scott et al., 2004). In Victoria and South Australia F. pseudograminearum is
also the most common species associated with crown rot, however, F. culmorum has
also frequently been isolated in these states. In the high rainfall areas of Victoria and
South Australia F. culmorum can be the dominant pathogen in some fields
(Backhouse et al., 2004). Other Fusarium species such as F. avenaceum, F.
crookwellense and F. graminearum Schwabe have been infrequently isolated from
crown rot infections. (Backhouse et al., 2004)

Globally, crown rot has also been reported in New Zealand (Monds et al.,
2005, Bentley et al., 2006), North America, particularly in the warmer climates of
the Pacific Northwest of the United States (Cook, 1968, Smiley et al., 2005),
Argentina (Carranza, 1961), Italy (Balmas, 1994), South Africa (Van Wyk et al.,
1987, Klaasen et al., 1991), North Africa (Burgess et al., 2001, Gargouri et al.,
2006), Western Asia (Burgess et al., 2001, Saremi et al., 2007, Tunali et al., 2008)
and Great Britain (Colhoun and Park, 1964).

1.3.3 History

The most common causal agent of crown rot in Australia is currently named
F. pseudograminearum. However, in the past this fungus has been known under the
names Gibberella saubinetti, Fusarium roseum ‘Graminearum’ and later F.
graminearum Group 1. Burgess et al. (1975) provide the first evidence of two groups
within F. graminearum, reporting that one set of isolates, Group 1, did not form
perithecia in culture and were commonly associated with crown rot, while another
set, Group 2, normally formed perithecia in culture and was infrequently associated
with crown rot. Cultural and genetic characteristics have provided distinctions
between the two groups (Burgess et al., 1975, Aoki and O'Donnell, 1999a, Laday et
al., 2000). During 1999 F. graminearum Group 1 was formally described as a
distinct species, Fusarium pseudograminearum (Aoki and O'Donnell, 1999a). Aoki
and O’Donnell demonstrated that F. pseudograminearum is a phylogenetically
distinct species using B-tubulin and translation elongation factor gene sequences,

coupled with careful measurements of the spores produced. Numerous studies have
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confirmed this result (Benyon et al., 2000, Tan and Niessen, 2003, Monds et al.,
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 perithecial and conidial form as Gibberella saubinetti (Cooke, 1892).
In 1896, in Australia, a species of fungi displaying “salmon-coloured patches” of
growth on nodal and head tissue was designated as Fusarium culmorum based on
morphological comparisons to Fusisporium culmorum (McAlpine, 1896). This is
similar to the report by Hynes (1924) who found what was described as Gibberella
saubinetti on foot-rot of oats. Hynes stated the belief that due to the frequency of
isolation of Fusarium from tissues showing foot-rot and nodal symptoms, Fusarium
may be an important cause of cereal foot-rot in New South Wales. Both Atanasoff
(1920) and Bentley (2007) have suggested that the species referred to in 1896 and
1924 was actually the asexual form of F. pseudograminearum, due to the lack of
documented perithecial production in culture.

The first official record of crown rot of wheat in Queensland was made in
1951 by Dr. T. McKnight. It is probable that the disease was present much earlier, as
McKnight and Hart (1966) stated that symptoms similar to crown rot were reported
as early as 1940. Purss (1966) conducted the first significant studies into the effects
of crown rot disease and found differences in crown rot disease between wheat
varieties. During the last 45 years a significant body of research on crown rot has
been performed, however, progress has been challenging.

1.4 Fusarium Genus

Plant-associated fungi comprise a wide variety of groups, but few are as harmful to
plant and animal health as the genus Fusarium, a large and ancient group that has
evolved extraordinary diversity (Desjardins, 2006). Fusarium species can infect
many plant species, including cereal crops such as wheat, barley and maize. They
cause serious diseases in these crops, such as crown rot and head blight on wheat and
barley and ear rot on maize. These pathogens not only have the capability to
significantly decrease grain yields but, during infection and after harvest, Fusarium

species have the ability to produce a range of secondary metabolites known as



mycotoxins, such as, trichothecenes, zearalenones and fumonisins (Desjardins,
2006). During the last 20 years, Fusarium species have been studied extensively
because the mycotoxins they produce can be a threat to plant, animal and human
health. The phytotoxicity and effects in plant-pathogen interactions of some of these

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

1.4.1 Fusarium pseudograminearum

F. pseudograminearum Aoki and O’Donnell belongs to the phylum
Ascomycota. It produces hyaline, septate macroconidia with a foot-shaped basal cell
(Leslie and Summerell, 2006). Reproduction is predominantly by asexual means via
the anamorphic stage F. pseudograminearum, however a teleomorph (sexual stage)
Gibberella coronicola can be produced. G. coronicola is heterothallic (sexes reside
in different individuals) and as a result it does not commonly produce perithecia
(Aoki and O'Donnell, 1999a). The sexual stage Gibberella belongs to the phylum
Ascomycota, characterised by formation of asci which are sac-like cells typically
containing 8 ascospores (Read and Beckett, 1996). The genus Gibberella is within
the group of filamentous ascomycetes which form perithecia metallic blue in colour,
which enclose the asci (Alexopoulos et al., 1996). Hyphae of both stages are well
developed, branched and septate. F. pseudograminearum colony colour on Potato
Dextrose Agar (PDA) is typically red to light pink, sometimes with yellowish aerial
hyphae.

1.4.1.1 Genetic Diversity Studies

Multiple studies have assessed the genotypic diversity present in populations
of F. pseudograminearum in Australia (Akinsanmi et al., 2006, Bentley et al., 2008,
Bentley et al., 2009) and other countries (Monds et al., 2005, Bentley et al., 2006,
Mishra et al., 2006, Scott and Chakraborty, 2006). F. pseudograminearum
populations in Tunisia and Canada have been described as having substantially high
genetic diversity with no spatial clustering. This indicates frequent gene flow occurs
over a wide geographic area, resulting in a recombining structure corresponding to a
single population (Gargouri et al., 2006, Mishra et al., 2006). Other studies using

Fusarium species have found a similar lack of correlation between genetic clusters



and geographic origin (Ouellet and Seifert, 1993, Benyon et al., 2000, Scott and
Chakraborty, 2006).

In an assessment of genetic variation within Australian isolates of F.
pseudograminearum Akinsanmi et 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.
Akinsanmi et al. found that 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 between aggressiveness and AFLP clusters was also
reported. Bentley et al. (2008) performed a similar but more geographically diverse
experiment comparing F. pseudograminearum isolates from across most of the major
wheat growing areas of Australia. An assessment of AFLP similarity separated
isolates into two groups, originating from either north-eastern Australia or south-
central and south-western Australia. Bentley et al. (2008) hypothesise that ‘the F.
pseudograminearum populations from north-eastern and southern Australia are
independent, which could result from different founding events or from geographic
isolation and the accumulation of genetic differences due to genetic drift and/or
selection’. A high level of gene flow was again reported within each of these
populations. Bentley et al. (2009) performed further analysis of micro-scale genetic
variation within 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 populations. Genetic differences due to geographic region have
also been reported in New Zealand where isolates of F. pseudograminearum from
the South Island clustered separately from North Island isolates (Monds et al., 2005,
Bentley et al., 2006).

While it is apparent that the species F. pseudograminearum has high genetic
variation, the process by which this has come about is still unclear. Akinsanmi et al.
(2006) found that the differences in population structure between the heterothallic F.
pseudograminearum and the homothallic F. graminearum were not as pronounced as
expected given their contrasting mating systems. They determined that F.
pseudograminearum was neither panmictic (random mating within a breeding

population) or strictly clonal. It was suggested by Akinsanmi et al. (2006) that these
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results point to a level of sexual recombination in F. pseudograminearum. However,
ascospores from the sexual stage of F. pseudograminearum, G. coronicola, have
only occasionally been reported in the field or laboratory (Francis and Burgess, 1977,
Aoki and O'Donnell, 1999b, Summerell et al., 2001), and only limited information is
available on the importance of this stage. Bentley et al. (2008, 2009) confirmed that
F. pseudograminearum has a dimictic mating system. It was revealed that both
mating types and genetic distances had significant spatial aggregation. They suggest
that this is consistent with the presence of non-random spatial genetic structure due
to clonal aggregation. Other theories related to panmixia, sexual recombination,
ascospore/inoculum spread and parasexual recombination have been discussed
(Benyon et al., 2000, Akinsanmi et al., 2006, Mishra et al., 2006, Scott and
Chakraborty, 2006, Bentley et al., 2008, Bentley et al., 2009) but more work is
required to convincingly determine the method/s employed by the fungus to increase

or maintain genetic variation.

1.4.1.2 Use of Genetic Information

Specific DNA primers for identification of Fusarium species are frequently used for
experimentation (Schilling et al., 1996). This primarily relates to identification of
individual species and quantification of fungal DNA. The section entitled
‘Species-specific gPCR’ contains further explanation. The availability of the whole
genome sequence of F. graminearum and an Affymetrix GeneChip (Guldener et al.,
2006) allows for molecular characterisation of fungal genes, which could highlight
important responses during growth and plant infection. Scott and Chakraborty (2007)
have used this genome sequence to identify polymorphic loci suitable for population
studies of F. pseudograminearum. Stephens et al. (2008) have also applied this
information to identify genes which may be of importance during crown rot

infection.
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1.5 Aspects of Crown Rot Disease

1.5.1 Disease Cycle

F. pseudograminearum is a widely distributed soil-borne pathogen found mainly in
association with infested plant debris where it can survive for several years
(Wallwork, 2000, Leslie and Summerell, 2006). Wheat crops planted into soil
containing this debris appear to be infected via the sub-crown internode or
crown/leaf sheath bases as the plant comes into contact with the fungus (Purss,
1966). It is probable that the coleoptile of the seedling is the first tissue to come into
contact with F. pseudograminearum inoculum as it grows towards the soil surface.
However, infection has been reported to occur from seedling emergence through to
maturity (Purss, 1966, Burgess et al., 1981, Summerell et al., 1989). The fungus may
survive on seed, infected stubble or by using alternative hosts (McKnight and Hart,
1966). However, seed-borne carryover of F. pseudograminearum is of little practical
significance or importance in Australia (Butler, 1961). F. pseudograminearum does
have the ability to cause head blight, more typically caused by F. graminearum.
Despite this, head blight infection by F. pseudograminearum is relatively rare, due to
poor dispersal of its macroconidia and has only infrequently been reported in the

northern wheat belt of New South Wales under wet conditions (Burgess et al., 1987).

1.5.2 Host Range

F. pseudograminearum has been isolated from all major winter cereals. However,
wheat (Triticum aestivum), barley (Hordeum vulgare) and triticale (x Triticosecale
Wittmack) are symptomatic primary hosts (Simmonds, 1941, Purss, 1966, Quazi et
al., 2009). Cereal oats (Avena sativa) and the grass weed wild oats (Avena fatua)
become infected by F. pseudograminearum but are considered asymptomatic hosts
that are likely to contribute to the maintenance of inoculum (Nelson and Burgess,
1994, Nelson and Burgess, 1995, Burgess et al., 2001). F. pseudograminearum has
been isolated from many other grass genera including Agropyron, Austrostipa,
Avena, Bromus, Danthonia, Dicanthium, Hordeum, Panicum, Phalaris and the
species Zea mays (Simmonds, 1966, Burgess, 1967, Purss, 1969, Bentley, 2007).
This large host range, which includes grass weeds, allows F. pseudograminearum to

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 planning crop rotations, weed control and disease management.

1.5.3 Disease Symptoms

Infection can lead to a variety of outcomes, ranging from the death of
seedlings or older plants, through varying degrees of basal tissue discoloration
(Purss, 1966, Burgess et al., 1981, Wallwork, 2000). In a wheat crop, crown rot
effects are usually first observed after flowering when scattered white (dead) heads
develop. These whiteheads have either shrivelled or no grain. Crown rot may be
detected before whitehead formation by examining basal leaf sheaths or culm
internodes for tissue browning. Infection frequently results in a dark brown
discolouration of leaf sheaths and a honey-brown discolouration of culms.
Discolouration may also be present on the coleoptile, sub-crown internode and nodal
roots. In adult wheat plants the fungus has been found as high as the internode below
the head but is more commonly restricted to the first three internodes above the
crown (Purss, 1966, Malligan, 2008). Severely infected internodes typically contain
pink mycelium characteristic of F. pseudograminearum, in noticeably greater
abundance in the pith 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 conditions and in the presence of sufficient F.
pseudograminearum inoculum, wheat seedlings may suffer seedling blight, where
disease results in severe stunting or death. In these early stages brown
discolouration/lesioning typically occurs on the seedling leaf sheaths but can also
appear on the sub-crown internode, depending on where the plant comes into contact
with the fungal inoculum. Curiously, the discolouration of the leaves appears to be
confined to the sheath as discolouration stops at the base of the lamina (Liddell,
1985). Infection via the roots is not common, with any fungal growth into the roots
appearing to originate from colonised culm or crown tissue (Purss, 1966, Taylor,
1983, Liddell, 1985).

The whitehead symptom of crown rot poses one of the most intriguing questions
concerning this disease complex: What causes whitehead formation? Purss (1966)
found that while culms with heads classified as whiteheads had a greater level of

infection in the third and fourth internodes, culms with heads classified as healthy
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also had a remarkably 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 tissue in the culm, resulting in death of the
developing grain; however no strong evidence demonstrating this effect has been

produced. The nature of this host-pathogen interaction requires further elucidation.

1.5.3.1 Mycotoxins and Infection

Current knowledge concerning the role of mycotoxins in crown rot infection is
limited. Production of the trichothecene mycotoxin deoxynivalenol (DON) has been
monitored during crown infections by F. pseudograminearum and F. graminearum,
however its role during infection has not been determined (Mudge et al., 2006). Host
cell death due to release of DON has been reported, however the effect of the
interactions is not clear as DON may also contribute to the induction of antimicrobial
host defences (Desmond et al., 2008). Studies on the numerous other toxins produced

by Fusarium species have not been performed for F. pseudograminearum.

1.5.4 Environmental Conditions Affecting Infection

Environmental conditions have long been known to be important during infection
and disease development of plants (Colhoun, 1973). Crown rot incidence and
severity are affected by soil moisture, soil type, topography, time of planting and
temperature (McKnight and Hart, 1966, Purss, 1966, Purss, 1971, Burgess et al.,
1975, Klein et al., 1985). Initial fungal infection of seedlings is favoured by moist
soil environments (Liddell and Burgess, 1985, Liddell and Burgess, 1988, Swan et
al., 2000) but crown rot can still develop at later growing periods. The disease is
usually not severe in crops grown under optimum soil moisture over the entire
season, however in low moisture environments the effects of crown rot are enhanced
with significant damage being inflicted as plants approach maturation (McKnight
and Hart, 1966, Burgess et al., 1975, Klein et 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 has been recorded on all major soil
types, however it principally occurs on soils of heavy texture or on light-textured

soils with an impervious layer in the profile (McKnight and Hart, 1966, Burgess et

14



al., 1975, Burgess et al., 1981). The disease appears to be affected by soil
topography, where it is more prevalent on the flatter 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 depressions) (McKnight and
Hart, 1966). Burgess et 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 affecting F. pseudograminearum
growth are temperature and water, with interactions between these factors impacting

on fungal and plant growth.

1.5.4.1 Temperature

Temperature is known to effect geographic infection patterns of Fusarium species in
cereals, with Fusarium crown rot being most common in warm, dry areas throughout
the world (Cook and Christen, 1976). The temperature of the soil is an important
factor determining the extent of seedling infection (Dickson, 1923). Klein et al.
(1985), Wildermuth and McNamara (1994) and Smiley (2009) found that high soil
temperature favours infection of wheat by F. pseudograminearum and allows a
clearer differentiation of disease responses. Lower temperatures (~ 13°C) typically
resulted in indistinguishable differences in crown rot severity between susceptible
and partially resistant seedlings, whereas at a temperature of 25°C, visual 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 may in turn affect the growth of the fungus
(Dickson, 1923, Dickson et al., 1923, Gaumann, 1950). In particular, at lower
temperatures (~12°C) wheat seedlings have a high content of available
carbohydrates, which results in thickened cellulose walls that may offer resistance to

fungal penetration.

1.5.4.2 Water

Water is required for germination and growth of F. pseudograminearum but optimal

water potentials for infection and subsequent in planta growth have been identified
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as important conditions in respect to crown rot severity. Maximal in vitro growth of
F. pseudograminearum on agar plates, and similar fungi such as F. roseum
‘Graminearum’, F. roseum ‘Culmorum’ and G. saubinetti, has been found to require
progressively drier conditions, with similar trends being observed in the field
(Dickson, 1923, Cook and Christen, 1976, Wearing and Burgess, 1979). Moisture
content of surface soil in particular has a major influence on the incidence of
infection of wheat plants by F. pseudograminearum (Liddell and Burgess, 1985,
Liddell and Burgess, 1988, Swan et al., 2000). It has been determined that a critical
threshold level of —1.5 MPa or equivalent surface moisture is needed to initiate
infection (Liddell and Burgess, 1985, Liddell and Burgess, 1988). This has been
reported for both pot experiments and field experiments.

It has been demonstrated that plant water stress, for example low seedling
water potential, predisposes wheat seedlings to colonisation and further damage by
F. pseudograminearum and also that crown rot incidence and severity, particularly
during early head ripening, is greater where adult plants have been affected by low
soil moisture (Cook, 1973, Burgess et al., 1975, Beddis and Burgess, 1992, Felton et
al., 1998, Li et al., 2008). The rate of infection is most likely influenced by
interactions occurring between soil moisture, temperature and other variables
(Dickson et al., 1923, Swan et al., 2000). In vitro testing has demonstrated 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, 1976). A fitting description of this disease process was reported
by Papendick and Cook (1974), who suggest that Fusarium is a slow-decay organism
in wheat that has optimum water potential leading up to plant maturity but it 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 Cook and Papendick (1970),
who suggested that the frequent occurrence of F. culmorum foot 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. Malalasekera and Calhoun (1968) suggested that a further factor
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

that the highly susceptible seedling coleoptiles are exposed to the pathogen.
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Work in the United States of America by Dickson et al. (1923) demonstrated
interesting interactions between temperature and soil water during seedling
development in relation to seedling blight of maize and wheat caused by Gibberella
saubinetti. Dickson et al. reported that at low temperatures (~8°C) wheat seedlings
do not blight but as the temperature increases above 10°C blight symptoms appear.
The symptoms continued to increase with temperatures up to ~24°C. The authors
argued that if the temperature was affecting 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 blight differently. This difference in
blighting between the two species was observed, with maize blighting at 8°C while
wheat did not and vice-versa at 24°C. In addition to this, when soil moisture was
lowered to the point where normal metabolism of the seedling is inhibited (30% of
the moisture holding capacity), maize and wheat seedlings became blighted at all
temperatures, a finding also reported by Beddis and Burgess (1992). The ability of
temperature and water conditions to alter the normal metabolic processes of wheat
plants and in turn affect the susceptibility of the plants to infection, rather than
directly affecting growth of the fungus, needs close examination.

1.5.4.3 Whitehead Formation
Whitehead formation is described as a ‘premature bleaching of the ears and straw,

with the resultant production of shrivelled grain’ (Butler, 1961). It has frequently
been reported as a symptom of crown rot (McKnight and Hart, 1966, Purss, 1966,
Wildermuth et 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. pseudograminearum. This 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 that Smiley (2009), Klein et al. (1991),
Kirkegaard et al. (2004) and Bentley (2007) all refer to translocation disruption or
vascular blockage resulting in deadhead development. In the cases where references
are given for these statements the references do not provide direct evidence for this

claim, which must be considered as yet an unproven hypothesis.
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Whitehead development in plants affected by crown rot is reportedly
favoured by dry conditions (McKnight and Hart, 1966, Burgess et al., 1975, Burgess
etal., 1981, Wildermuth et al., 1997, Hollaway and Exell, 2010). In a study
observing tillage treatments Wildermuth et al. (1997) reported the percentage of
whiteheads to be lower in no tillage treatments compared to conventional 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 no tillage treatment had a high incidence of crown rot,
however, there was a higher availability of soil water (due to no tillage) resulting in a
lower disease severity as indicated by percentage of whiteheads. This demonstrates
that while water availability is important in relation to crown rot severity
(whiteheads), water availability may not greatly affect crown rot incidence, i.e.

percentage of plants infected.

1.5.5 Management

Current recommended practices for controlling crown rot are use of resistant (and/or
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
(Burgess et al., 2001). McKnight and Hart (1966) reported a severe incidence of the
disease on previously uncropped soil, suggesting the possibility of seed-borne
inoculum or the presence of alternative host grasses. Chemical treatments of seeds
and chemical sprays have not proved effective in controlling crown rot (McKnight
and Hart, 1966, Lamprecht et al., 1990) and thus are not part of the current
recommended practices guide for crown rot control (GRDC, 2009). However,
controlling alternative hosts and using crop rotations has proven effective in
minimising the effect of crown rot. The integration of non-cereal break crops, such
as grain sorghum (Sorghum bicolor), chickpeas (Cicer arietinum), faba beans (Vicia
faba), canola (Brassica napus) or mustard (Brassica juncea), into crop rotations 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 (Felton et al., 1998, Kirkegaard et al., 2003, Kirkegaard et al., 2004, Quazi et
al., 2009, Evans et al., 2010).
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Tillage practices also influence the severity of crown rot. Conservation
tillage, where crops are grown with minimal cultivation of the soil and frequently
have a cover of standing stubble, results in soil moisture retention, reducing the risk
of late season moisture stress which can enhance symptoms of crown rot (Burgess et
al., 2001). Due to the typically dry environment in the northern wheat belt of eastern
Australia, conservation tillage has been widely adopted in this area (Summerell et al.,
1989). Conservation tillage also has extra requirements, primarily the need to use
herbicides to control weeds and the need for specialised machinery. These practices
result in retention of stubble above or on the soil surface, which reduces the rate of
stubble breakdown and maintains higher inoculum levels, in comparison to full
incorporation of the stubble by tillage. While a tillage system does not necessarily
result in significantly decreased incidences of crown rot, the associated decrease in
inoculum levels lowers the potential disease severity (Summerell et al., 1989, Swan
et al., 2000). The associated moisture loss in tillage systems may also increase crown
rot severity. Stubble burning can also be effective at reducing inoculum but it also
reduces soil moisture storage capabilities and organic matter and increases the risk of
erosion (Summerell et al., 1989, Burgess et al., 1996, Backhouse et al., 1997).

Of the wheat cultivars grown in Queensland and northern New South Wales,
the majority are moderately susceptible to crown rot (McRae et al., 2010). Farmers
in areas prone to crown rot infection are encouraged to grow some of the more
modern varieties, such as EGA Wylie, which have partial resistance and the ability to
out-yield other varieties under similar crown rot infestation (Nicol et al., 2004).

A recently described method of DNA-based soil testing can also assist grain
growers in predicting the likely extent of losses from various soil-borne diseases well
before a crop is planted, allowing effective control strategies to be implemented
(Ophel-Keller et al., 2008). This method has been applied to both F.
pseudograminearum and F. culmorum in order to compare the ability of different

rotation crops to reduce Fusarium inoculum in the field (Evans et al., 2010).

1.6 Screening for Crown Rot Infection and Yield Loss

While crown rot infection generally has been assessed by scoring the visual

discolouration of seedling leaf sheaths and adult internodes, there are significant
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differences in the details of the scoring methods used by different research groups
(Hill, 1984, Liddell et al., 1986, Wildermuth and McNamara, 1994, Nicol et al.,
2004, Wallwork et al., 2004, Mitter et al., 2006). The degree of discolouration will
also vary under different environmental conditions. In order to minimise this
problem, experiments typically include a set of standard genotypes known to be
partially resistant or susceptible. Observed ratings can then be reported as a
percentage response of the most susceptible standard genotype, 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
greenhouses. Growth chambers limit experiment sizes and are not typically suited for
adult plant growth, thus confining growth chamber experiments to seedling tests.
Seedling tests are commonly used for measuring disease resistance, however the
relationships between crown rot seedling resistance, adult resistance and yield are

complicated and not yet well-characterised.

1.6.1 Adult Screening

Adult screening is typically based on the percent of culm discolouration caused by
the fungus (Wallwork et al., 2004, Hogg et al., 2007). While this may allow
resistance to be identified, the relationship between stem discolouration and grain
yield is critical.

Yield loss is an important factor for consideration when selecting wheat lines
to be grown in crown rot affected areas. Work has been performed correlating yield
loss to infection levels, which could allow rating methods based on visual disease
levels to predict potential yield without time-consuming yield experiments.

A strong correlation (r = 0.94, P = 0.01) between percent yield loss and
percent diseased culms (i.e. culms showing discolouration) was reported by Dodman
and Wildermuth (1987). This method did not have typical control plants as all plants
were grown in the same infested soil. At maturity culms were separated based on
presence of visible disease symptoms with the yield from non diseased culms being
compared to yield of diseased culms. This method does not compare yields 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 sites (Edgeroi and Bellata,
NSW) with two different sowing dates. Edgeroi had correlations between loss in
potential yield and incidence of plants with basal browning at the two time points
(early, r = 0.65, P = 0.05 and late, r = 0.87, P = 0.01). There was no relationship
reported between 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 isolation of F. pseudograminearum
from culms) (r = 0.58, P = <0.01). Even though whiteheads demonstrated a strong
correlation with yield loss, this character is not suitable for predicting yield loss as it
is highly dependent on environmental conditions and in some circumstances infected
plants may show no whiteheads (Purss, 1966).

Kirkegaard et 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
culms with basal browning symptoms at harvest, however no consistent trend was
reported for crown rot tolerant bread wheat varieties. Overall it would appear that
there is a moderate relationship between the number of diseased culms and yield
loss. The method employed by Kirkegaard et al. (2004) relied on a random group of
plants not becoming infected under conditions with natural inoculum. This group
was used for yield comparisons against a group of infected plants of the same plot. In
an environment with a high incidence of crown rot, this method cannot be applied. A
more suitable method, such as paired plots with and without inoculum, should be
used when comparing yield and further separation of plants based on the amount of
culm discolouration, not just its presence, would be helpful in determining the effect

of disease severity on yield loss.

1.6.2 Seedling Screening

Experiments based on field trials are very time-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 inoculation with F.

pseudograminearum have been described. Purss (1966) reported two methods based
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on direct seed inoculation with F. pseudograminearum conidia before planting and
another method of planting seed into colonised cornmeal/sand media. These
techniques were primarily 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, Klein et al. (1985) reported a good correlation between
disease symptoms in seedlings and adult plants for six out of eight tolerant and
susceptible wheat cultivars at 64 days after planting. This paper reports a novel
method for crown rot development in the greenhouse. Briefly, seeds are covered with
a layer of soil, 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 occurring under natural
conditions in the field, where 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 plants, which may
record nothing more than disease escapes. Liddell et al. (1986) used a similar method
to describe differences between two wheat lines in leaf sheath discolouration from as
early as 39 days after planting.

These earlier attempts led to the development of the seedling inoculation and
rating method designed by Wildermuth and McNamara (1994). This method utilised
a similar inoculation technique to that described by Klein et al. (1985) but the rating
of disease symptoms was optimised. Wildermuth and McNamara rated coleoptiles,
sub-crown 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 most useful indication of resistance. Most importantly, they reported
significant correlations between field ratings for crown rot susceptibility and percent
leaf sheath discolouration (r = 0.78, P = <0.01). This gave the first solid evidence
that seedling reactions could be used to predict the response of lines in the field.

Recently various other seedling inoculation techniques and rating methods,
frequently based on applying a conidial suspension to host tissues, have also been
reported (Mitter et al., 2006, Li et al., 2008, Poole et al., 2009). However, no
consensus has yet emerged on which methods, in addition to that of Wildermuth and

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 Rausher, 1995, Agrios, 2005, Raberg et al., 2007). The assessment of
resistance and tolerance can be extremely valuable to breeding programmes but
while resistance and tolerance are related, they do represent distinct concepts.
Resistance improves host fitness by reducing infection, whereas tolerance reduces
the effects of infection on fitness.

1.7.1 Resistance

Resistant qualities of plants 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 lignin or suberin and the accumulation and sequestration of
antimicrobial secondary plant metabolites in plant tissues, such as cyclic hydroxamic
acids of wheat (Frey et al., 1997, Morrissey and Osbourn, 1999, Osbourn, 2001).
Local protection against pathogen invasion also appears 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 defence-related genes (Osbourn, 2001).
Numerous pathways resulting in expression of defence-related genes have been
documented for many plant pathogens (Bent, 1996, Ellis et al., 2000).

Resistance can further be 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 host (Van der Plank, 1975) and is classed as a
multi-gene or quantitative resistance. 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 pathogen, such as reported for spot
blotch (Bipolaris sorokiniana) (Meldrum et al., 2004, Knight et al., 2010) and leaf

rust (Puccinia recondita) (Mesterhazy et al., 2000), it is said to be vertically
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resistant. This type of resistance is controlled by one or a few genes and is described
as qualitative resistance. No pathogenic specialisation of F. pseudograminearum
isolates has been demonstrated (Malligan, 2008), although differences in
aggressiveness between isolates infecting wheat crowns has been reported
(Akinsanmi et al., 2004, Malligan, 2008). Therefore, resistance to crown rot is
horizontal and quantitative (requiring multiple resistance genes of small effect). This
indicates that any partial resistance identified in wheat should be effective against all

F. pseudograminearum isolates.

1.7.2 Crown 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 on 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
properties of resistance currently identified for crown rot. An initial study performed
by Purss (1966) found no true resistance to crown rot, any differences between
varieties were ‘considered to be due to a differential rate of development of the
disease rather than to any difference in actual infection’. It could be argued that the
partial resistance identified in more modern varieties still only acts to slow the
disease development (Malligan, 2008) as no resistance mechanism has been
identified. While studying the effects of water potential during F.
pseudograminearum infection using sterile soil, Liddell and Burgess (1988) found
infection rates of 100% and surmised that wheat has little or no inherent resistance to
infection by F. pseudograminearum. Dodman and Wildermuth (1987) reported the
possibility that there is resistance to initial penetration by F. pseudograminearum
since spraying conidia on culms produced less disease in a resistant cultivar than in a
susceptible cultivar. When conidia were injected into culms, thus by-passing the
penetration phase, no differences were found. This potentially highlights differences
between inoculating seedlings (Liddell and Burgess, 1985, Liddell and Burgess,

1988) and inoculating more mature culms, as culms 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, namely 2-49 and Sunco. 2-49 displays a resistant
response which can be recorded at seedling and adult stages while Sunco has a
resistant response only detectable in adult plant material (Wildermuth et 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 infection but this type of
resistance most likely does not operate in Sunco, which has deep crown formation.
During additional experimentation Wildermuth et al. (2001) produced further
evidence that 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 association between the
osmoregulation (or) gene and crown rot resistance was explored but analysis of the
incidence and severity of the disease showed no association with the presence or
absence of the or 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 different zinc environments
it was found that the extent of infection above the infection point decreased
significantly when the level of available zinc was increased (Sparrow and Graham,
1988). The incidence of infection was not affected by zinc supply. The effect of zinc
on crown rot infection was re-investigated by Grewal et al. (1996) where a similar
effect was found. A zinc-efficient cultivar, Excalibur, produced more shoot and root
dry matter and showed less disease infection compared with the zinc-inefficient
cultivars Durati and Songlen. In contrast to Sparrow and Graham (1988) the results
of Grewal et al. (1996) demonstrated that increased levels of zinc may decrease the
incidence of infection. The importance of nutrient 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.

1.7.2.1 Genetics 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, Wildermuth et al.,
2001). Quantitative trait loci (QTL), regions of DNA associated with a particular trait
(e.g. resistance), 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 resistance (Wallwork et al., 2004, Collard et al., 2005,
Bovill et al., 2006, Collard et al., 2006, Bovill et al., 2010).

Using adult plant reactions to crown rot Wallwork et al. (2004) described a
QTL located on the long (L) arm of chromosome 4B using doubled haploid lines of a
Kukri/Janz cross. Multiple studies have been performed looking for seedling QTL
for crown rot resistance. Collard et al. (2005) identified significant QTL on
chromosomes 1DL and 1AL in a doubled haploid 2-49/Janz cross. Collard et al.
(2006) performed experiments to confirm the QTL identified by Collard et al. (2005)
using an independent doubled haploid population of a Gluyas Early/Janz cross. The
presence of a major QTL on chromosome 1DL and a minor QTL on chromosome
2BS was confirmed. Bovill et al. (2006) performed further QTL analysis on a
doubled haploid population of W21MMT70/Mendos cross. This resulted in
identification of three loci, on chromosomes 2B, 2D and 5D, which were different
from those associated with crown rot resistance in other wheat populations.

Pyramiding of these QTL in a wheat line could be of particular use for
increasing resistance to crown rot. Bovill et al.(2010) used a population derived from
a cross between 2-49 and W21MMT70, two partially resistant lines, to determine if
pyramiding was an effective method for producing lines with resistant characteristics
of both parents. It was 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 identification 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 disease of wheat is performed by visually examining the plants

for their reaction to disease, in particular tissue discolouration (Wildermuth and
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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 as real time quantitative polymerase chain reaction, to
accurately quantify pathogen DNA in host tissue has proven to be a valuable
resource for assessing current rating methods and producing the next generation of
disease rating methodologies.

1.8.1 Traditional Quantification 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 Dox agar plates. As the fungus grows out of the tissue counts are performed
on the colonies emerging from the tissue over a period of a week. Malligan (2008)
reported that isolation scores of F. pseudograminearum from 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 demonstrates 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 other factors are also contributing.

1.8.2 DNA Based Quantification

The invention of the polymerase chain reaction (PCR) in 1984 by Kary Mullis was a
major advance in the study of genetics (Mullis, 1987). PCR has changed the face of
DNA analysis, leading to mapping and sequencing 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 Chamberlain et
al. (1988) and since then has been applied in many areas of DNA testing, including
analyses of deletions, mutations and polymorphisms or quantitative assays.

Subsequently, real time quantitative PCR was developed (Heid et al., 1996).
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1.8.2.1 Real-Time Quantitative Polymerase Chain Reaction

Real time guantitative PCR (qQPCR) measures PCR product accumulation using
fluorescent molecules (e.g. intercalating dyes or labelled oligonucleotides) and
provides very accurate and reproducible quantitation of DNA products (Heid et al.,
1996). qPCR is based on the classic PCR reaction, where primers are used as starting
points for DNA polymerase to make copies of specific regions of DNA. PCR
consists of three major stages: denaturation, annealing and extension. Cycles of these
run the amplification reaction to its endpoint, where exponential increases in DNA
product can no longer occur due to enzyme denaturation or exhaustion of raw
substrates. gPCR 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 endpoint. This dye only binds and fluoresces in the
presence of double stranded (ds) DNA. Thus after each PCR cycle the dye binds to
the new product and greater fluorescence is recorded by the specialised qPCR
machine. The point where an increase in fluorescence is first detected is called the
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
cycles completed, 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 non-specific method.

To overcome this problem sequence specific methods have been devised
which use probes specific for the sequence being amplified (Schena et al., 2004).
These probes are oligonucleotides with specific reagents attached to each end, called
reporter (or fluorophore) 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 is in close proximity to the reporter, the emitted energy is absorbed by the
quencher, thus quenching the reporter molecule (Didenko, 2001). The sequence of
these dual-labelled 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 exonuclease activity of DNA polymerase to cleave the reporter
away from the quencher to allow fluorescence (Figure 1.3). Probes also allow the
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production of multiplex assays; this 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 also available but are technically more
demanding (Thelwell et al., 2000, Schena et al., 2004).
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Figure 1.3. qPCR reaction using a dual-labelled probe, labelled with a reporter (R) and a
quencher (Q) molecule. The probe binds to a specific sequence within the target DNA at the
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 now fluoresces as the

quencher molecule cannot absorb the released energy.

Real time guantitative PCR has many applications for identification of pathogens and
in the study of host—pathogen interactions, including improving the resolution of
disease screening programs in selecting highly resistant plants and allowing the
infection pathways of pathogens to be tracked (Schaad and Frederick, 2002,
Vandemark and Ariss, 2007). Observations of the infection pathways may allow
specific regions associated with resistance mechanisms to be identified for future

study.

1.8.2.2 Species-specific qPCR

Species specific gPCR assays for detecting pathogen presence in plant material have

become relatively common over the last ten years. q°PCR assays have been

produced for Mycosphaerella graminicola during leaf blotch infection of wheat (Guo
et al., 2006), verticillium wilt of alfalfa caused by Verticillium albo-atrum (Larsen et
al., 2006), crown rot (F. pseudograminearum, F. graminearum and F. culmorum) of
adult wheat plants (Hogg et al., 2007), crown rust (Puccinia coronata f. sp. avenae)

of oat (Jackson et al., 2006), the interaction of Aphanomyces euteiches with legumes
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(Vandemark and Ariss, 2007) and crown rot (F. culmorum) infection of wheat
seedlings (Petrisko and Windes, 2006). Methods 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 even for testing fungicide or tillage effects
(Waalwijk et al., 2004, Hogg et al., 2007, Stephens et al., 2008, Evans et al., 2010).

PCR-based assays are powerful because they allow specific detection and
identification of the target organism. For example, studies have used sequences of
particular genes, e.g. the B-tubulin gene, to correctly identify a fungus as F.
venenatum, instead of the previously reported F. graminearum (O'Donnell et al.,
1998). This provides strong evidence for the usefulness and accuracy of these PCR-
based identification methods. In the case of F. pseudograminearum, partial genetic
codes for single copy nuclear genes, such as the B-tubulin gene and the translation
elongation factor alpha gene, have been sequenced and compared in separate studies
(Aoki and O'Donnell, 1999a, Scott and Chakraborty, 2006). Primers designed against
these sequences have been found to be specific for F. pseudograminearum. The
significance of these primers is the ability to use them to determine the presence and
extent of F. pseudograminearum infection, 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 how F. pseudograminearum causes
disease, particularly in relation to its association with necrotic lesions. F.
pseudograminearum has been shown to produce a range of mycotoxins (e.g.
deoxynivalenol and zearalenone) which may diffuse out of the fungal tissue and into
the host plant. So while visible ratings cannot distinguish between fungal growth
areas and areas affected by mycotoxins, qPCR may help make this distinction.

Some gPCR assessment has been performed for Fusarium species and crown
rot infections of wheat, particularly comparing visual symptoms and fungal DNA.
Hogg et al. (2007) developed an assay which amplified DNA of F.
pseudograminearum, F. graminearum and F. culmorum during crown rot infection.
This study compared disease severity scores, based on discolouration of the first
internode, with Fusarium DNA content of the crown and found a positive correlation
(R?= 0.6, P <0.001). A similar result was observed for the DNA content of node one.
Both the disease severity scores and Fusarium DNA content were negatively

correlated with yield (r = -0.64 and —0.77, respectively), which indicates that gPCR
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can be an effective tool for measuring crown rot severity in wheat. However, these
values represent the best correlations. There were large differences between
correlations in different years and between cultivars, indicating effects of both
genotype and environment on this relationship.

Other studies have used similar gPCR methods and found no or a weak
association between classical phenotyping methods and pathogen DNA content
(Nicholson et al., 1998, Bateman et al., 2000, Turner et al., 2002). Strausbaugh et al.
(2005), for example, examined root lesioning, primarily caused by F. culmorum, and
fungal DNA content of roots and found no correlation. Large quantities of root
material were required for accurate quantification of pathogen DNA. Root tissue is
commonly associated with soil which can inhibit downstream applications if not
removed before DNA extraction and later it was determined that the PCR assay
resulted in a lower detection level of F. culmorum due to partial inhibition of PCR
(Hogg et 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
plant-pathogen interactions, followed by electron microscopy. While electron
microscopy provides high magnification, high resolution images, it is not always
readily accessible and involves complicated fixing procedures. Fluorescence
microscopy has now become the most common method used to examine biological
interactions, mainly due to increased accessibility and easy visualisation of fungal
tissues, and has been proven extremely useful for observing plant pathogen
interactions (Darken, 1961, Duckett and Read, 1991, Hood and Shew, 1996, Howard
et al., 2004, Jansen et 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 either fluorescent stains or genetically modified organisms and
allow new technologies, such as confocal microscopy, to be harnessed (Spear et al.,
1999, Lorang et al., 2001).

Confocal laser scanning microscopy, which enables optical rather than

mechanical sectioning of specimens, has been used for studying Fusarium
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oxysporum f. sp. radicis-lycopersici, which causes tomato foot and root rot disease
(Lagopodi et al., 2002). This study used genetically transformed fungal isolates
expressing the green fluorescent protein, which allows the fungus to be visualised
using a fluorescence microscope. This method produces a distinct contrast between
plant and fungal cells as they emit different wavelengths of light. The difficult aspect
of this method is genetically transforming the fungus without interrupting genes
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 differentiation
between the two cell types. Schéfer et al. (2004) used this method to study the wheat
and barley pathogen Bipolaris sorokiniana, allowing the hemibiotrophic nature and
in planta growth 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 calcofluor (Hoch et al.,
2005). Either of these methods could be applied to the study of F.

pseudograminearum crown rot.

1.9.1 Fusarium Microscopy

Few studies have been performed on the microscopic assessment of crown rot
infection of wheat plants. Taylor (1983) performed the first and only detailed
microscopic assessment of F. pseudograminearum crown 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 of infection was predominantly by the formation of appressoria-like
structures on the surface of wheat tissues, particularly of the coleoptile. Further
infection involved both intra and intercellular hyphae, particularly in the cortical
parenchyma tissues. From the inoculated coleoptile the hyphae appeared to spread
into the epidermal cells of the sub-crown internode, progressing down to the crown
and scutellum tissues. As the disease progressed xylem tissues were penetrated and
became colonised. The invasion of the xylem is described as beginning in the
scutellum and then spreading up into the sub-crown internode xylem. No discussion
was provided on potential mechanisms or areas displaying resistance to hyphal

growth.
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Several other microscopic studies have been performed using various
Fusarium species. Clement and Parry (1998) and Mudge et al. (2006) reported on the
colonisation of wheat by F. culmorum and F. graminearum, respectively. Clement
and Parry (1998) found that F. culmorum colonising wheat culm bases appeared to
grow in the pith cavity, with a suggestion that mycelial progression may be delayed
by nodes. Mudge et al. (2006) used bright field microscopy on stained tissues to
observe F. graminearum primarily growing in the pith parenchyma with intra- and
inter-cellular growing hyphae. Very little colonisation of the vascular tissues in
typical plants was observed in either study. F. graminearum displays hyphal growth
around and up wheat leaf sheath trichomes (Stephens et al., 2008). This study also
reported extensive colonisation in the vascular tissue and pith of the wheat crown.

Microscopic studies on other Fusarium species may provide ideas on how F.
pseudograminearum infects and colonises plants. F. culmorum, F. nivale and F.
solani f. sp. phaseoli have been observed to penetrate host tissues via stomata
(Christou and Snyder, 1962, Malalasekera et al., 1973). F. solani f. sp. phaseoli and
F. lini have been reported to penetrate host tissues via trichomes (Nair and
Kommedahl, 1957, Mulligan et al., 1990). During F. lini infection of susceptible flax
(Linum usitatissimum) tissues hyphae entered through trichomes and became
abundant in xylem and phloem (Nair and Kommedahl, 1957). In resistant tissues
hyphae were 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 germplasm screening methods and crop management strategies

aimed at disease reduction.

1.10 Project Rationale

Since crown rot was first reported in Australia in 1951 (McKnight and Hart, 1966)
there has been intense research into establishing the identity of the causal fungus,
appropriate management practices and screening varieties for resistance. However, 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 studies have reported lines displaying lower susceptibility (Purss, 1966,

Wildermuth and Purss, 1971). This susceptibility is most frequently described by

observing visual symptoms on the seedling leaf sheaths and adult culms. Malligan

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

symptom development. This study used isolation techniques 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 examining F. pseudograminearum growth habits

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

The four major objectives of this study are outlined below.

1.

Produce a specific real time quantitative PCR assay for quantifying F.

pseudograminearum in plant tissues.

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

these applications is described in objective 2.

Examine cereal tissues affected by F. pseudograminearum crown rot using

traditional visual rating methods and real time quantitative PCR.

F. pseudograminearum disease symptoms are predominantly classified using
traditional visual rating methods. This forms the basis of selection of partially
resistant genotypes in wheat breeding programs. The questions this project

will seek to answer are:

Is real time quantitative PCR able to accurately determine fungal biomass in
infected tissues, potentially providing a more sensitive description of the
extent of infection than visual rating? This ability has important
consequences as quantitative PCR will be used to assess the ability of visual
rating methods to accurately describe infection. Thus the hypothesis

examined states that strong 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 tolerance to F. pseudograminearum colonisation?
The two rating systems were compared across partially resistant and
susceptible cereal genotypes. This allowed investigation of any ability for
genotypes to tolerate fungal presence, either without symptom development

or with reduced symptom development.

Do differences in crown rot infection 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 microscopic examination of diseased tissue.

Production of a novel, rapid staining technique allowing discrimination
between host and pathogen tissues enabled in-depth microscopic examination
of plant-pathogen interactions during crown rot infection. While the real time
quantitative PCR assay is limited to specific analysis of F.
pseudograminearum, the tissue staining technique has potential applications

in many other plant-pathogen interactions.

Microscopically examine the infection and colonisation of partially resistant
and susceptible cereal tissues by F. pseudograminearum during 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
internode tissues were particularly targeted (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 progresses. Internode tissues are used to assess disease
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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. It 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 and to a greater 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 will greatly extend the currently
limited knowledge of F. pseudograminearum growth 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 discolouration (Purss, 1966, Wildermuth and
McNamara, 1994). Several methods for inoculating seedlings and describing tissue
discolouration have been reported to demonstrate differences in resistance between
genotypes (Wildermuth and McNamara, 1994, Mitter et al., 2006, Li et al., 2008).
Using these methods, only partial resistance has been described in which a reduction
of symptoms, rather than absence, is observed.

The relationship between the discolouration of seedling tissues and quantity
of fungus has had relatively little attention. Malligan (2008) performed isolation
counts on infected cereal tissues by placing them on Czapek Dox Agar and counting
the colonies formed after one week. She reported that correlations between disease
rating and isolation scores from seedling tissues were all highly significant (R? =
0.7), with younger, less diseased tissues demonstrating the closest relationship. Time
after infection, ranging from 14 to 42 days after 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 interactions (Guo et al., 2006, Petrisko and
Windes, 2006, Hogg et al., 2007, Stephens et al., 2008). However, gPCR analysis of
F. pseudograminearum infection of wheat seedlings has not yet been reported.
Stephens et al. (2008) used gPCR to describe F. graminearum infection of wheat
seedlings of the susceptible cultivar Kennedy over a 49 day period. Three phases of
infection were reported, i) initial spore germination with formation 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 colonisation of the
internal crown tissue.

The primary purpose of this current work was to build on the initial re-
isolation studies of Malligan (2008). A gPCR assay was designed to allow accurate
quantification of F. pseudograminearum in infected tissues and allow comparisons of

fungal spread and proliferation between partially resistant and susceptible genotypes.
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Visual ratings of diseased tissues were assessed for their correlation with g°PCR

values.

2.2 Methods

2.2.1 Wheat Genotypes
Four genotypes of bread wheat varying in degree of crown rot resistance were chosen

for the seedling study:

e Puseas (Pusa 4//Three Seas) is a variety bred by Richard Soutter in 1939 and
was subsequently widely grown in Queensland (Purss, 1966, Skerman, 1990).
It is highly susceptible to crown rot (McKnight and Hart, 1966, Purss, 1966,
Malligan, 2008).

e 2-49 (Gluyas Early//Gala) is an experimental line selected due to its partial
crown rot resistance (Wildermuth and McNamara, 1994, Wildermuth et al.,
2001, Malligan, 2008).

e EGA Gregory (Pelsart/2*Batavia doubled haploid line) is a current
commercial variety released in 2005 which is described as moderately

susceptible/susceptible to crown rot (McRae et al., 2010).

o EGA Wylie (QT2327/Cook//QT2804), released 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 varieties adapted to

the northern grains region (McRae et al., 2010).

A detailed pedigree of these four genotypes is provided in Appendix 2A.

2.2.2 Planting
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 transferred to the surface of a5 cm x 5 cm x 10 cm pot,
filled to 2.5 cm below the rim with Premium Hi-Retention growing medium (Power
Blend, Narangba, QId). Seeds were then covered with a further 2.5 cm of growing

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

2.2.3 Inoculum Production
The highly aggressive F. pseudograminearum isolate A03#24, collected from Tara,

Queensland and characterised by Malligan (2008), was selected for inoculum
production. A single conidial culture was grown and maintained on spezieller
nahrstoffarmer (specific nutrient) agar (Nirenberg, 1976). Sub-cultures of this culture
were grown on starch nitrate agar (SNA) (Dodman and Reinke, 1982) in the dark at
25°C for fourteen days. SNA was selected as the growth medium for F.
pseudograminearum after 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 layers of cheesecloth 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 10° conidia/mL. The final suspension was stored for

a maximum of two months at -70°C before inoculation.

2.2.4 Inoculation and Harvest
Inoculation of horizontally laid fourteen day old seedlings was modified from

methods reported by Mitter et al. (2006). During testing it was found that a 10 pL
droplet of the 10° conidia/mL inoculum (reported by Mitter et al.) frequently rolled
off inoculated seedlings. A 6 pL droplet exhibited much greater adherence to the
plant tissue. Initially few disease symptoms resulted from this method, however,
after very gently rubbing the coleoptile of the seedling with a sterile toothpick before
placing the inoculum onto the area 0.5 cm behind the tip of the coleoptile, much
greater infection and tissue discolouration resulted. The coleoptile was a useful
infection point as it has been found to be highly susceptible across a range of
genotypes (Malligan, 2008) and allowed initial growth of the hyphae into enclosed
leaf sheath (LS) tissue without any mechanical stress to the LS. Control plants were

mock-inoculated with 6 pL of high purity water.
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After inoculation seedlings were placed in a growth chamber in the dark for
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 hour dark period at 15°C. Temperature and humidity during all experiments
were monitored by a Tinytag Ultra 2 TGU-4500 data logger (Gemini Data Loggers,

Chichester, UK). Plants were positioned in a randomised block design.

2.2.5 Visual Rating
At harvest each of the collected tissues was rated based on the percent brown

discolouration of the whole tissue and of tissue sections. The method for rating
discolouration was described by Wildermuth and McNamara (1994). Briefly, tissues
were rated for disease on a 0 to 4 scale. 0 = no visible discolouration, 1 = less than
25% discolouration, 2 = 25 to 50% discolouration, 3 = 51 to 75% discolouration and

4 = greater than 75% discolouration.

2.2.6 Time Course Harvest
Harvest of control and inoculated seedling material of the four wheat genotypes was

performed at 0, 1, 3, 5, 7, 14, 21, 28 and 35 days after inoculation (dai). Separately
harvested tissues included coleoptiles and separate LSs. The length of each LS was
recorded. Each time point was independently replicated. Duplicate samples at each
time point consisted of five plants. Tissues were harvested into pre-weighed

microfuge tubes. During harvest samples were kept on ice and then stored at -70°C.

2.2.7 Seedling Harvest for Sectioning
Seedlings of Puseas and 2-49 were harvested at 14 and 28 dai. Samples were

collected in groups of three plants, with three replicates at each time point. Each of
the time points were independently replicated. The seedlings were sectioned as
described in Table 2.1. Leaves 1-3 and leaves 1-4 were harvested at 14 and 28 dai

respectively. Secondary roots were only available at 28 dai.

40



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 Various®

LS Bottom (LSh)* 2
Secondary Roots® 2
SCP? Various®
Primary Roots? 2

% Indicates that tissue underwent qPCR analysis.
® Length range of 0 — 8.3 cm.
¢ Length range of 0 — 4.4 cm.

2.2.8 DNA Preparation
Lyophilised tissues were ground using a TissueLyser (Qiagen, Doncaster, Victoria)

and three tungsten-carbide beads. Samples with dry weights greater than 0.01 g were
sub-sampled into 0.005 to 0.01 g samples. A Qiagen DNeasy plant mini kit was
selected to perform DNA extractions after extensive assessment of several DNA
extraction procedures (Appendix 2C). Samples were eluted into 200 pL of Elution

buffer and stored at -4°C until required.

2.2.9 Primer Selection and Optimisation of PCR Conditions
Primers and probes were designed from GenBank sequences of F.

pseudograminearum and wheat (Triticum aestivum) using Primer3 (Rozen and
Skaletsky, 2000) or were sequences from published literature (Table 2.2 and Table
2.3). The sequences for primer pair Fp TEF1a.1 were provided by Di Hartley
(CSIRO). These sequences were assessed by a BLAST
(www.ncbi.nlm.nih.gov/BLAST) search of the GenBank nucleic acid database using
the Others (nr etc.) database: Nucleotide Collection (nr/nt). Primer and probe
sequences were also assessed for their GC content, potential primer dimer formation

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

which were tested on F. pseudograminearum and wheat DNA separately. Suitable
primer pairs for F. pseudograminearum and wheat were then combined and assessed
in multiplex reactions, using DNA extracted from infected LSs.

PCR was initially performed in 10 pL reactions (0.5 units Immolase DNA
polymerase (Bioline, Alexandria, New South Wales), 100uM dNTPs, 1x
Immobuffer, autoclaved MilliQ water), with various MgCl, (5 mM to 1 mM) and
primer (1 uM to 0.0625 puM) (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 temperatures
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 Rotor-Gene 6000 (Corbett Life
Sciences, Sydney, Australia). Reactions were performed in 25 pL reactions, with

9™ nucleic acid stain

reagents as previously described, except that 2 uM of Syto
(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 (60 - 66°C) for 30 sec and 72°C for 30 sec. Fluorescence was read after
each 72°C extension step.

DNA amplicons were observed on a polyacrylamide gel using a Gel-Scan
2000 instrument (Corbett Life Sciences, Sydney, Australia). This assessment resulted
in the selection of two pairs of primers, Fp TEF1a.2 and Wh TEFG.5, which were
specific for F. pseudograminearum and wheat, respectively, and were compatible in

a multiplex reaction.

2.2.9.2 Optimisation of the Multiplex Real Time Quantitative PCR Assay
Multiplex gPCR conditions were optimised for primer pairs Fp TEF10.2 and Wh

TEFG.5 and their respective dual labelled probes. The 5’-terminal of the F.
pseudograminearum probe was labelled with the reporter dye CAL Fluor® Gold and
the 3’-terminal with quencher BHQ®-1 (Biosearch Technologies, Novato,
California). The 5’-terminal of the wheat probe was labelled with the reporter dye
FAM and the 3’-terminal with quencher BHQ®-1 (Biosearch Technologies).
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These primer/probe sets were tested in singleplex and multiplex reactions
using a Rotor-Gene 6000. Negative controls and no template controls (NTCs) were
included during qPCR assessment. Primer and probe concentrations were optimised
for each set according to the multiplex results. Reactions were performed in 20 puL
volumes (autoclaved MilliQ water, 0.5 units Immolase DNA polymerase, 1x
Immobuffer, 2.5mM MgCl, 100uM dNTPs, 100-150 nM F. pseudograminearum
CAL Fluor® Gold labelled probe, 100-150 nM wheat FAM labelled probe, 0.0625-
0.5 uM of the F. pseudograminearum and wheat primers and 5 uL of DNA
template). Thermal cycling conditions consisted of 10 min at 95°C and 50 cycles of
95°C for 15 s and 60-66°C for 1 min. The final multiplex real time gPCR assay is

described below.

2.2.9.3 Confirmation of PCR Products
F. pseudograminearum and wheat fragments from primer sets Fp TEF10.2 and Wh

TEFG.5 respectively, were cloned using pPGEM®-T Easy Vector System 11
(Promega, Sydney, Australia) and sequenced to confirm that the sequence amplified
matched that reported on the GenBank nucleic acid database. Briefly, PCR products
were run in a 1.2% agarose gel for 30 min. Fragments were viewed using an
ultraviolet transilluminator (Ultra-Lum Electronic UV Transilluminator, California,
USA) and the gel containing the fragments was removed using a scalpel. Fragments
were cloned into JM109 cells using the recommended kit procedure and sent to the

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

Primer Name Forward Primer (5°-3") Reverse Primer (5°-3") Fragment Size (bp) Probe Sequence (5°-3") GenBank No.
Fp TEFla.1 ATCATTCGAATCGCTCGACG AAAAATTACGACAAAGCCGTAAGAA 82 ACTCGACACGCGCCTGTTACCC DQ382162
Fp B tubulin AGCTCACGCGTTTAGGCCTCCGGTA AGCTGTCCGAAGGGACCAGCACGA 107 - DQ382227
Fp TEFla.2 ATCATTCGAATCGCTCGACG AAAAATTACGACAAAGCCGTAAAAA 82 ACTCGACACGCGCCTGTTACCC DQ382162

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

Primer Name Forward Primer (5°-3") Reverse Primer (5°-3") Fragment Size (bp) Probe Sequence (5-3") GenBank No./Reference
Glud CGTTGGCACCGGAGTTG TCACCGCTGCATCGACAT 101 - Terzi et al. (2003)
Wh TEFla GGGTCATGTTCCTAATTTGTTAGC GCGACATATAAATATTCCACACGA 149 TGCAAGCTCGCAATACCGAATCATC  M90077
Puroindoline-b ATTTTCCATTCACTTGGCCC TGCTATCTGGCTCAGCTGC 92 - Li et al. (2004)
Actin GGAAAAGTGCAGAGAGACACG TACAGTGTCTGGATCGGTGGT 150 - Lu et al. (2005)
Wh TEFG.1 CGT GAA GGATTG AGG AAAGC ACATCACCC AAATGCTCCTC 89 GGCCCACGACTCCTGGAACCTATAA DQ247872
Wh TEFG.2 CTTCCGTGAAGGATTGAGGA CCTCTTCTAGAGTTCAAGTCACCA 120 TGGCCCACGACTCCTGGAACCTATA  DQ247872
Wh TEFG.3 TCCGTGAAGGATTGAGGAA CCTCTTCTAGAGTTCAAGTCACCA 118 TGGCCCACGACTCCTGGAACCTATA  DQ247872
Wh TEFG.4 TCCGTGAAGGATTGAGGAA CCTCTTCTAGAGTTCAAGTCACCAA 118 TGGCCCACGACTCCTGGAACCTATA  DQ247872
Wh TEFG.5 TCCGTGAAGGATTGAGGAA GTCCTCTTCTAGAGTTCAAGTCACC 120 TGGCCCACGACTCCTGGAACCTATA  DQ247872
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2.2.9.4 Primer Specificity and Sensitivity
The species specificity of the F. pseudograminearum primer/probe set was tested on

various Fusarium species visually identified and supplied by Phillip Davies
(University of Sydney) (Table 2.4). F. pseudograminearum isolate A03#24 and F.
pseudograminearum isolates used by DEEDI researchers at the Leslie Research
Centre, Toowoomba were also assessed.

Specificity of both primer/probe sets were further tested across pure DNA
from multiple bread wheat genotypes (Triticum aestivum) as well as single genotypes
of durum wheat (Triticum turgidum durum) and barley (Hordeum vulgare) (Table
2.4).

The sensitivity of the primer/probe sets was tested using DNA quantities in a
range from 1000 to 0.0001 ng using either pure F. pseudograminearum or wheat
DNA or combined DNA extracted from infected LSs. This allowed the optimum

quantities for producing precise linear regression models to be determined.

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

water, 0.5 units Immolase DNA polymerase, 1x Immobuffer, 2.5mM MgCl, 100uM
dNTPs, 150nM F. pseudograminearum CAL Fluor® Gold labelled probe, 150nM
wheat FAM labelled probe, 0.25uM forward and reverse primers for both organisms
and 5 pL of DNA template.

Multiplex real-time qPCR was performed using 50 pL tubes in a 72 tube
rotor of a Rotor-Gene 6000. Thermal cycling was completed in 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 Rotor-Gene 6000 series software collected data for both reporter dyes
every 0.15 s from each tube, generating a fluorescence profile for each 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 designed to be included in multiplex PCR as
both an internal positive control and for normalisation purposes. Normalisation of
gPCR results was performed using two methods. After g°PCR, normalised estimates

of F. pseudograminearum colonisation of wheat tissue were obtained by dividing the
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quantity of F. pseudograminearum DNA by either the quantity of wheat DNA (ng
Fp / ng wheat) or the original extracted sample dry weight (ng Fp / g). These are
referred to individually as the Fp per wheat DNA and Fp DNA per weight methods,
respectively, or collectively as qPCR values within this document.

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

separate PCR assays. Samples were compared using Fp per wheat DNA results.

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

genomic DNA standards (positive/negative) for both F. pseudograminearum and
wheat. Serial dilutions of pure genomic wheat DNA and pure genomic F.
pseudograminearum DNA standards were run in duplicate. DNA concentrations of
wheat and F. pseudograminearum standards were determined spectrophotometrically
by measuring optical density at 260 nm using a nanophotometer (Implen, Munich,
Germany). Samples were diluted into four 10-fold serial dilutions for F.
pseudograminearum DNA (10 ng to 1 pg) and three 10-fold serial dilutions for wheat
DNA (100 ng to 100 pg). Standard curves for both F. pseudograminearum and wheat
were generated by plotting known DNA amounts against the Ct calculated by the
Rotor-Gene 6000 software in order to produce a regression equation. Unknown

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

2.2.11 Statistical Methods
Comparisons between arcsine square root transformed visual and gPCR ratings of

individual genotypes were performed using a one-way ANOVA with the Levene
Statistic from the Test of Homogeneity of Variance and the multiple comparisons
Tukey HSD test in SPSS 17.0. Weights and LS lengths of control and infected
tissues were compared using a two-tailed paired sample t-test in SPSS 17.0. All tests
used o = 0.05. Pearson’s Correlation Coefficients (two-tailed) were calculated in
SPSS 17.0. The strength of each correlation was reported using the system described
by Fowler et al. (1998).
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2.3 Results

2.3.1 PCR Optimisation

Wheat primer/probe set Wh TEFG.5 and F. pseudograminearum primer/probe set Fp
TEF1a.2 were selected as the most compatible combination during multiplex gPCR
assessment. These were based on sequences of translation elongation factor G and
translation elongation factor a, respectively. Both sets required similar optimum PCR
conditions and were specific to their target host (Table 2.4), 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 gPCR assay. F. pseudograminearum was
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 of 4 orders of magnitude (Figure 2.1). The liner regression
correlations between Ct and known DNA quantities were high for both F.
pseudograminearum and wheat (R%>0.99).

Normalisation of samples served to adjust the F. pseudograminearum DNA
estimates of colonisation for differently sized tissue samples and sample-to-sample
variation in both DNA extraction and PCR amplification efficiencies (Winton et al.,
2002).

Intra- and inter-assay precision in PCR efficiency for this assay was high
(Figure 2.2), demonstrating the reproducibility within and between individual g°PCR
assays. Pipetting accuracy was improved by using “MAXYmum Recovery” pipette
tips (Axygen, California, USA).
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Table 2.4. Fusarium and cereal species assessed using the F. pseudograminearum and wheat

primer/probe sets.

Species Number Tested Fp primers® Wheat primers®

N

. compactum?

. crookwellense®

. culmorum? - -
. equiseti®

. poae?

. proliferatum?
. scirpi®

. semitectum®

. pseudograminearum’

m T T T T T M M M T

. graminearum?

Triticum aestivum

= O O 0 N NN N NN NN DM DN
1
1

Triticum turgidum durum - +

Hordeum vulgare 1 - -

% Fusarium species visually identified and supplied by Phillip Davies (University of
Sydney).

°F. pseudograminearum included 5 isolates visually identified and supplied by
Phillip Davies (University of Sydney) and 3 isolates from the LRC, DEEDI
collection.

° “+ indicates a positive while ‘-* indicates a negative PCR result for that

primer/probe set.
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Figure 2.1. a, Normalised fluorescence curves of five 10 fold serial dilutions of F.
pseudograminearum DNA. b, Standard curve produced by plotting Ct against quantity of DNA
in each standard dilution. Calculations and graphs were created using the Rotor-Gene 6000
Series Software 1.7.
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Figure 2.2. Intra- and inter-assay variability of samples 38 and 94. Columns represent the
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2.3.2 Time Course

The three different rating methods (visual, Fp per wheat DNA and Fp 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 values of these tissues was exponential from 1 to 7 dai, however
differences between genotypes were inconsistent (data not shown).

Visual ratings and gPCR values indicated significant differences between
genotypes from 14 dai (Figure 2.3, Figure 2.4 and Figure 2.5). This proved the most
discriminating time to assess resistance using visual ratings. Visual discolouration
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 qPCR could discriminate between partially resistant and
susceptible genotypes. gPCR values at both 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 genotypes from 14 to 28 dai (Figure 2.6). In most
cases LS1 and 2 were not useful indicators of resistance. The visual ratings of these
tissues rapidly reached the maximum 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 gPCR. Significant differences between Puseas and 2-
49 were more consistent using the Fp DNA per weight method than the Fp per wheat
DNA method.

gPCR values showed exponential growth over a period of time in each LS,
however growth reached a plateau phase in 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 for the Fp per wheat DNA
method were very strong, while those of the Fp DNA per weight method were strong
(Table 2.5 and Table 2.6). The gradients of the linear relationships were greater in

the susceptible Puseas than in the partially resistant 2-49.
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While 2-49 is considered to have greater resistance than Wylie and Gregory,
this was not reflected as a statistically significant difference in fungal DNA content.
The mean values for 2-49, however, were predominantly the lowest among the four

genotypes for each tissue across the times assessed (Figure 2.6).
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dai, (c) 21 dai, (d) 28 dai and (e) 35 dai. Columns represent the standard error of the mean of
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Table 2.5. Coefficients of determination (R?) and associated gradients of the log of normalised
Fp per wheat DNA values of combined LS1, 2, 3 and 4 over 7-28 dai.

7-28dai  R®  Gradient
2-49 0.98 0.066
Gregory 0.94 0.092
Puseas  0.99 0.094
Wylie  0.94 0.083

Table 2.6. Coefficients of determination (R?) and associated gradients of the log of normalised
Fp DNA per weight values of combined LS1, 2, 3 and 4 over 7-35 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

2.3.2.1 gPCR normalisation using host DNA

During assessment the two methods for normalisation of qPCR results were
compared. Both methods were strongly correlated at 7 to 28 dai (Error! Reference
ource not found.) and reported similar results when comparing partially resistant
and susceptible genotypes, however, with increasing time periods after inoculation
the Fp per wheat DNA method became less sensitive at distinguishing partially
resistant tissues from susceptible tissues compared to the Fp DNA per weight
method. The reliance of the Fp per wheat DNA 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 comparison between the wheat DNA present in control and infected LS2
tissues demonstrated that the PCR target wheat DNA decreased over time as tissues
began to senesce. The rate of degradation was not greater in infected tissues (Figure
2.7). A visual assessment of DNA quality was performed using gel electrophoresis
(data not shown) and no differences in quality, indicated by laddering on the gel,

were observed between infected and uninfected tissues.
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Table 2.7. Correlation coefficients (r) for LS1, LS2, LS3 and LS4 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 r
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 significant at the 0.01 level (two-tailed).

*Correlation is significant at the 0.05 level (two-tailed).
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Figure 2.7. Change in quantities of wheat DNA in control LS2 tissues and of both wheat and Fp
DNA in infected LS2 tissues of (a) 2-49, (b) Gregory, (c) Puseas and (d) Wylie from 7 to 35 dai.
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2.3.2.2 Correlation of visual and gPCR data

The infection levels described using gPCR were most strongly correlated to visual
ratings at 14 dai, with the Fp per wheat DNA method having a slightly stronger
correlation than the Fp DNA per weight method (Figure 2.8). The strongest
combined coefficient of determination was no greater than 0.8. Correlations between
gPCR and visual ratings became weaker over time (Error! Reference source not
ound.). This was most obvious in LS1. The strong correlations for LS4 at 14 dai
were due to very low infection values, particularly values 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. Correlations were
frequently strongest in younger tissues undergoing initial disease development, 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 values. A consistent trend of increasing visual

ratings and gPCR values was observed from 7 to 35 dai (Figure 2.9).
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2.3.3 Comparison of control and infected LS weights

Comparison of dry weights of control and infected LSs revealed that infected
LSs were heavier than their control counterparts in all genotypes (Figure 2.10). In
some cases this was a significant difference (Table 2.8). Significant increases in
weight were most frequent in LS1 and LS2. LS5 in Puseas was the only tissue which
recorded a weight significantly less than the control, possibly due to stunting or
delayed development in response to disease challenge. The 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 during infection (Appendix 2D). Estimated weight of F.
pseudograminearum hyphae 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 tissue (Figure 2.11).
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Figure 2.10. Weight difference of infected LS1, 2, 3, 4 and 5 from control LSs of (a) 2-49, (b)
Gregory, (c) Puseas and (d) Wylie from 7 to 35 dai. The weight of control tissues is represented
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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) Wylie. Letters indicate significant differences
(p<0.05). a = no significant difference, b = significantly higher and ¢ = significantly lower.

a: 2-49 7 dai 14 dai 21 dai 28 dai 35 dai
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 14 dai 21 dai 28 dai  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 14dai  21dai 28dai  35dai
LS1 4.3a 2.7a 7.2b 1.7a 6.7a
LS2 7.3b 7.8a 12.2a 5.4a 12.2a
LS3 3.4a 3.7a 8.0a 6.5a 10.1a
LS4 - -12.1a  -13.1a  -5.7a 6.9a
LS5 - - - -18.7c  -10.8a

d: Wylie 7 dai 14 dai 21 dai 28 dai 35 dai

LS1 2.4a 2.7b 1.6a 2.2a 4.1a
LS2 1.5b 4.3a 2.9a 6.7b 6.4a
LS3 2.1a 2.3a 5.1a 6.4b 4.7a
LS4 - 1.6a 0.2a 8.4a 3.7a
LS5 - - - 1.6a 11.0a
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2.3.4 Seedling Sectioning

Sections of LSs and tissues of sub-crown internodes (SCI), primary roots and
secondary roots were compared for visual discolouration and fungal DNA content in
2-49 and Puseas at 14 and 28 dai. Visual discolouration was present in all tissue
types for both 2-49 and Puseas at 14 dai (Figure 2.12). gPCR confirmed the presence
of F. pseudograminearum in these tissues. Significant differences between these two
genotypes were few and inconsistent (data not shown), however it appeared that
Puseas generally showed higher infection levels than 2-49. Colonisation increased
from 14 to 28 dai (Figure 2.13). SCI and root colonisation did not differ between the
two genotypes (Figure 2.12 and Figure 2.14). The SCI contained moderate quantities
of F. pseudograminearum, while the primary roots were very lightly infected.
Infection of the LSs was greatest towards the lower (proximal) end of the sheath and
minimal towards the top (distal) end of the LS. Discolouration of the LSs was
progressively less in the younger LSs. Leaf blade colonisation was generally
restricted to the very base of the blade. This was highlighted by gPCR.

At 14 dai LS1 contained similar levels of F. pseudograminearum infection
between the two genotypes, while growth of F. pseudograminearum was more
extensive in Puseas in LS2 and LS3. 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.

Infection at 28 dai revealed similar trends to those recorded at 14 dai.
Colonisation levels of secondary roots were similar to those in primary roots. The

upper LS and 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 susceptibility and assessing other characteristics
involved during colonisation, such as the extent of disease symptom expression.
Compared to traditional quantitative methodologies, which rely on culturing the
pathogen from infected tissues, real time qPCR is a more accurate and rapid method,
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 information on the relationship between symptom
expression and the extent of fungal colonisation in different genotypes.

Visual rating of discolouration due to crown rot is the most common method
used to describe resistance (Purss, 1966, Wildermuth and McNamara, 1994,
Malligan, 2008). Examination of the relationship between visual discolouration and
quantity of fungus has had limited examination. Malligan (2008) reported that the
correlation between visual ratings and re-isolations of the pathogen from infected
tissues was highly significant. However, this methodology is only semi-quantitative
and may be insensitive to both low and very high fungal load. In contrast, the use of
gPCR in the current study resulted in accurate quantitation of the amount of fungal
DNA in the infected tissue.

The strongest correlation between visual rating and gPCR data occurred at 14
dai; this greatly decreased at later time points, however visual ratings and gPCR
values were always positively correlated. This demonstrates that the visual rating
method was able to report fungal colonisation in a similar manner to qPCR, however,
the timing of 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 quantities of fungal DNA, indicating that there is no tolerance to
presence of the fungus.

Periods earlier than 7 dai did not reveal differences in resistance and
significant differences did not occur until 14 dai. This suggests that resistance
mechanisms did not immediately affect growth of F. pseudograminearum. From 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
between tissues. It is interesting to note that Wylie and Gregory, considered to be
moderately resistant and moderately susceptible respectively, were not significantly
different from 2-49 at any time point, demonstrating the continuing difficulty in
accurately differentiating moderate resistances and susceptibilities in seedling
tissues. A likely contributing factor to reported differences in resistance is the
variation in adult resistance, rather than seedling resistance, between these
genotypes.

Each of the three rating methods (visual rating; F. pseudograminearum DNA
content relative to host DNA; and F. pseudograminearum DNA content relative to
the dry weight of tissue) was able to determine significant differences between
partially resistant and susceptible genotypes, however the period most effective for
describing differences between partially resistant and susceptible genotypes varied
between rating methods. In contrast to visual rating, gPCR differentiated the degree
of colonisation between 2-49 and Puseas from 14 to 35 dai. The reason for the
difference between rating methods at 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 gPCR method. The continuous scale used in
gPCR enabled a range of time points after infection to be accurately assessed. This
indicates that even after maximum symptoms are expressed the fungus still increases
its concentration in the tissues.

The normalised Fp DNA per weight method proved to be the most sensitive
approach for reporting differences in fungal DNA content between genotypes. This
method reported on only one variable, F. pseudograminearum DNA, and used dry
weights as a known constant between samples. This was more reliable than host
DNA, which varied between tissues and with age of plant. While the Fp per wheat
DNA method produced significant differences between the partially resistant 2-49
and Puseas, the variation in wheat DNA between wheat plants, and particularly
between LSs, inhibited its sensitivity for determining differences in resistance. The
importance of retaining the wheat primer—probe system was to allow wheat DNA to
serve as an internal positive control in each reaction, eliminating the potential for
false negatives.

It was interesting that the rate of degradation of the target wheat DNA was

not different between the infected and control LS2 tissues. It has been demonstrated
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that response to infection may lead to cleavage of nuclear DNA into
oligonucleosomal fragments during certain plant-pathogen interactions (Ryerson and
Heath, 1996, Hietala et al., 2003), however this was not observed during F.
pseudograminearum infection of LSs. The target DNA in the current study was only
120 bp, yet it obviously became degraded in both susceptible and partially resistant
tissues under control and inoculated conditions. This suggests that the decrease in
host target DNA is due to natural senescence.

In contrast to Stephens et al. (2008), the current study did not detect the
different phases of infection observed for F. graminearum infections. Instead a
general exponential increase in F. pseudograminearum DNA was observed from 1 to
28 dai. A plateau phase was similarly reported by both studies at 35 dai, where it
appears fungal increase can no longer be supported in the heavily infected tissues.
Malligan (2008) similarly reported that the number of isolations from LSs at later
harvest times was often lower than earlier harvests. The exponential phase was
present in partially resistant and susceptible genotypes, however, the rate of increase
was less in the partially resistant genotype than in the susceptible genotype,
indicating a slower rate of colonisation. This is supported by infection data for
individual LSs, with 2-49 having less infection in younger tissues than Puseas. This
effect has frequently been reported (Purss, 1966, Malligan, 2008).

In further contrast to Stephens et al. (2008), who stated that crown rot
symptom development occurs slowly, usually taking 4 to 8 weeks to become visible,
the current study observed discolouration 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 14 dai. Stephens et 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 (Desmond et al., 2008). As both studies used a similar droplet inoculation
procedure, the contrast is more likely due to the differing pathogenicities of F.
pseudograminearum and F. graminearum, the latter of which is isolated only
infrequently from wheat tissues expressing symptoms of crown rot (Backhouse et al.,
2004).

Characterising and monitoring the spread of F. pseudograminearum hyphae
during seedling infection has clarified which tissues are the important targets during

crown rot infection. All seedling tissues could be infected by 14 dai after inoculation
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of the coleoptile, indicating that the hyphae are able to spread down the coleoptile to
the primary roots, as well as up the LS to the base of the leaf blade (LB). gPCR
indicated that the lowest 2 cm of a LS was the area of greatest hyphal proliferation.
Using fungal isolation procedures, Malligan (2008) reported a similar result.
Colonisation of this area likely 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 SCI. Infection of the primary roots, secondary roots and base of the
leaf blade was, by comparison, very limited. Liddell (1985) reported that F.
pseudograminearum caused severe discolouration of the SCI, the LSs and the culm
bases. However, there was no effect on the primary roots or secondary roots. Liddell
(1985) also reported that infection (indicated by discolouration) of the LS typically
extended only to the very base of the LB, and this has been confirmed by the qPCR
results in the current study. Small, isolated, distinct lesions on the LB were
occasionally observed on distal regions of the blade, 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 subtending 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 pathogen infection.

The increase in the dry weights of infected LS tissues was an unexpected
observation. In contrast, Miedaner (1988) provided evidence that infection of wheat
seedlings by F. culmorum caused significant reduction of root and shoot dry weights.
The increase in dry weight was ubiquitous in infected LS1, 2 and 3. Potential effects
of disease such as causing an increase in LS length or the weight of F.
pseudograminearum hyphae being the cause of the increased weight were excluded.
While a modest correlation was observed between amount of F. pseudograminearum
present and weight increase, the magnitude of the weight difference was much
greater than that of potential hyphal mass. Furthermore, the weight difference did not
continue to increase at later harvest times, even though hyphae continued to
proliferate. Significant differences in weight were more common in 2-49 and
Gregory, however, this phenomenon was also observed in Wylie and Puseas,
suggesting it may not be a form of resistance but rather a non-specific reaction 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, such as lignin (Vance et al.,
1980), cellulose (Dickson et al., 1923) and silicon (Fauteux et al., 2005) are
required.
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Chapter 3 : Adult Infection

3.1 Introduction

Rating of crown rot disease in seedling tissues has become popular due to its rapid
nature and the ability to grow large quantities of seedlings in controlled growth
environments (Wildermuth and McNamara, 1994, Mitter et al., 2006, Li et 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. Assessment of crown
rot of adult tissues in field trials has varied over time, with the original methods
measuring percent deadheads or diseased culms (McKnight and Hart, 1966, Purss,
1966) being replaced by systems recording actual amounts of visual discolouration
(Wildermuth and McNamara, 1994, Wallwork et al., 2004).

While visual discolouration is used as a measurement of resistance, this
relationship has been poorly described. Malligan (2008) performed the first
experiments relating visual symptoms to isolation counts of F. pseudograminearum
from infected tissue. At the time these field studies were performed (2000-2001)
appropriate quantitative PCR (qPCR) methods were not available. Correlations of
visual disease rating and isolation counts were strong at approximately 16 weeks
after planting (r = 0.7) in several field trials. Symptoms of crown rot disease were
observed in all genotypes with severity of symptoms and re-isolation of F.
pseudograminearum from infected tissue increasing over time. Genotypic
differences were observed in both visual discolouration and in the extent of fungal
colonisation, with the development of discolouration on internodes being delayed in
partially resistant genotypes. It is interesting that while assessment of crown rot in
field trials is usually conducted on mature plants, the weakest correlation between
disease rating and isolation data was seen at maturity (r = 0.4). While genotypic
differences were still detected by Malligan (2008) in certain tissues at maturity, the
most consistent differences were recorded approximately 16 weeks after planting.
She stated that the period between flowering and seed formation was the most
appropriate time to test for genotypic differences 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.

Hogg et al. (2007) evaluated field grown spring and durum wheat inoculated with F.
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pseudograminearum using primers and probes specific for a segment of the
trichodiene synthase gene. This amplified DNA of F. graminearum, F. culmorum
and F. pseudograminearum. Two weeks prior to harvest, plants were collected and
visually assessed for crown rot severity and analysed by gPCR for Fusarium DNA
quantities. Visual disease and Fusarium DNA quantities were positively correlated
with each other for all three genotypes assessed in 2004 (R? =~ 0.6) however, a
positive correlation only occurred for the durum wheat in 2005. Hogg et al. (2007)
further analysed relationships between crown rot infection and grain yield, reporting
that yields for two spring wheat genotypes were negatively correlated with Fusarium
DNA quantities in 2004. Both visual and gPCR measurements were comparable in
predicting yield reduction. This was the first published report which indicates that
gPCR is effective in measuring crown rot severity in wheat.

It is important to note that variation in the extent of infection between
experiments, predominantly due to environmental conditions, greatly altered
correlations between visual ratings, fungal biomass and yield. The effect of differing
temperatures and moisture levels between field trials and years was highlighted by
both Hogg et al. (2007) and Malligan (2008) as a major source of variation in
infection.

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

between host genotypes were greatest.

3.2 Methods

Field trials were conducted during 2009. One trial was conducted at the Leslie
Research Centre (LRC) Experimental Farm at Wellcamp, 9kms west of Toowoomba.
The other, a plus and minus inoculum experiment, was performed in field plots at the

LRC site in Toowoomba.
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3.2.1 Cereal 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 resistances (Table 3.1).

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

Genotype APR! Species
2-49%° MR-R  Triticum aestivum (bread wheat)
EGA Wylie” MR Triticum aestivum (bread wheat)
Grimmett® MS Hordeum vulgare (barley)
Puseas® S Triticum aestivum (bread wheat)
EGA Bellaroi® VS Triticum turgidum durum (durum wheat)

'Adult Plant Rating = Resistance Rating: VS - Very Susceptible, S - Susceptible,
MS-S - Moderately Susceptible-Susceptible, MS - Moderately Susceptible, MR —
MS - Moderately Resistant-Moderately Susceptible, MR - Moderately Resistant, MR
— R - Moderately Resistant- Resistant, R - Resistant, VR - Very Resistant. Field-
based crown rot rankings according to McRae et al. (2010) and personal
communication from Dr. Damian Herde (DEEDI).

%Genotypes assessed in the Wellcamp field trial.

"Genotypes assessed in the LRC field trial.

3.2.2 Inoculum Production

Methods of inoculum production can be found in detail in Appendix 3A. Briefly,
mycelium of F. pseudograminearum was added to a flask containing saturated,
autoclaved millet seed and incubated at 23°C for 11 days. After this initial incubation
the colonised grain was placed on a tray in a growth cabinet in the dark at 25°C.
After 4 days clumps in grain were broken up 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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3.2.3 Inoculation and Tissue Collection

3.2.3.1 Wellcamp

The Wellcamp field block had been maintained 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 delivered to each furrow at planting via a
fertiliser applicator. A field plan for Wellcamp detailing the layout of the genotypes
is in Appendix 3B. Genotypes were planted as paired 3 m single row plots with 5 g
of seed planted per plot. Each paired plot was replicated. 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, A05#49 and A05#54, provided from the Leslie Research Centre
collection. Due to a long history of crown rot in this field it was assumed that
numerous other isolates were present.

A selection of the available genotypes underwent examination (Table 3.1).
Plants were collected at 10, 16 and 22 weeks after planting (WAP). At 10 WAP leaf
sheaths, coleoptiles, SCls and IN1 tissues were combined into two groups of 5. The
16 and 22 WAP time points approximately coincided with anthesis and maturity,
respectively. Typically, five plants from each replicate were collected at each time
point. Visual rating and gPCR analysis was performed on the individual IN1, IN2
and IN3 tissues of the main culm of four of these plants at 16 and 22 WAP. The

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

3.2.3.2 Leslie Research Centre

Three metre paired plots, being either plus or minus inoculum, of 2-49, Puseas and
Wylie were hand planted in soil assumed to be free of natural F. pseudograminearum
inoculum (soil cores not tested). The planting plan is in 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. Inoculum was produced from the single isolate
A03#24.

Five plants of each treatment were collected at 10, 16 and 22 WAP. IN1, IN2
and IN3 of the primary culm of each plant underwent visual and gPCR analysis.

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

At harvest (10, 16 and 22 WAP) collected culms were rated based on the percent of
brown discolouration of each internode (IN). LS, SCI, coleoptile, and crown tissues
were also collected and rated at 10 WAP. The method for rating discolouration was
described by Wildermuth and McNamara (1994). Briefly, tissues were rated for
disease on a 0 to 4 scale. 0 = no visible discolouration, 1 = less than 25%
discolouration, 2 = 25 to 50% discolouration, 3 = 51 to 75% discolouration and 4 =
greater than 75% discolouration. Separated INs (sectioned from the top of the lower

node to the top of the higher node) were placed into microfuge tubes.

3.2.5 DNA Preparation

Lyophilised tissue samples with dry weights of more than 0.02 g were sub-sampled
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
extraction protocol (Appendix 2C). DNA was eluted in 200 pL of DNA Rehydration

Solution.

3.2.6 Multiplex Real Time Quantitative PCR Conditions

This was as described in Chapter 2, Section 2.2.10.

3.2.7 Statistical Analyses

Comparisons between arcsine square root transformed visual or gPCR values of
individual genotypes within time points were performed using a one-way ANOVA
with the Levene Statistic from the Test of Homogeneity of Variance and the multiple
comparison Tukey HSD test in SPSS 17.0. Comparisons between time points were
performed using an independent samples t-test in SPSS 17.0. For comparison tests o
= 0.05. Pearson’s Correlation Coefficients (two-tailed) were calculated in SPSS 17.0.
The strength of each correlation was reported using the system described by Fowler
et al. (1998).
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3.3 Results

gPCR results are reported using only the normalised by extracted weight (ng Fp / g)
method. This is firstly due to the consistency of the Fp DNA per weight method in
Chapter 2, Section 2.3.2. The 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 wheat primer/probe reaction was still included as an internal positive

control for the bread and durum wheat samples.

3.3.1 Wellcamp

3.3.1.1 10 WAP
At 10 WAP visual ratings of LS, SCI, coleoptile, crown and IN1 tissues of 2-49,

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

the other genotypes was observed.

3.3.1.2 16 WAP

Visual rating values at 16 WAP (approximately anthesis) revealed significant
differences between the genotypes (Figure 3.1a). 2-49 was the least discoloured in all
INs. IN1 of 2-49 was significantly less discoloured than IN1 of Puseas and Bellaroi.
IN1 of Grimmett was not significantly different from any of the other genotypes.
Discolouration of IN1 in Puseas and Bellaroi had reached the maximum value by 16
WAP. Discolouration of IN2 indicated that 2-49 was significantly less discoloured
than Puseas and Bellaroi. IN3 showed no discoloration in 2-49. As a general
assessment IN1 was similarly affected in Puseas and Bellaroi, however the extent of
symptoms in IN2 and IN3 was greater in Bellaroi than in Puseas. Grimmett was less
discoloured than Puseas and Bellaroi but more than 2-49. Spread of discolouration
had risen beyond IN3 for some culms, particularly Bellaroi, and discolouration was
associated with presence of fungal DNA. Due to lack of symptoms on similar tissues

of the other genotypes this data was not used for comparison.
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gPCR revealed differences between genotypes similar to the visual data
(Figure 3.1b). Colonisation of IN1 on 2-49 was significantly less than Puseas and
Bellaroi, while colonisation of IN2 on 2-49 was only significantly less than Bellaroi.
In general, 2-49 showed the 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 have much less colonisation than Bellaroi,
actually being at a level closer to Grimmett. IN3 values revealed much greater mean
colonisation for both Puseas and Bellaroi than 2-49 and Grimmett. High levels of
variation occurred within genotypes.

Combined values of IN1, 2 and 3 at 16 WAP were the best indicator of
differences in discolouration and colonisation between partially resistant and

susceptible genotypes (Figure 3.2a, b).

3.3.1.3 22 WAP

Visual ratings of IN1 at 22 WAP (maturity) were significantly less for 2-49
compared to the other three genotypes (Figure 3.1c). At IN2 only 2-49 and Bellaroi
were significantly different. Differences between the other three genotypes were
absent in both IN1 and IN2. IN3 revealed no differences between any genotypes.

gPCR of IN1 demonstrated that colonisation of this tissue was similar for
each genotype (Figure 3.1d). No significant differences between genotypes were
reported for IN2 and 3. This is predominantly due to the large degree of variation
within genotypes. In general, however, 2-49 had the least colonisation of IN2.
Colonisation of IN2 in the other three genotypes was similar. Colonisation of IN3
was highly 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

susceptible and susceptible genotypes (Figure 3.2c, d).
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Figure 3.1. Visual ratings of crown rot symptoms (a and c¢) and gPCR values (b and d), of IN1,
IN2 and IN3 of four cereal genotypes at 16 WAP (a and b) and 22 WAP (c and d). Columns
represent the standard error of the mean of eight replicates. Different letters indicate significant
differences (p<0.05).
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Figure 3.2. Combined visual ratings of crown rot symptoms and qPCR values, respectively, of
INZ1, 2 and 3 of four cereal genotypes 16 WAP (a and b) and 22 WAP (c and d). Columns
represent the standard error of the mean of eight replicates. Different letters indicate significant

differences (p<0.05).
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3.3.1.4 Comparison between 16 and 22 WAP

Combined visual rating values demonstrated that visual discolouration of 2-49 and
Grimmett slightly, but not significantly, increased from 16 to 22 WAP (Figure 3.3).
In contrast, the visual rating values of Puseas slightly, but not significantly,
decreased while visual ratings of Bellaroi significantly decreased. The greatest areas
of discolouration were related to time exposed to infection, with IN1 being the most
affected, followed by IN2 and IN3. The decrease in visual discolouration observed in
Puseas and Bellaroi was due to differences in IN2 and IN3. Overall, differences in
infection between genotypes were most obvious before maturity, at 16 WAP (Figure
3.2).

10 2-49 Grimmett Puseas Bellaroi

8 - i _ i
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s 67 1 i i =IN3
o
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Figure 3.3. Combined visual ratings of crown rot symptoms of IN1, 2 and 3 of four cereal
genotypes at 16 and 22 WAP. Columns represent the standard error of the mean of combined

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

Combined gPCR values revealed similar overall trends to the visual data (Figure
3.4). Colonisation of 2-49 and Grimmett did not alter between 16 and 22 WAP,
however both Puseas and Bellaroi showed a significant decrease in fungal DNA
content. The decrease in Puseas was primarily due to a decrease in fungal content in
IN1. The decrease in Bellaroi was due to a decrease in fungal content in both IN1
and IN2.
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Figure 3.4. Combined gPCR values of IN1, 2 and 3 of four cereal genotypes at 16 and 22 WAP.
Columns represent the standard error of the mean of combined IN values of eight replicates.

Different letters indicate significant differences (p<0.05).

3.3.1.5 Visual versus Normalised gPCR Values

At 10 WAP infection of IN1 was limited and thus was not included in this analysis.
Comparisons between visual and normalised qPCR values were performed on 16 and
22 WAP tissues (Figure 3.5). Separate INs at 16 WAP had modest to strong
correlation coefficients but they were each less than the strong combined IN
correlation where visual discolouration explained at least 74% of the gPCR data
(Table 3.2). Separate INs at 22 WAP had very weak to weak correlation coefficients
and they were each less than the modest combined IN correlation where visual

discolouration explained 34% of the qPCR data.
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Figure 3.5. Linear correlation of crown rot symptoms of visual ratings and gPCR values for
combined totals of INs 1, 2 and 3 of four cereal genotypes at (a) 16 WAP and (b) 22 WAP.

Table 3.2. Correlation coefficients (r) for visual discolouration due to crown rot symptoms and
gPCR values of individual and combined INs at 16 and 22 WAP.
16 WAP 22 WAP

Tissue Pearson'sr  Pearson's r
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 (two-tailed).
*Correlation is significant at the 0.05 level (two-tailed).
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3.3.2LRC

Infection of 2-49, Wylie and Puseas at the LRC trial was considerably less than that
at the Wellcamp trial due to it relying solely on artificial crown rot inoculum.
Infection progressed slowly and at 10 WAP differences between genotypes were not
observed (data not shown). By 16 WAP significant differences in the visual
discolouration were present between 2-49 and Puseas in IN1 and 2 (Figure 3.6a),
however, gPCR data did not reveal significant differences (Figure 3.6b). The mean
gPCR values of Puseas were much greater than 2-49 or Wylie.

The correlation coefficient between visual and gPCR data was very strong at
16 WAP, with visual discolouration explaining 84% of the gPCR data (Table 3.3).
Due to low disease levels and time constraints tissues of plants collected at 22 WAP

were not assessed. Control plants were not infected by F. pseudograminearum.
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Figure 3.6. (a), Visual ratings of crown rot symptoms and (b), gPCR values of IN1, 2 and 3 at of
three cereal genotypes at 16 WAP. Columns represent the standard error of the mean of eight

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

Table 3.3. Correlation coefficient (r) for visual discolouration due to crown rot symptoms and

gPCR values of combined INs at 16 WAP.

Pearson's r
Combined 0.92**

**Correlation is significant 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 for F. pseudograminearum. Differences between
partially resistant and susceptible genotypes were observed using both visual
discolouration and gPCR data. The correlation between these two characters was
strong, particularly at anthesis.

Assessment of leaf sheaths, coleoptiles, SCls and IN1 at 10 WAP did 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 by Wildermuth and McNamara (1994) at 42 dai, Malligan (2008) in
seedling tissues at 10 WAP and in seedling tissues at 35 dai (Chapter 2, Section
2.3.2).

The variation in infection within genotypes was 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 intensity was observed due to the effect of
supplementing natural soil inoculum with artificial inoculum compared to providing
artificial inoculum to non-infested soil. This was most obvious for the susceptible
Puseas, whereas the partially resistant 2-49 did not show a large difference in
infection between the two methods. The Wellcamp trial, utilising natural and
artificial inoculum, resulted in greater infection which effectively revealed greater
differences in resistance than the LRC trial.

In agreement with Malligan (2008), plants collected at 16 WAP were the
most useful for recording differences in resistance, with tissues at this stage
demonstrating a strong correlation between visual and gPCR ratings. Purss (1966)
reported that the greatest rise in F. pseudograminearum isolations was during 67 and
100 days, the 100 days being 15 WAP, 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 maturity (Dodman and Wildermuth, 1987, Wallwork et al., 2004, Malligan,
2008). However, plants collected at 22 WAP did not allow differences in resistance
to be distinguished in the same manner as plants at 16 WAP, which was further

evidenced by a weak to modest correlation between visual and gPCR ratings at 22
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WAP, similar to that reported by Malligan (2008) for visual symptoms and isolation
data.

Similar to the current study, Hogg et al. (2007) reported visual discolouration
and Fusarium DNA quantities were positively correlated with each other for three
wheat genotypes in a 2004 trial but for only a durum wheat genotype in 2005. As
discussed 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 gPCR data. Visual rating of IN1 and 2 frequently had
maximum visual scores while the gPCR data still demonstrated a range of
colonisation levels in these tissues. The gPCR rating method has much greater power
to describe colonisation of tissues than the visual rating method and does not suffer
from differences in visual scoring between operators. Furthermore, the strong
correlation between visual discolouration and gPCR data indicates that no cereal
genotype was able to symptomlessly tolerate the presence of F. pseudograminearum.
Tolerance may be present within some cereal genotypes however 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 gave the best indication of resistance
to crown rot. Hogg et al. (2007) did not find that Fusarium DNA quantities obtained
from one culm location were superior to another at predicting visual symptoms or
yield losses. Malligan (2008) similarly reported that infection of the 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 reflection of the spread and
proliferation of the fungus within a whole culm.

The proliferation and spread of the fungus within a culm was altered at
maturity. gPCR values at 22 WAP indicated, most obviously in the susceptible
genotypes, that IN1 colonisation was low, even less than 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 good material for isolation.
Another suggestion was that infection could originate in IN2 via penetration through
leaf sheath tissues. Malligan (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 method was not limited by badly decayed tissues, however similar results
were observed. The large drop in levels of infection in Puseas and Bellaroi from 16
to 22 WAP suggests that prolific growth of F. pseudograminearum is supported by
live tissues. The more resistant 2-49 and Grimmett did not have a large change in F.
pseudograminearum content from 16 to 22 WAP, 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 reduction of F.
pseudograminearum hyphal mass.

gPCR proved an effective and accurate method for describing colonisation of
tissues by F. pseudograminearum during crown rot infection. Various methods of
assessing infected plants using gPCR are possible, such as assessing individual INs,
taking sections of multiple culms for analysis (Hogg et al., 2007) or comparing
similar lengths of culm bases (pers. comm. Margaret Evans, SARDI, SA).
Furthermore, the difficulty of correlating crown rot disease with yield may in part be
overcome by utilising a method similar to that of Hogg et al. (2007), where a
representative sample of tissues is collected before maturity and assessed using
gPCR, followed by a yield assessment at maturity and subsequent correlation
between these two factors.

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

materials.
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Chapter 4 : Histopathological Assessment of Infected
Seedling and Adult Tissues

4.1 Introduction

Histopathological examination of plant tissues during infection provides essential
information relevant to understanding pathogenesis and mechanisms of resistance.
Paul Taylor, during his Master’s studies (1983) performed the only prior
histopathological examination of crown rot caused by F. 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 of F. pseudograminearum using appressoria to
penetrate cell walls, either over the vertical union of cell walls or directly through the
epidermis. Unfortunately, none of this work was subsequently published in the
literature.

A further assessment of fungal colonisation 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 visual symptoms of crown rot
has been studied in detail (McKnight and Hart, 1966, Purss, 1966, Malligan, 2008),
however, the physical attributes of this characteristic have not been well described.

This study also addresses the recommendation by Taylor (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 below ground 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 2-49 frequently had a lower F. pseudograminearum biomass 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. Furthermore, the first 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 resistance to 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 reported for observing fungi in plant
tissues (Johansen, 1940, Meyberg, 1988, Saha et al., 1988), however, studies using
fluorescence microscopy to observe F. pseudograminearum growth 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 cells and Fusarium
pseudograminearum hyphae.

Epifluorescence, rather than bright field microscopy, was the method pursued
due to the potential for optimised visualisation of fluorescent structures. In
consideration of harnessing the ability to clearly observe fungal hyphae and produce
a strong contrast between host and hyphae, several dyes and methods were assessed.

4.2 Methods

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

slides were performed similarly to Apoga and Jansson (2001) (Bipolaris
sorokiniana) and Li et al. (2005) (Erysiphe pulchra). A brief examination of the
initial germination of F. pseudograminearum conidia on a glass surface was
performed. This involved placing 100 pL of a conidial suspension (10* conidia/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 Parafilm® sealed Petri dish and incubated 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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4.2.2 Plant Materials
A range of cereals including bread wheat (2-49, Puseas, Wylie, Gregory, Vasco and

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

(Riverina Racehorse Oats) underwent examination.

4.2.3 Plant Growth and Tissue Preparation

4.2.3.1 Greenhouse Plants

4.2.3.1.1 Leaf Sheath Tissues

Seedlings were grown and inoculated as described in Chapter 2, Section 2.2. Briefly,
14 day old seedlings were inoculated with a droplet of inoculum and maintained in
an environmentally controlled greenhouse. Some experiments were coupled to those
performed 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 microscopic examination; coleoptiles were initially assessed. Tissues were

harvested from 24 hours to 35 days after inoculation.

4.2.3.1.2 Culm Tissues

Infected adult wheat plants were produced in the greenhouse by planting seeds into 5
litre pots (five seeds per pot). Six pots of 2-49 and Puseas were planted. Fourteen day
old seedlings were inoculated using the modified droplet method described in
Chapter 2, Section 2.2.4. Plants were harvested at anthesis (approximately 16 weeks

after planting (WAP)) and tissues were microscopically examined.

4.2.3.2 Field Plants

Genotypes of bread wheat (2-49, 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 described in Chapter 3, Section 3.2. The
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 at -70°C before processing for microscopy.

4.2.3.3 Sectioning

Transverse sections were produced by hand-sectioning using a microtome blade
(Feather, Japan). Fragile tissues such as heavily infected culms or LSs were hand-
sectioned while between two pieces of Parafilm®, as described by Frohlich (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.

4.2.4 Clearing and Fixation

During method optimisation it was determined that culm sections did not require
clearing and fixing in order to produce adequate staining, in contrast to LSs. This
significantly reduced the preparation time for culm sections. Tissues were cleared
and fixed as described by Huickelhoven and Kogel (1998) and Schafer et al. (2004).
Briefly, the LSs were 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 2 x 15 min with
50% ethanol, 2 x 15 min with 50 mM NaOH and 3 x 10 min with MilliQ H,0,
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.

4.2.5 Staining and Microscopic Observation

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

fluorescent dyes were assessed for their ability to distinctively stain hyphae of F.
pseudograminearum in infected wheat tissues. These dyes included Uvitex 2B
(Polysciences, Inc.) (Moldenhauer et al., 2008), 3,3"-dihexyloxacarbocyanine iodide
(Invitrogen) (Duckett and Read, 1991), pontamine fast scarlet 4B (Kemira Pigments)
(Hoch et al., 2005) and solophenyl flavine 7GFE (Ciba Specialty Chemicals) (Hoch

et al., 2005). The non-fluorescent 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
quench autofluorescence. Each non-fluorescent dye was tested in combination with
each fluorescent 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 solution and for each rinsing step, unless otherwise stated. The stain
solutions were Uvitex 2B (0.1% w/v), 3,3'-dihexyloxacarbocyanine iodide (50
pg/mL in ethanol), pontamine fast scarlet 4B (0.1% v/v) and solophenyl flavine
7GFE (0.1% wl/v). After several rinses with water, 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% w/v) or
safranin (0.2 g safranin, 100 mL 10% v/v ethanol) for 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 water, tissues underwent microscopic
assessment.

While some combinations of stains gave satisfactory results, the best results,
giving a strong contrast between plant and fungal cells, were produced by staining
tissues with safranin followed by staining in solophenyl flavine 7GFE. This resulted
in hyphae fluorescing when exposed to ultraviolet light. For details of the procedure

see below.

4.2.5.2 Differential Staining of Hyphae and Plant Tissue

Tissue samples were stained for 5 min in safranin O solution (0.2 g safranin
O alcoholic (Michrome, Edward Gurr Ltd, London, England), 10 mL ethanol and 90
mL water) and then washed three times in water. The samples were then stained for
10 min in solophenyl flavine 7GFE (Ciba Specialty Chemicals, USA) (0.1% w/v
with 0.1 M Tris/HCI [pH 8.5]) and finally washed 4 x 10 min with water. Samples

were mounted in 50% (v/v) glycerol.
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4.2.5.3 Lesion 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 until after bright field

observations. These tissues were most frequently LSs.

4.2.5.4 Lignin, Suberin and Callose Stain

A slightly modified staining procedure for lignin, suberin and callose, described by
Brundrett et al. (1988), was performed on inoculated and uninoculated adult plant
sections from the LRC field trial. Briefly, sections were initially stained in 0.1%
(w/v) berberine hemi-sulphate (Sigma-Aldrich, Sydney, Australia) for 1 hour. The
sections were then rinsed by passing through several changes of water, before
staining in 0.5% (w/v) aniline blue WS (Gurr Microscopy Materials, BDH Chemicals
Ltd, Poole, England) for 30 minutes. Sections were again rinsed in water and then
mounted on slides in 50% (v/v) glycerol. Sections were observed immediately,
obviating the need for Fe Cl3 treatment (Brundrett et al., 1988).

4.2.5.5 Microscopic Observation

Tissues were observed using a Nikon Eclipse E600 fluorescence microscope.
Unstained tissues were observed using both bright field microscopy and fluorescence
filter B-2A (excitation filter, 450-490 nm; dichroic mirror, 500 nm; barrier filter, 515
nm). Stained tissues were viewed under fluorescence filter UV-2A (excitation filter,
330-380 nm; dichroic mirror, 400 nm; barrier filter, 420 nm). Images were captured
using a MicroPublishing 5.0 RTV digital camera (QImaging, Canada) and analySIS
software (Soft Imaging System).

4.2.5.6 Statistical Methods

Comparisons of hyphal widths between individual genotypes were performed using a
one-way ANOVA and the multiple comparisons Tukey HSD test in SPSS 17.0. Tests
used a = 0.05.
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4.3 Results

4.3.1 Legend for Images
Images are labelled according to the genotype and section type (Table 4.1). No

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

Furthermore, unless otherwise indicated, coleoptile and leaf sheath tissues
were cleared, fixed and stained with safranin and solophenyl flavine 7GFE and
viewed under fluorescence using filter UV-2A. 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 \V
Wylie W
Surface View SV
Transverse Section TS
Longitudinal Section LSn

4.3.2 Development 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 tissues (Figure 4.1a, b and c¢). When the fluorescent dyes were used
in combination with either aniline blue or safranin, the most informative visual
images, giving a strong contrast between plant and fungal structures, were produced
using solophenyl flavine 7GFE and safranin (Figure 4.1d). This combination of
stains has not previously been reported.

The solophenyl flavine 7GFE bound to the cell walls of the hyphae and
allowed clear distinction of hyphal septa (Figure 4.1e) and a strong contrast with
plant cell walls (Figure 4.1f). Transverse sections of wheat tissues allowed both

intra- and inter-cellular hyphae to be visualised (Figure 4.1g, 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 fluorescence of
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
deposited. The staining, however, was still adequate for viewing of hyphae. Bread
wheat, durum wheat, barley and oat tissues produced similar results. Stained

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

4.3.3 Initial Conidial 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 conidia (Figure 4.2a, 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 middle point. 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.

4.3.4 Initial 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 coleoptile 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 and not 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
tissue surface. 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 cells was facilitated by slightly thickened hyphal tips, underneath
which small, brown, halo-like lesions appeared (Figure 4.2c, 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, hyphae were 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 epidermal and cortical parenchyma cells thickened hyphae
were sometimes observed, producing appressorial-like swellings to facilitate cell
wall crossings (Figure 4.2e). This feature of F. pseudograminearum growth 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 conidia (Figure 4.2f). While coleoptiles of 2-
49, Wylie and Gregory were also heavily infected with hyphae, the formation of

conidial masses was not observed.
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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 not distinct from plant tissues. a, Tissue
fluorescence before clearing and fixation. b, Tissue fluorescence after clearing and fixation.
Brown discolouration is a lesion caused by fungal infection. c, Fixed and cleared tissue after
staining with solophenyl flavine 7GFE only. Hyphae are visible but have similar emission
spectra to the host tissues. d, Fixed and cleared tissue after staining with safranin and
solophenyl flavine 7TGFE. Hyphae are visibly distinct from the host tissues. e 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 safranin. e, 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 viewed under lower magnification than (e), 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 plants. g, 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 tissues by Fp (SV). a and b, Formation of a germ tube from a
conidium after 6 hrs. Conidia were viewed under bright field microscopy. c, Slightly thickened
hyphae forming over an epidermal cell (arrow) (2-49), 5 dai. d, Swelling at a hyphal tip
occurring over an initial lesion in an epidermal cell (arrow), 5 dai (2-49). e, Slightly thickened
hyphae within epidermal cells crossing walls by appressoria-like 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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4.3.5 Initial penetration and growth in LSs
4.3.5.1 Initial 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
observed (Figure 4.3a, b, c). Penetration via stomata and the base of trichomes was
facilitated by appressoria-like structures, typically occurring as simple swellings at
the end of hyphal tips but also as ‘hooks’ around trichomes or into stomata (Figure
4.3d, e, f).

During several weeks after germination the coleoptile remained 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 in a coralliform mass on the LS surface, forming
adjacent to a stomate and penetrating through the stomatal aperture (Figure 4.3g, 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 difficult to discern, growth of hyphae around trichomes (Figure 4.4a, b, ¢, d, e
and f) and penetration into stomata was frequently observed. Hyphal growth around
trichomes occurred from 48 hours after inoculation. This frequently involved
multiple hyphae growing to and around an individual trichome. All wheat genotypes
displayed this growth pattern. An attempt to count trichomes was made however
within the wheat genotypes the density of trichomes varied between individuals.

Trends in trichome density between genotypes were not obvious.
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Figure 4.3. Penetration of leaf sheath tissues by Fp (SV). a, Surface hyphae growing into a
stoma, 5dai (2-49). b, penetration of a stoma by a single hyphae resulting in a halo-effect around
the guard cells, 14 dai (2-49). c, 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 base. e, Thickened ‘hook-shaped’ hyphal structure forming around a
trichome base, 21 dai (P). f, Thickened ‘hook-shaped’ hyphal structure forming over a stoma, 21
dai (2-49). g and h, Coralliform hyphae formed adjacent to a stomate and also penetrating the
stoma. The hyphae grew between the coleoptile and leaf sheath 1 tissues, 5 dai (2-49). 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. Association of Fp hyphae with trichomes (SV). a, Surface growth of hyphae was
frequently observed to pass around trichomes (arrow), 48 hai (2-49). b, Growth of multiple
hyphae to a single trichome, 48 hai (2-49). ¢, 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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4.3.5.2 Lesion formation
Stomatal penetration was the method by which F. pseudograminearum was

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
observations 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 Puseas, 2-49, Wylie and Gregory. Under bright field
microscopy, initial lesion formation was frequently observed at the guard cells,
which became light to dark brown (Figure 4.5a, b, c, d). Bases of penetrated trichome
cells displayed a similar discolouration (Figure 4.5d, e, f, g, h). Discolouration of
guard cells frequently occurred along rows of stomata, with individual lesions
forming at similar times but separately at each stomate (Figure 4.6a). Lesions
forming at trichomes appeared in a random fashion. Lesion formation progressed
into adjacent epidermal cells, where the entire cell became discoloured (Figure 4.5c,
h). Within these cells the brown discolouration 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 cells (Figure 4.6b). In some cases the discolouration appeared to spread
into the parenchyma cells directly below these epidermal cells.

Observation of areas with small lesions under fluorescence filter B-2A
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 most visible
around lesions which were just forming at the stomata (Figure 4.7a, b, c). Halo
effects around penetration sites were also observed after staining with solophenyl
flavine 7GFE and safranin.

After staining tissues with initial lesions, hyphae were observed penetrating
the stoma and trichomes which displayed discolouration (Figure 4.8a, b, c, d, €).
Guard cells were also frequently colonised (Figure 4.8f). 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 frequently had coralliform surface growth adjacent to stomata. Hyphal

growth was not predictable. It occurred on the surface along cell wall boundaries
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(Figure 4.8f) but hyphae not closely appressed to the epidermal surface were also
common.

Discoloured epidermal cells adjacent to penetrated stomata were frequently
observed to be filled with hyphae (Figure 4.9a, b, c, d and f). These cells initially
appeared to inhibit further penetration of the hyphae into adjacent epidermal cells.
Hyphae within such cells frequently appeared to grow towards a corner of the cell en
masse (Figure 4.9¢g). This concentration of hyphae within individual epidermal cells

was observed in Puseas, 2-49, Wylie and Gregory.

4.3.5.3 Cell Wall Penetration
Penetration of cell walls was facilitated by small swellings, believed to be

appressoria, at the hyphal tips. The appressoria ranged from small swellings of
hyphal tips or strands to large septated foot shaped cells (Figure 4.10a, 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 by Fp, 28 dai (2-49). b, Initial lesion forming at a stomate, 28 dai (2-49). Along with
the brown discolouration around the stomate, the cell walls appear granulated. 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 (2-49). 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.
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Figure 4.6. Lesion formation and spread in leaf sheath tissues infected by Fp (SV). a and b,
Initial lesion formation frequently occurred at multiple individual stomata (s) and occasionally
at trichome bases (t), 28 dai (2-49). 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 tissue (v) was infrequent. Leaf sheath tissues were cleared,
fixed and viewed under bright field microscopy.
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Figure 4.7. Reactions to initial infection by Fp resulting in the production of fluorescent
materials (SV). a, b and ¢, 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 filter B-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 and 2-49, respectively). c, Initial
penetration of hyphae into a stoma, 14 dai (2-49). 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, Guard cell colonisation 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 of individual epidermal cells by 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 (2-49). c and d, Epidermal cells adjoining stomata, 26
dai (G). These epidermal cells appear 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 cell wall
and spread through the tissue. f, Epidermal cell adjoining stomata and initial penetration of a
stoma, 14 dai (2-49). The epidermal cell wall appeared to have resisted penetration. g, Hyphal
penetration through epidermal cells occurring through the corner of cell walls, 14 dai (2-49).
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Figure 4.10. Appressorial structures of Fp (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 foot-shaped appressoria
(ap) , 9 dai (W). Penetration peg (pp) formation occurs during penetration. d, Foot-shaped
appressoria forming a penetration peg, 9 dai (G). After penetration the hyphae resumes its
initial diameter. e, Simple hyphal swellings facilitating crossing of cell walls, 14 dai (P). Cell
walls are not visible as the hyphal fluorescence was too intense. f, Foot-shaped appressoria
facilitating cell wall crossing, 14 dai (P). After crossing the hyphae frequently split into two. g,
Multiple foot-shaped appressoria and simple hyphal swellings penetrating through cell walls, 9
dai (W). Hyphal curvature within cells is obvious.
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4.3.5.4 Hyphal Growth Characteristics
Differences in hyphal growth patterns were observed between the abaxial and

adaxial surfaces of LS tissues. An outline of the anatomy of LS tissue is provided in
Figure 4.11 a, b, c, d and e. The epidermal cells of both LS surfaces were the site of
greatest hyphal proliferation. The hyphal 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. Cereal leaf 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 sinuous 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) (TS). The 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 was not directly linked to the epidermis (TS).
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4.3.5.4.1 Abaxial surface
The abaxial surface of wheat LSs includes several kinds of specialised

epidermal cells, such as guard cells, trichomes and sinuous silica cells (Figure 4.11a).
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 stomata (Figure 4.12a, b, c, d, e, f, g, h). These predominantly
spread across the surface of the LS during favourable environmental conditions
(Figure 4.13a, b, c). In Puseas, masses of conidia occasionally formed on top of
stomata at the base of heavily infected leaf sheaths (Figure 4.14). During heavy
infection hyphae were occasionally observed in the bases of broken trichomes or
growing inside whole trichomes (Figure 4.15a, b, c). It appeared that if coleoptile or
LS tissues were not colonised before senescence (LS senescence being characterised
by leaf blade death) then hyphal spread was limited (Figure 4.15d, €).

On the abaxial LS surface hyphae rapidly penetrated through stomata 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 parallel vascular
bundles. However, the vascular bundle and associated stereome (Percival, 1921)
frequently restricted lateral hyphal growth (Figure 4.16a, b, c, 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 common 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 adjacent to the bundle sheath the hyphae were observed to grow only
in the unspecialised epidermal cells between the silica cells, forming a network
across this layer (Figure 4.17a, b, c, d, e, f, g). This suggests that the silica cells have
wall properties which enable them to resist hyphal penetration. No difference in

silica cell characteristics was observed between Puseas, 2-49, Wylie or Gregory.
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Figure 4.12. Re-emergence of Fp hyphae from stomata on the abaxial surface of cereal leaf
sheath tissue (SV). a and b, Hyphae emerging from stomata after internal colonisation, 26 and
14 dai, respectively (2-49 and Puseas, 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, Mycelium erupting 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 filter B-2A. 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 tissue by 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. ¢, Mycelial mat 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 of Fp conidia forming over stomata on the abaxial surface of leaf sheath 1
tissue of the wheat Puseas, 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 base of a
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, Edge of hyphal growth in a senescent
coleoptile, 9 dai (G). e, Edge of hyphal growth in a leaf sheath of a senescent leaf, 26 dai (W).
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Figure 4.16. Restriction of Fp hyphal growth by vascular bundles (v) and associated 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 tissues has much less hyphal growth (2-49). 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 were most
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 cells. Light 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 not successfully 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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4.3.5.4.2 Adaxial Surface
The adaxial epidermis included no trichome or silica cells and few guard

cells. This cell layer supported dense growth of F. pseudograminearum mycelium,
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 abaxial surface of
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 on 2-49, their occurrence on all host
genotypes 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 surface, under favourable conditions, or produced large quantities of very
thick hyphae, with obvious swellings, which facilitated crossing of the cell walls
(Figure 4.18a, b, c, d, e, f, g). Hyphae 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 dead.
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Figure 4.18. a and b, Fp hyphae within epidermal tissue adjacent to vascular bundles on the
adaxial surface of a wheat leaf sheath frequently formed thickened hyphae (SV, P). These
hyphae appeared to facilitate cell wall crossing in the same manner as appressoria. The hyphae
frequently grew appressed to each other (arrows). ¢ and d, Hyphae growing appressed to each
other and frequently crossing cells walls (P). e, Very 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). g, Thickened hyphae forming within an epidermal cell are
limited by the cell walls (P). The cell walls are not visible as the 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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4.3.5.5 Description of Growth in Different Genotypes
Measurements of hyphal width indicated that hyphae growing in Puseas 2-49,

Wylie and Gregory had a similar range of widths (Table 4.2). The maximum hyphal
width observed growing in Puseas was greater than those observed in the other
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 of F. pseudograminearum were of three sizes. These were thin (1 to 4 um
width), thick hyphae penetrating cells, typically adjacent to vascular bundles (4 — 8
pm width) and very thick hyphae occurring infrequently but only over cells adjacent
to a vascular 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 = 26. No significant
differences were reported using the Tukey multiple comparison test.

Hyphal Width (um)
Genotype Mean SE Range
2-49 4.4 06 14-122
Wylie 51 04 27-110
Gregory 5 06 23-116
Puseas 5.2 06 21-205

In the trial comparing 2-49, Gregory and Puseas at 14 days after inoculation more
hyphae were visible on Puseas LS1 compared to 2-49 and Gregory. On LS2 of 2-49
hyphae were observed only on the abaxial surface and penetrating into stomatal
apertures. In contrast, on LS2 of Gregory and 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 LS3 of 2-49, 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 forming accompanied 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 F. pseudograminearum indicated 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 on 2-49. No stomatal penetration 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 between genotypes is difficult due to significant
variation in growth patterns between different plants. Infection of coleoptiles, LSs,
INs and nodes is frequently more severe on one side of the tissue. The most
consistent patterns of fungal growth are hyphal proliferation 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, major differences between
fungal growth in the partially resistant 2-49 and the susceptible Puseas were absent.

4.3.6 Initial penetration and growth in culms
4.3.6.1 Culm morphology
Culm tissues possess a wide range of cell types (Figure 4.19a, b). Epidermal cells
encased the culm tissue and had moderately thickened cell walls. Stomata were
present in this layer and typically had lacunae beneath (Figure 4.20a, b). Depending
on the specific IN, if parenchymatous hypoderm was present the cell walls were
moderately thin and there were only small intercellular spaces. The parenchymatous
hypoderm frequently became smaller or absent in higher tissues of the culm. The
sclerenchymatous hypoderm was composed of a layer of thick walled cells with very
few to no intercellular spaces. This layer frequently had small vascular bundles
within it. Vascular parenchyma cells were generally larger thin-walled cells
surrounding large vascular bundles (Figure 4.20c, d). Pith parenchyma cells were
generally very thin walled with large intercellular spaces, with the exception of IN1
and node bases, where pith cell walls were thicker.

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

vascular parenchyma and particularly of the sclerenchymatous hypoderm were a
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bright red/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 around the level of formation of
the pith plexus the anastomosing vascular bundles were horizontally elongated and
had multiple smaller diameter xylem vessels (Figure 4.21a, 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 nodes and/or 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 genotypes and species were

few and could not be linked to susceptibility to infection.
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Figure 4.19. Cell types in cereal culm 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 in cereal internode tissues (TS). a and b, Stomata
with lacunae beneath. c, Cell types in a typical internodal vascular bundle. d, Position of
vascular bundles within internodal tissues.
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Figure 4.21. General anatomy of cereal nodal 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 leaf
sheath (ls) 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 tissues 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 intense fluorescence.

122



4.3.6.2 Culm Infection
Initial penetration appeared to occur around the level of the crown and secondary

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 appressoria-like swellings of hyphal tips, as described for LS tissue. In
some cases, particularly for the field grown wheat, infection may have occurred at a
lower level, perhaps through the SCI as hyphae were observed inside the pith but not
in the outer cortex. Hyphal proliferation was frequently observed around emerging
secondary roots. Further up the culm, as in LS material, initial lesion formation was
also observed to occur at stomata (Figure 4.22a, b, c, d, e). This is not considered the
main method of penetration, however, when infected LSs remained in close contact
with the culm, lateral penetration did occur.

Infection of the different cell layers and types was recorded for multiple
culms (Table 4.3). A summary of the presence of hyphae is displayed in Figure 4.23,
Figure 4.24, Figure 4.25, Figure 4.26 and Figure 4.27.

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

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 by Fp hyphae. a, b and c, Lesions initiating at stomata (5)
(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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Figure 4.23. Summary of culm infection by Fp at 10 WAP in four cereal genotypes. 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 indicates this tissue was either not
observed or absent. Tissues assessed were parenchymatous hypoderm (PH), sclerenchymatous
hypoderm (SH), vascular parenchyma, (VP), vascular bundle (VB), pith parenchyma (PP) and
visual discolouration (Vis).
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Figure 4.24. Summary of culm infection by Fp at 16 WAP in four cereal genotypes. 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 indicates this tissue was either not
observed or absent. Tissues assessed were parenchymatous hypoderm (PH), sclerenchymatous

hypoderm (SH), vascular parenchyma, (VP), vascular bundle (VB), pith parenchyma (PP) and
visual discolouration (Vis).
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Puseas IN1 N1 IN2 N2 INI N1 IN2 N2
PH
SH
VP

VB

PP

Bellaroi IN1

Figure 4.25. Summary of culm infection by Fp at 22 WAP in four cereal genotypes. 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 indicates this tissue was either not
observed or absent. Tissues assessed were parenchymatous hypoderm (PH), sclerenchymatous
hypoderm (SH), vascular parenchyma, (VP), vascular 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 2-49 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 indicates this tissue was either not
observed or absent. Where 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 hypoderm (SH), vascular parenchyma,
(VP), vascular bundle (VB), pith parenchyma (PP) and visual discolouration (Vis).
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Figure 4.27. Summary of culm infection by Fp at 16 WAP of 2-49 and Puseas grown in the
greenhouse. 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 indicates this
tissue was either not observed or absent. Where a B, M or T follows the tissue type, e.g. IN1B or
INLT, these letters indicate either the bottom (B), middle (M) or top (T) third of the tissue.
Tissues assessed were parenchymatous hypoderm (PH), sclerenchymatous hypoderm (SH),
vascular parenchyma, (VP), vascular bundle (VB), pith parenchyma (PP) and visual
discolouration (Vis).
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4.3.6.2.1 Summary 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 than the host genotype. 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 colonised (Figure 4.28a,
b, ¢). This was typically more prevalent in the lower parts of the culm, that is, IN1
and 2. Hyphae were also frequently observed to be under the epidermis but not in the
epidermal tissues (Figure 4.28d). Hyphae were infrequently observed on the surface
of epidermal cells.

Cells of the parenchymatous hypoderm were colonised predominantly by
intracellular hyphae, with these cells typically appearing distorted and discoloured
when colonised (Figure 4.29a, b, ¢, d). Hyphae were frequently observed to
proliferate in discoloured parenchyma cells surrounding secondary root traces. Sub-
stomatal lacunae and lacunae in the parenchymatous hypoderm commonly supported
hyphal growth (Figure 4.29¢, f, g, h). It was observed that cells of the
parenchymatous hypoderm rapidly became discoloured and it is believed that the
visible brown discolouration used for visual rating for resistance is due to
discolouration of this cell layer. Initial discolouration of cells, particularly of the
parenchymatous hypoderm, was not always associated with visible hyphae in or
adjacent to these cells. Visual rating of the 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.

The sclerenchymatous hypoderm was frequently observed to be absent of
hyphae during initial stages of infection and sometimes appeared to act as a barrier to
lateral growth between the epidermis and the vascular layer or pith (Figure 4.30a).
When hyphae, which were only intracellular, were observed in the sclerenchymatous
hypoderm the cells did not appear to become significantly discoloured (Figure 4.30b,
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 and in the parenchymatous hypoderm (Sun). d, Hyphae colonising

the parenchymatous hypoderm but not the epidermis (P).
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Figure 4.29. Parenchymatous hypoderm was colonised by intracellular Fp hyphae (TS). These
cells frequently appeared distorted and discoloured during colonisation. a and b, Colonised
parenchymatous hypoderm displaying distorted and discoloured cells (2-49 and P, respectively).
¢, discoloured and distorted cells in the parenchymatous hypoderm above the infection edge (P).
d, Colonised parenchymatous hypoderm displaying a great level of discolouration compared to
the sclerenchymatous hypoderm and vascular parenchyma (P). e-h, Colonisation of stomata and
associated lacunae (P, Sun, P, and P, respectively).
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Figure 4.30. Colonisation of the sclerenchymatous hypoderm by Fp (TS). a and b, Colonisation
occurring through two separate areas, the parenchymatous hypoderm and pith/vascular
parenchyma (P). The sclerenchymatous 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 2-49. Colonisation differed between vascular bundles, with xylem, phloem
and tracheids all potentially being colonised (Figure 4.31a, b, ¢, d and Figure 4.32).
No preference for one cell type was observed, however, the phloem sometimes
became colonised more obviously than the xylem and tracheids. Large xylem vessels
infrequently became occluded by hyphae (Figure 4.31e). Infected cells of the
vascular bundles did not appear discoloured. The parenchyma cells surrounding the
large vascular bundles were both inter- and intracellularly colonised and could
become discoloured. At maturity the phloem cells appeared to have disintegrated in
some culms (Figure 4.31f).

Initial infection of the pith was by intercellular hyphae, which later became
intracellular (Figure 4.33a, b, c, d, e, f, g). During infection these cells frequently
became distorted and discoloured. The pith cavity supported large growths of
hyphae, which were particularly obvious in the INs of culms with deadheads, where
the pith cavity could be a solid mycelial mass (Figure 4.34).

Nodal tissue showed variable colonisation (Figure 4.35a, b, c, d, e, f and
Figure 4.36a, b, ¢, d). The pith plexus, where pith becomes solid at node base up to
node top, included various pith cell types. At the node base the pith region formed
very thick walled cells whereas typical pith cells were present towards the top of the
node (Figure 4.37a, b, ¢, d, e, fand Figure 4.38a, b, ¢, d, e, f, g). These thick walled
pith cells appeared to be resistant to penetration, however the layer of more typical
pith cells above it could be colonised, perhaps by lateral growth of hyphae from the
vascular layer. Vascular bundles were frequently colonised. The anatomy of nodal
tissue was extremely complicated 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 crown to IN2. These patches could have hyphae
in all cell types, while the other 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 higher points 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 hyphal swellings and appressoria-like structures, followed by
penetration through the cell wall via a penetration peg (Figure 4.39a, b). No
difference in hyphal widths was observed in culm tissues between genotypes (Table
4.4).

Table 4.4. Minimum and maximum hyphal widths observed within the culm tissue of four 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 4.0 04 22-72
Puseas 3.9 03 22-72
Grimmett 3.8 05 21-67
Bellaroi 4.3 03 28-50

Plants harvested at 10, 16 and 22 WAP demonstrated a general increase in infection
over time. Puseas was most infected, followed by Bellaroi, Grimmett and 2-49.
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 hyphae (Figure 4.31f). Vascular parenchyma and xylem vessels
were infrequently observed to be filled with a dense black mass at 22 WAP, which
had no obvious structure (Figure 4.39c, 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 node 2 (Figure 4.40a, b, c, d). The
colonisation of this material depended on the colonisation of the hypoderm in tissues
below, as this is where the cells of the leaf trace 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). a-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 vessels by Fp in internode tissue (TS, B).
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Figure 4.33. Infection of pith cells by Fp (TS). a, Uninfected pith parenchyma (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 of pith parenchyma (P). g, Inter- and intra-
cellular colonisation of pith parenchyma (Sun).
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Figure 4.34. Colonisation of the pith cavity by Fp (TS). a, Hyphae (h) grew across the pith
cavity (pc) (V). b, The entire 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 tissue by Fp (TS). a, Uninfected 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 parenchyma 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 of vascular tissues in the node (B).
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Figure 4.36. Colonisation of cereal nodal tissues by Fp. a, Heavy colonisation of an elongated
vascular bundle (TS, P). b, Growth of hyphae in the pith cavity below a nodal pith plexus (right)
(LSn, Sun). ¢, Colonised vascular bundles (TS, P). d, Colonised elongated vascular bundle (TS,
B). The cells of an elongated vascular bundle frequently had low fluorescence.
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Figure 4.37. Series of sections rising through a lightly infected cereal node (TS). a, Formation of
elongated vascular bundles and thick walled pith cells. b, Formation of the pith plexus. c,
Formation of anastomosing vascular bundles. d, Beginning of differentiation of the leaf sheath
and internodal tissues. e, Further differentiation of leaf sheath and internodal tissues. Leaf trace
bundles are obvious. f, Fully formed leaf sheath and internodal tissues.
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Figure 4.38. Thick walled pith cells (TS). a and b, The thick walled cells have intense
fluorescence (Gr and V, respectively). They are located at the base of a node where the pith
plexus initiates. ¢, The thick walled cells are generally only one layer thick and immediately
above them anastomosing vascular bundles form (V). d, The thickness and fluorescence of the
cell walls of the pith cells are much greater than the other cell types (Gr). e, f and g, Various
forms of thick walled pith cells (B, Gr and V, respectively).
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Figure 4.39. a and b, Penetration of cell walls by Fp was facilitated by appressoria (a) appearing

as swollen hyphal tips (TS, P and Sun, respectively). ¢ and d, Dense black substance (b) filling
cells (TS, B and Gr, respectively).
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Figure 4.40. Colonisation of leaf trace tissues by Fp (TS). a, Hyphal colonisation of the pith and
forming leaf sheath tissue (P). The vascular layer is not colonised. b and c, Heavily colonised leaf
traces (Gr and Sun, respectively). Internode tissues are also colonised, however, the dark
cortical cells of the leaf trace result in a strong contrast between plant and hyphal cells. d,
Colonised leaf trace bundle (Sun). Vascular tissues and associated stereome (st) tissues are all
colonised.
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4.3.6.2.2 Comparison of Fungal Growth in Culms with White (Dead) and
Green Heads

A comparison was performed, within selected wheat plants, between culms of similar
size having a green or dead head (entire culm exhibited premature senescence)
(Figure 4.41 and Figure 4.42). Infection of the dead culm involved much lateral
growth of hyphae and frequent colonisation of vascular bundles (Figure 4.43a, b, c,
d, e, fand Figure 4.44a, b, c, d, e). In some cases large xylem vessels were
completely occluded by hyphae. Small vascular bundles in the sclerenchymatous
hypoderm were sometimes observed to be areas of intense hyphal growth, with
sclerenchyma cells between the bundles being relatively free of hyphae. Hyphae
were not observed above IN4. In colonised sections the hyphae had penetrated into
the majority of the tissue, except for the infection edge which varied in the extent of
colonisation.

Hyphae observed in the green culms were frequently in the vascular bundles
and in some cases colonised up to node 2 (Figure 4.45a, b), however the density of
hyphae generally appeared less than that in dead culms. It is interesting to note that
culms harvested at 22 WAP (maturity) did not have a similar spread or intensity of
hyphal growth as culms with dead heads.
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Figure 4.41. Summary of culm infection by Fp of green culms and dead culms at 16 WAP of the wheat genotype Sunland. 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 indicates this tissue was either not observed or absent. Where 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 hypoderm (SH), vascular parenchyma, (VP), vascular bundle (VB), pith parenchyma (PP) and visual discolouration (Vis).
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Figure 4.42. Summary of culm infection by Fp of green culms and dead culms at 16 WAP of the wheat genotype Vasco. 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 indicates this tissue was either not observed or absent. Where a B or T follows the tissue type,
e.g. IN1B or INAT, these letters indicate either the bottom (B) or top (T) third of the tissue. Tissues assessed were parenchymatous hypoderm (PH),
sclerenchymatous hypoderm (SH), vascular parenchyma, (VP), vascular bundle (VB), pith parenchyma (PP) and visual discolouration (Vis).
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50pm

Figure 4.43. Colonisation of dead culm tissues by Fp (TS). a, Extensive colonisation of all tissues
within a culm base (Sun). b, Lateral hyphal penetration (Sun). Even during heavy infection this
is only prominent in parenchymatous tissues. ¢ and d, Nodal tissue colonisation (Sun). All cell
types are colonised, however, the vascular bundles have the most dense colonisation. e, Dense
colonisation occurring around and within vascular bundles (P). f, Dense colonisation of
anastomosing vascular bundles in nodal tissue (V).
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Figure 4.44. Colonisation of vascular tissues by Fp in dead culms (TS). a and b, Dense hyphal
colonisation around and within vascular tissues (V). ¢, d and e, Large xylems vessels occluded
by hyphae (V). Phloem cells are also heavily colonised.
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Figure 4.45. Colonisation of green culm tissues by Fp (TS). a, Colonised internodal tissue (V).
Colonisation has occurred in the parenchymatous hypoderm and in vascular bundles. Only one
vascular bundle is heavily colonised. b, Colonised nodal tissue (V). Colonisation has occurred in
the parenchymatous hypoderm, pith and in several vascular bundles. Several large xylem

vessels have been occluded by hyphae.
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4.3.7 Staining of Lignin, Suberin and Callose
This method of staining gave a similar range of fluorescence of cell types as the

safranin, just at a greater intensity. Berberine resulted in a vivid green staining of
lignified cell walls. Phloem appeared yellow or blue/black and thin-walled
parenchyma cells were blue. The results were not in direct agreement with what was
reported to occur by Brundrett et al. (1988). The bright staining of lignin was the
only certain result, with no suberin or callose identified.

A comparison of control and infected tissues is presented in Figure 4.46.
During experimentation tissues from six infected and six control culms of 2-49 and
Puseas were compared. In control tissues nearly all cell types had intense green
fluorescence, with that of the vascular tissues equal to the surrounding parenchyma
and sclerenchyma cells. It is noted, however, that in a LS only the abaxial surface
and vascular bundles fluoresced green, while the adaxial surface and cortical cells
had almost no fluorescence.

Sections of infected culms exhibited much less fluorescence than the controls
for all cell types, except for the sclerenchymatous hypoderm. This was particularly
obvious for the vascular parenchyma which became a dull blue-green in colour. At
levels in the infected culm where colonisation had not occurred the fluorescence was
similar to that in the control culms.

The decrease in fluorescence following infection was most noticeable in the
parenchymatous hypoderm. When the vascular parenchyma lost fluorescence the
vascular bundles remained relatively bright. Sclerenchyma tissues typically had the
least fluorescence loss. In cases of severe infection fluorescence of the vascular layer
and pith was observed but both the hypoderm layers were not visible. The decrease
in fluorescence did not appear to be dependent on infection of each cell, but on the
presence of the fungus within at least some tissues of the whole section.

Extent of fluorescence decrease was related to the extent of infection, with
Puseas appearing to have a greater amount of fluorescence decrease than 2-49
(Figure 4.46). No definite difference could be determined between controls of 2-49
and Puseas; however, it is possible that 2-49 controls had a slightly less intensity of

fluorescence than Puseas.

152



2-49 Puseas
Control Infected Control Infected
> 4 ; ~ &

IN1B
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IN2T

Figure 4.46. Control and infected culm tissues of 2-49 (a-j) and Puseas (k-t) at 16 wap. a-h/k-r,
The fluorescence of the infected tissues was much less than the control tissues. i and j/s and t,
Above the infection edge the fluorescence of the infected tissues was similar to the control tissues
Transverse culm sections were stained with berberine hemi-sulphate and aniline blue and
viewed under fluorescence using filter UV-2A. The image capturing conditions were 200ms
exposure, 1800 gain and 850 offset. IN is internode, N is node, B is base and T is top.
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4.4 Discussion

4.4.1 Fluorescent Staining
Solophenyl flavine 7GFE has previously been reported to stain cell walls of

many fungal species, including Saccharomyces cerevisiae, Sclerotinia sclerotiorum,
Alternaria brassicicola, Thielaviopsis basicola, Phyllosticta ampelicida,
Colletotrichum graminicola, Colletotrichum higginsianum and the oomycetes
Pythium irregulare, Pythium debaryanum and Phytophthora infestans (Hoch et al.,
2005, Oliver et al., 2009, Takahara et al., 2009). However the study by Oliver et al.
(2009) of Pythium infections in a moss host (Physcomitrella patens) is, to date, the
only report of hyphal staining inside host tissues using this dye.

Solophenyl flavine 7GFE stains fungal cell walls and septa in a similar
manner to calcofluor white M2R, however, solophenyl flavine 7GFE does not fade
as quickly when exposed to light of selected wavelengths (Hoch et al., 2005,
Anderson et al., 2010). Hoch et al. (2005) reported that oomycetes with cellulosic
wall components generally fluoresced more intensely than fungal species with
chitinous walls, however there was sufficient fluorescence for observation from both
wall types. Anderson et al. (2010) characterised solophenyl flavine 7GFE during a
study on plant cell walls, determining that it is selective for polysaccharides
containing (3-1,4 linkages. Molecules containing this linkage type are common to
both plant and fungal cell walls (Bartnicki-Garcia, 1968), explaining why staining
with solophenyl flavine 7GFE alone distinguishes poorly between plant cells and
fungal hyphae. By including an additional staining step using a dye such as safranin,
which binds to components predominantly found in plant cell walls, such as lignin,
suberin and cutin (Ruzin, 1999, Lodish et al., 2000), a clear distinction between plant
and fungal cell walls is observed.

The novel method of sequential staining with both safranin and solophenyl
flavine 7GFE, resulting in strong differentiation between fungal and plant cell walls,
demonstrates that using a combination of stains can enhance the ability to visualise
hyphae in relation to plant cell structures, while also highlighting differences
between plant cell types. Apart from the rapid and simple nature of this method, one
of the benefits is that the stained specimens retain significant fluorescence for a
period of at least two months. This methodology has been applied in an extensive

study of F. pseudograminearum infections in bread wheats, durum and barley. The
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ability of solophenyl flavine 7GFE to stain walls of multiple fungal species in culture
(Hoch et al., 2005) indicates that this method may have applications in the study of

many other plant-pathogen relationships.

4.4.2 Histopathology of Crown Rot
The results presented in this Chapter represent the most comprehensive microscopic

investigation of F. pseudograminearum crown rot yet performed. The findings were
based predominantly on direct observation of colonisation events rather than
reporting statistically relevant results which are notoriously difficult to produce using
microscopy. This project was the first to microscopically compare partially resistant
and susceptible bread wheat genotypes, as well as genotypes of durum wheat and
barley, during crown rot disease. Differences in infection pathways and patterns
between bread wheat, durum wheat and barley were not detected and as such the
following discussion on infection is similarly relevant to each species. Differences
between the cereal genotypes were related to the timing and extent of infection,
which was generally in relation to their partial resistance or susceptibility. Neither
partial resistance nor susceptibility appears to be due to either constitutive or induced
visible structural differences. The results support other studies which have simply
reported that fungal growth is slower in more resistant tissues (Purss, 1966, Malligan,
2008). Smith and Walker (1930) similarly reported that infection sites in cabbage
plants resistant or susceptible to F. conglutinans did not show associated
morphological differences.

Taylor (1983) reported the only previous microscopic assessment of infection
of wheat plants by F. pseudograminearum. In Taylor’s study the penetration and
colonisation of the coleoptile, SCI, scutellum and culm tissues at seedling stages (7,
14 and 56 dai) through to maturity were described in detail. Unfortunately the
findings detailed in this Masters dissertation have never been more widely published

in the journal literature.

4.4.2.1 Initial Plant-Fungi Interactions
Initial hyphal growth on LS tissues was observed to occur in loops around trichomes,

frequently with multiple hyphae growing around a single trichome (Figure 4.4). This

is a potential method by which the fungus could attach itself to the host surface.
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Initial lesion formation could also occur at trichomes on the LS surface (Figure 4.5).
Growth around the trichome involved close contact of the hyphae to the trichome
base. Penetration was not clearly observed but it appears that penetration hyphae can
form over the union of vertical cell walls at the trichome base. It is possible that the
observed hyphal looping around trichomes was an artefact of the clearing, fixation
and staining procedures. However, hyphal wrapping around trichomes and
penetration of trichomes has also been reported for F. solani f. sp. phaseoli, F. lini
and F. graminearum (Nair and Kommedahl, 1957, Mulligan et al., 1990, Stephens et
al., 2008).

Stomatal penetration by hyphae was frequently observed in LS tissue.
Stomata were most frequently the cells where initial penetration and lesion formation
occurred on LS tissue (Figure 4.3 and Figure 4.5). This method of penetration was
not as important during infection of the coleoptile. It is also believed that penetration
of internodes above ground level was predominantly via stomata, with penetration
hyphae growing from infected LSs. Not only was stomatal penetration by F.
pseudograminearum observed but re-emergence from stomata by multiple hyphae
was also a common occurrence (Figure 4.12). The stomata were the pathway of least
resistance to penetration and re-emergence, and appeared to act as gateways for
hyphae to grow out to seek further sites for infection. Stomata also allowed
production of conidia on the LS surface, where greater distribution through the
environment could occur via wind or rain splash (Figure 4.14). The fact that this
event was only observed on the susceptible Puseas demonstrates how susceptibility
may aid rapid fungal reproduction.

The ability of F. pseudograminearum to penetrate through stomata was not
observed by Taylor (1983), however this phenomenon has been reported for other
Fusarium phytopathogens. Initial flecks of discolouration reported during F. solani
infection of pea plants were frequently caused by hyphae penetrating the stomata
(Bywater, 1959, Christou and Snyder, 1962). Both F. culmorum and F. nivale
(Microdochium nivale) have been reported to penetrate coleoptiles of cereals via
stomata (Malalasekera et al., 1973), while F. nivale has also been observed to
penetrate stomata of rye leaves (Malan 1969 as cited in Malalasekera et al., 1973).
Recently, Prats et al. (2010) reported that a hypersensitive response against Blumeria
graminis f. sp. hordei infection in barley was associated with stomata “lockup”

(where stomata become unable to close), leading to increased leaf water
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conductance. An assessment of the effects of stomatal penetration by F.
pseudograminearum may reveal the potential for crown rot to similarly affect water
conductance. It is uncertain whether effects of the two pathogens would be similar
as, in contrast to F. pseudograminearum, Blumeria graminis is a known biotroph.
Nevertheless, such an experiment would yield valuable information regarding water
transport during crown rot infection.

Granulation of host cytoplasm around penetration sites in epidermal tissues
observed during this study has similarly been reported by Pearson (1931) and Taylor
(1983). Pearson (1931) suggested that these responses in the cytoplasm may precede
or accompany some physicochemical changes which result in the secretion of
materials into the intercellular space or their accumulation in the cell walls. This
effect may have been observed as the production of a ‘halo’ around penetration sites
of stomata and trichomes of the LSs. ‘Halo’ effects around fungal penetration sites
have frequently been reported (Young, 1926, Pearson, 1931, Ghemawat, 1977,
Taylor, 1983). Further investigation of this response is required.

The ability of the cell walls of silica cells in LSs to resist penetration provides
the only evidence of durable resistance to penetration by F. pseudograminearum
observed in this study (Figure 4.17). Silicification in grasses is a normal feature of
development; it has been demonstrated that silicon may be present, in the form of
silica gel (SiO2nH0), as a component of the cell wall, where it is strongly bound to
cellulose or lignin and as an infilling of the cell lumen in the form of solid bodies in
silica cells (Lewin and Reimann, 1969, Schwarz, 1973, Ponzi and Pizzolongo, 2003).
A useful review on the role of silicon in plant physiology was provided by Epstein
(1994). Ample evidence was presented that silicon plays a large role in plant growth,
mineral nutrition, mechanical strength and resistance to fungal diseases and
herbivory. However, these studies were generally based on systemic silica rather than
the silica cells in particular.

The specific role of silica cells has not been deduced (Kaufman et al., 1985),
however silica itself has been reported to confer greater resistance to attack by
pathogenic fungi. Increased resistance in rice to rice blast disease caused by
Pyricularia oryzae has been observed when silica was applied to rice plants
(Kawashima, 1927, Miyake and lkeda, 1932). Rice leaves suffering from disease had
less silica present in them than healthy leaves and blast resistant cultivars had higher

silica contents than those exhibiting susceptibility. Evidence of silica increasing
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resistance to fungal attack has also been reported for various diseases of different
plants, including leaf spot disease (Helminthosporium oryzae) of rice (Jones and
Handreck, 1967), bean rust (Uromyces phaseoli var. typical) of French bean (Heath,
1981) and spot blotch (Bipolaris sorokiniana) of wheat (Domiciano et al., 2010).
Infections of wheat, barley, cucumber and morning glory by different fungi resulted
in silicon accumulating in the leaves of these plants at fungal penetration sites
(Kunoh and Ishizaki, 1975). It has been suggested that silicon can play an active role
in resistance, such as mediating some defence responses functionally similar to
systemic acquired resistance, rather than simply forming a physical barrier to impede
fungal penetration (Fawe et al., 2001).

In young wheat leaves the abaxial epidermal cells are important sites of silica
deposition, but in older leaves silica is also deposited in the adaxial epidermis
(Kaufman et al., 1985, Hodson and Sangster, 1988). Little information can be found
for the relationships between silica cells in the LS epidermis and fungal hyphae.
Guenther and Trail (2005) reported that perithecium formation by Gibberella zeae
(anamorph F. graminearum) was initiated in association with stomata and silica
cells. Perithecia formed from epidermal cells adjacent to silica cells in nodes, but
hyphae did not colonise silica cells. The inability of the hyphae to colonise silica
cells was also observed in this study. While differences in silica cells between
resistant and susceptible genotypes were not observed the properties of these cells to
resist penetration are impressive. This may be indicative of the ability of silica to
confer resistance to penetration in cell walls. As silica binds to cells walls it may
have been at higher levels in walls of the silica storing cells, but other cell walls also
allow this binding. It is a possibility that a resistant genotype, exhibiting slower
hyphal growth, may be more silicon-efficient and have higher amounts of silica
present in its cell walls. A study into the effect of available silica and quantitation of
silica in crown rot resistant and susceptible wheat genotypes is required.

4.4.2.2 Colonisation
During colonisation hyphae of F. pseudograminearum were of varying

widths, which appeared to change in relation to the cell type being colonised. LS
tissue had a large range of hyphal widths (Table 4.2), with hyphae at their greatest

width in the susceptible Puseas. Hyphae in culm tissues did not display great
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variation in width (Table 4.4). The infrequent formation of hyphae with very large
widths and the relative similarity in the formation of hyphae between partially
resistant and susceptible tissues suggest that this is not related to resistance. No
report discussing such a range in widths of hyphae during plant infection has been
discovered.

It is interesting that no leaf sheath, internode or node cell type, excluding
silica cells, was resistant to penetration, with hyphae able to grow inter- and intra-
cellularly throughout the tissues. F. pseudograminearum initially invaded the
intercellular spaces and only developed intracellularly where cells were closely
packed together and there were no intercellular spaces. Growth upwards in the culm
was more rapid in the pith, most likely because of the large intercellular spaces and
the presence of the pith cavity. Intracellular growth generally occurred later in the
infection process. Lateral penetration in the vascular and sclerenchyma cells was
infrequent until culm senescence, which suggests that F. pseudograminearum
opportunistically enters cells through any available opening until host metabolism
alters during senescence. It is possible that F. pseudograminearum has ligninolytic
properties or that it is able to penetrate cells via small openings, such as
plasmodesmata (Taylor, 1983) or pits in the cell walls (Malalasekera et al., 1973).
Ligninolytic properties have been described for the Fusarium species F.
proliferatum, F. oxysporum and F. solani (Rodriguez et al., 1996, Mdnkemann et al.,
1997, Regalado et al., 1997). Pearson (1931) reported that wall composition in host
plants may play an important role in determining how walls are penetrated. She goes
on to say that greatly thickened walls may not offer as much resistance as supposed
and chemical action of these walls may result in them offering no more resistance
than thinner walls. The current study suggests that thickened cell walls in culms did
initially provide greater resistance to penetration by F. pseudograminearum than
thinner walls, however, penetration of thick walls still occurred later in the
colonisation process.

Penetration of cell walls was most likely a mechanical process due the
production of swollen hyphae and the observation of cell wall indentions under some
of these swollen hyphae (Figure 4.10). These swollen hyphae are described as
appressoria due to their being thick-walled structures delimited by septa (Emmett and
Parbery, 1975). The appressoria were frequently appressed to the cell wall and

enlarged prior to constriction, as though exerting a pressure. The appressoria usually
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became greatly constricted at the point of penetration; a fine filament (penetration
peg) passed through the wall and immediately swelled to its original diameter upon
emerging into the opposite cell cavity. Enlargement of the appressorial swellings
appeared to be relative to the strength of the cell wall. This was most conspicuous in
epidermal cells adjacent to the vascular tissue in LS tissue, which are strengthened
stereome tissues. During growth through these cells hyphae appeared bent. Hyphal
bending has been reported to occur when a hypha extends across a cell cavity and in
attempting to penetrate the opposite wall meets with resistance (Hawkins and
Harvey, 1919, Leach, 1923). The author agrees with a statement by Pearson (1931),
that penetration of cell walls is not either by mechanical or chemical processes, but a
combination of both which result in the passage of the fungus through the cell walls
of the host. A greater understanding of the events leading to cell wall penetration by
F. pseudograminearum is needed.

Nodes represent an interesting region of the grass culm, for they lack the
comparative uniformity of the INs (Chrysler, 1906). Nodes appeared to delay growth
of the hyphae up the stem; however, this was only due to the formation of the pith
plexus, which interrupted the hollow pith cavity, and thicker-walled parenchyma
cells. There was no difference between partially resistant and susceptible genotypes
for this effect. Nodes were able to be colonised to a similar level as the INs, with
vascular bundles sometimes exhibiting even greater colonisation than their IN
counterparts. Nodes may be an area which when infected result in systemic effects
through the culm. It was also observed that as the infected parenchymatous
hypoderm of the lower IN becomes parenchyma of the LS at the node above
(Percival, 1921), this transition can channel hyphae into the LS and away from the
hypoderm of the IN above. This does not appear to play a role in resistance.

Frequently culms showed asymmetric infections in which one side of the
stem was densely colonised, while the opposite side showed sparse or no
colonisation. This could be due to the orientation of the culm, as infection may be
enhanced by environmental effects, or it could be a random event based on where the
culm encountered inoculum.

A conspicuous change in the culm tissues was a marked decrease in stain
uptake, of both safranin and berberine, during infection compared to control tissues
(Figure 4.46). As both these stains are reported to bind lignin (Brundrett et al., 1988,
Ruzin, 1999) it might suggest that the properties of cell wall components in infected
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cells, particularly parenchyma cells, are altered during infection. Pearson (1931)

reported a similar diminished affinity for stains in extensively invaded maize tissues.

4.4.2.2.1 Colonisation and Visual Symptoms
Spread of the fungus, or more accurately its disease symptoms, has been a

major focus of crown rot research, with visual ratings for resistance based on the
distance the disease symptoms have spread up the culm (Wildermuth and
McNamara, 1994, Wallwork et al., 2004, Malligan, 2008). The brown discolouration
characteristic of crown rot infection is predominantly due to infection of the
parenchymatous hypoderm. This layer of cells decreased in fluorescent emissions
and became distorted during colonisation (Figure 4.29), with discolouration
sometimes appearing to be ahead of hyphal colonisation. It is possible that variation
in the thickness of this layer may affect visual ratings used to classify disease, as the
sclerenchymatous hypoderm, which may be present instead, does not become
discoloured as readily. Parenchymatous cells of the pith also become discoloured and
distorted during infection. Distortion of parenchyma cells and visual symptoms
beyond the limits of hyphal penetration have also been reported by Pearson (1931),
Taylor (1983) and Xi et al. (2008). Pearson (1931) provides a detailed discussion of
studies concerned with production of a substance, such as an enzyme or fungal
metabolite, which diffuses into tissues just ahead of hyphal penetration and weakens
cell walls/fmembranes. During some plant-pathogen interactions this occurs, e.g.
Gibberella saubinetti infection of maize plants (Pearson, 1931), and it is possible
that F. pseudograminearum can produce this effect using toxins such as
deoxynivalenol, which has been reported to have an effect on colonisation of wheat
culms (Mudge et al., 2006). The strong correlations between visual discolouration
and fungal biomass reported in Chapter 2 and 3 and the limited spread of symptoms
away from direct fungal colonisation suggest that any metabolite released by F.
pseudograminearum has short ranged effects.

It may be that the importance of visual rating relies on the extent of symptom
development up the culm correlating with lateral spread of the fungus through the
culm, particularly in the lower portions. Based on the observations in this study, the

author suggests that spread of the hyphae through the cells of the culm base,
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particularly the vascular bundles of the first IN and node, determines the severity of
infection, rather than spread up the culm.

4.4.2.2.2 Inoculation and Hyphal Spread
Slight differences between the current study and that of Taylor (1983) were

predominantly due to the method of inoculation. Taylor used a layer of inoculum
under the soil and while the current study did use a similar method for adult plants it
also used conidial suspensions placed on above ground portions of the coleoptile of
seedlings. This resulted in the fungus infecting and colonising plant tissues by
potentially different routes. Banded inoculum in the pot simulates contact of the
wheat plant with field inoculum below the soil surface, leading to initial infection of
the coleoptile, SCI and scutellum. The conidial suspension on above ground tissues
simulates infection due to contact with inoculum above ground, such as surface or
standing stubble. Purss (1966) described the importance of above ground infection of
LSs, as he stated that if LS bases were heavily infected then the hyphae could spread
to the culm base. This is precisely what was observed to occur in this study.

Spread from infected tissues below ground was just as important as infection
of above ground tissues, as it appeared that the below ground tissues were frequently
the region of initial penetration into cells beyond the hypoderm. This penetration
occurred at the coleoptile, SCI and at emerging secondary roots (Cook, 1980, Taylor,
1983). Taylor (1983) described colonisation of these tissues, particularly the vascular
tissues of the scutellum and SCI and reported that spread of the hyphae occurred
through the vascular bundles up into the crown and culm tissues. The current study
supports the idea that initial colonisation frequently occurs below ground, however,
initial spread of the fungus via the vascular tissues was not observed. Xi et al. (2008)
reported similar findings using F. pseudograminearum and F. graminearum. Initial
infection and spread more frequently occurred through the pith parenchyma cells and
pith cavity. A separate region of infection spread was frequently observed in the
parenchymatous hypoderm, which was separated from the pith and vascular layer by
the sclerenchymatous hypoderm. This is in contrast to Taylor (1983) who reported
that hyphae appeared to move up the stems through the xylem vessels and to a lesser

extent through the hollow pith cavity in the culm INs.
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While initial spread of the fungus was not via the vascular bundles, they were
an area of intense colonisation in culm tissues. In contrast to Taylor, vascular
colonisation was not common in LS tissue. Colonised vascular bundles in LSs were
only observed when the node of the phytomer linked to that LS had been colonised.
This suggests that vascular colonisation may only be initiated following disruption of

subtending crown and nodal tissues.

4.4.2.2.3 Vascular Tissue Colonisation
Colonisation of the vascular bundles has the potential to be the most

debilitating effect of F. pseudograminearum infection. In the current study
colonisation of both the phloem and xylem occurred, with no obvious preference
(Figure 4.31). Susceptible genotypes had colonisation of the vascular bundles earlier
and to a greater extent than the partially resistant genotype 2-49. At maturity
differences between partially resistant and susceptible genotypes became less
obvious in the lower INs. While xylem vessels were rarely occluded before culm
senescence, it is feasible that their colonisation by hyphae limited their water
transporting potential. Furthermore, colonisation of the phloem may have
exacerbated this effect by limiting sugar transport to the roots, resulting in lower
water uptake. This is supported by a report by Purss (1966) stating that a feature of
the roots in plants with severely affected crowns was their complete collapse. Taylor
(1983) did not describe differential infection of xylem and phloem in vascular bundle
tissue but merely stated that xylem were frequently colonised and at maturity could
be occluded by hyphae. He reported that penetration from xylem vessel to xylem
vessel appeared to occur via the pits in the vessel walls.

4.4.2.2.4 Colonisation of Culms Exhibiting Green and Dead Heads
The comparison of green and prematurely dead culms revealed intense

colonisation in the three lower INs of the dead culms, with frequent hyphal
occlusions of xylem vessels and phloem tubes (Figure 4.43 and Figure 4.44). Dead
heads may represent culms in which multiple infection events have occurred around
the culm base, leading to early colonisation of a greater number of vascular bundles.
As these culms were dead it was difficult to determine if the intense hyphal growth

preceded or followed the death of the culm. It is possible that water stress in the culm
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stimulates F. pseudograminearum to aggressively colonise culm tissues, as it has
been demonstrated that maximal growth by F. pseudograminearum requires
progressively drier conditions (Wearing and Burgess, 1979, Beddis and Burgess,
1992). Green culms had moderate vascular colonisation along a shorter length of the
culm which demonstrates that vascular colonisation in itself does not cause culm
senescence. It is possible that vascular transport becomes significantly decreased
when a longer portion and/or a greater proportion of the vascular tissue is colonised,
potentially resulting in culm death.

F. pseudograminearum does not cause a classical vascular wilt (Dimond,
1970), as spread of hyphae is not by xylem vessels alone and infection does not
become systemic in the sense of propagule spread in the vasculature (Xi et al., 2008).
Similar to Malligan (2008) and Xi et al. (2008), hyphae were predominantly in the
lower three INs and were never observed in the IN on which the grain head formed.

These results encompass the first comprehensive microscopic study of crown
rot infections of partially resistant and susceptible cereals. The observations recorded
represent progress in understanding F. pseudograminearum infection processes and
patterns during crown rot of cereals; they also indicate that further investigation is
required. In particular further studies are required to address the ability of F.
pseudograminearum to interfere with vascular systems and cause the effects of
crown rot. Information on the chemical and metabolic characteristics of susceptible
and partially resistant cereals may also identify the role of specific nutrients during
disease reactions. This may enable more efficient selection of genotypes better able

to resist and/or tolerate infection.
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Chapter 5: General Discussion and Conclusions

Two major methodological approaches were developed and then applied to the
research objectives of this study. Firstly, a multiplex real time quantitative PCR
assay able to accurately quantify both F. pseudograminearum and wheat DNA
extracted from infected host tissues was established. Secondly, a fluorescent staining
technique which differentially stained F. pseudograminearum hyphae and cereal
tissues was developed, allowing rapid processing and microscopic observation of

infected host tissues.

Specifically this study has:

e Examined crown rot infected seedlings (of a range of crown rot resistances)
from 1 to 35 dai using both visual discolouration and gPCR rating methods.
(Chapter 2)

e Examined crown rot infected adult plants (of a range of crown rot resistances)
from 10 to 22 WAP using both visual discoloration and qPCR rating
methods. (Chapter 3)

e Correlated F. pseudograminearum DNA content to visual discolouration
ratings in seedling and field tests. (Chapters 2 and 3)

e Determined the most discriminating time points after infection in relation to
assessing crown rot resistance. (Chapters 2 and 3)

¢ Investigated the ability of host plants to tolerate F. pseudograminearum
colonisation. (Chapters 2, 3 and 4)

e Observed colonisation of seedling and adult cereal tissues by F.

pseudograminearum using fluorescence microscopy. (Chapter 4)

The sensitivity of the gPCR assay allowed greater differentiation between partially
resistant and susceptible genotypes than visual assessment. However, the strong
correlations between visual discolouration ratings and qPCR data support the use of
visual discolouration as a useful indicator of the presence of the crown rot pathogen
in host tissue.

While gPCR data is more sensitive than visual rating, the time required for

sample preparation, laboratory costs and requirement for sophisticated laboratory
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facilities suggest that it is unlikely to replace visual rating techniques for large-scale
field screening of breeding populations. The sensitivity of gPCR may prove most
useful for studies targeting specific host-pathogen interactions. For example, g°PCR
may be used to enhance the identification of quantitative trait loci in segregating
populations. In addition, after initial selection of resistant lines from new populations
using visual symptom data, gPCR could be applied as a method for accurately
classifying new resistant genotypes. A gPCR rating system may be useful as a
method for classifying disease reactions in released cultivars, as it will provide the
most useful information to the farmer.

gPCR may also prove useful for describing crown rot infection in the field, in
relation to not only crown rot severity but also to grain yield. Hogg et al. (2007)
analysed relationships between crown rot infection and grain yield, reporting that
yields for two spring wheat genotypes were negatively correlated with Fusarium
DNA quantities. Both visual and gqPCR measurements were comparable in predicting
yield reduction. Variation in infection between experiments greatly altered the
correlations. Further studies comparing grain yield and F. pseudograminearum DNA
quantities in both seedling and adult tissues under Australian conditions are
warranted.

The strength of the correlations between qPCR and visual rating, and the
ability of each method to discriminate between genotypes of differing susceptibility,
is dependent on the time of rating after infection. Later times, such as 35 dai for
seedlings or 22 WAP for adult plants, provide poor discrimination between partially
resistant and susceptible genotypes. Similar studies, such as Wildermuth and
McNamara (1994) and Percy (2008), have also highlighted the benefits of rating
crown rot symptoms relatively early in the process of disease development, for
example 14 dai for seedlings and 16 WAP for adult plants. However, several recent
reports seek to apply different visual rating methods at varying observation times
(Mitter et al., 2006, Li et al., 2008).

A variety of visual rating methods have been described for crown rot disease
in seedling and adult cereal tissues (Wildermuth and McNamara, 1994, Wallwork et
al., 2004, Mitter et al., 2006, Li et al., 2008, Poole et al., 2009). The variation
between these methods makes comparisons between projects difficult and limits the
potential usefulness of the reported results. A GRDC-funded investigation is

currently in progress comparing multiple crown rot rating methods across the
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country. The new project involves comparing gPCR (using the methodology
developed in this project), visual ratings and yield losses based on a comparison of
inoculated and uninoculated plots of a range of genotypes. The ability of each
method to adequately describe crown rot disease reactions will be determined, with
the aim of identifying the method/s which most consistently and accurately report
crown rot infections and predict yield loss.

The strong correlation between visual discolouration and gPCR values, along
with microscopic observations, also indicates localised symptom development in
relation to the presence of F. pseudograminearum. This suggests that potential
elicitors of discolouration, such as the mycotoxin deoxynivalenol (Desmond et al.,
2008), do not readily diffuse away from the sites of infection in host tissues. The
apparent need to have F. pseudograminearum physically close for symptom
development is in contrast to Mudge et al. (2006), where asymptomatic infections by
F. graminearum and F. pseudograminearum were reported. It is possible that
infection of the pith tissues occurred, rather than the parenchymatous hypoderm,
making visible symptoms difficult to recognise. In the selection of cereal genotypes
assessed no tolerance to the crown rot organism was detected, as presence of the
fungus was always associated with tissue discolouration.

Microscopic assessment of F. pseudograminearum colonisation revealed the
aggressive nature and extensive growth of the fungus in host tissue. This detailed
study is the first to report important growth characteristics of F. pseudograminearum,
such as the ability to initiate colonisation through stomata, the failure to penetrate
silica cells and the ability to colonise both xylem and phloem cells of the vascular
bundles. The inability to relate resistance to a visible structural adaptation in cereal
tissues is disappointing, yet not surprising. This study is only the second to have ever
microscopically described F. pseudograminearum growth in planta, but the first to
comprehensively compare partially resistant and susceptible genotypes and it is
hoped that this information may provide the first step in targeting tissues and

physiological responses which may be involved in crown rot resistance.
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5.1 Future Directions

1. Due to the common, yet unsubstantiated, belief that plant water conductance
is reduced under F. pseudograminearum infection, an investigation to
measure this process in partially resistant and susceptible genotypes during
infection is warranted. In the current study vascular occlusion was rare in
non-senescent tissues, however vascular tissues were frequently colonised.

The effect of colonisation of both the phloem and xylem appears to
represent two important aspects of crown rot development. While water
translocation could be limited due to colonisation of xylem, sugar and
nutrient transport could be altered due to colonisation of the phloem. The
effect of this colonisation on water conductance, transpiration, sugar
transport, disease severity, grain fill and yield loss during crown rot disease is

worthy of investigation.

2. Observation of an increase in infected LS weight compared to control tissues,
not caused by hyphal weight, suggests that a biochemical analysis of infected
and colonised LS tissues may reveal the identity of the biomolecules
responsible for this increase in mass. In particular, assays of silicon and lignin
should be conducted since these structural materials are likely candidates for
being part of a host response to F. pseudograminearum infection.

As no biological explanation for resistance has been described, novel
studies designed to elucidate processes related to resistance will provide
much needed information. The identification of resistance mechanisms will

assist the selection of cereal genotypes which carry these characteristics.

3. Identification of DNA markers for quantitative trait loci linked to fungal
growth, as indicated by gPCR. A comparison between quantitative trait loci
identified by visual and, particularly, gPCR methods may allow new
quantitative trait loci or at least more accurate mapping of currently known
quantitative trait loci to be achieved. Comparative assessment of large wheat
populations using visual and gPCR ratings would also further indicate the
relationship between fungal DNA content and visible symptoms in a range of

host tissues.
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4. gPCR could also be used to determine the aggressiveness of different F.
pseudograminearum isolates across a differential set. This may provide a

more sensitive assessment than the methods used by Malligan (2008).

5. Assessment of the effect of photosynthetic capacity to inhibit colonisation by
F. pseudograminearum, such as in seedling leaf blades, would indicate
whether active photosynthesis may have a negative effect on F.
pseudograminearum growth. Inoculation experiments using seedlings grown
under no light conditions, with limited photosynthetic capacity, may reveal if
non-photosynthetic leaf blade tissue can be colonised in a similar manner to

LS tissue.

6. The distinction between resistance and tolerance to crown rot is still unclear.
This project found no evidence for tolerance, however a comprehensive study
assessing yield and tissue discolouration or qPCR data across a wide range of
genotypes and cereals would more adequately address the ability of plants to
tolerate F. pseudograminearum colonisation.

Further evaluation of the variation in intensity of symptoms of plants
under a range of stress conditions could indicate whether tolerance may be
more apparent under particular environmental conditions. It could also

identify situations under which resistance may be more or less effective.

During the sixty years since the first official report of crown rot in Queensland a
large body of research has been performed, from characterising the pathogen to
applying crop management practices to identifying new resistance sources. However
the challenge posed by crown rot is increasing, with it now causing approximately
$79 million and $18 million worth of lost yield of wheat and barley, respectively, in
Australia every year (Murray and Brennan, 2009b, Murray and Brennan, 2009a).
Modern farming practices such as minimum till are becoming ever more popular due
to the increase in soil moisture retention, however this also limits stubble and
inoculum breakdown. Integrated approaches are required, utilising crop rotations
with minimum tillage in order to decrease pathogen inoculum before planting

another host crop. These practices are implemented in close consultation with an

169



agronomist and require careful planning to maximise revenue. The particular
difficulty of dealing with crown rot for growers and researchers is the absence of any
genotypes exhibiting complete, or even strong, resistance. At best only moderately
resistant cultivars have been released for commercial production, however these
cultivars are not always the farmers first choice as other quality traits desired by the
market place are frequently associated with susceptible varieties. This is the
challenge for researchers and breeders, to identify and combine strong crown rot
resistance with desirable quality traits in adapted cereal varieties.

Modern technologies, such as marker assisted selection (MAS), may reduce
the time needed to identify genotypes containing genetic regions associated with
crown rot resistance, however this relies on genetic markers strongly linked to
resistance. The sensitivity of gPCR may allow more accurate mapping of quantitative
trait loci used for MAS and thus increase the potential for identifying more resistant
genotypes. qPCR may also be used for fine comparisons between limited numbers of
select genotypes, leading to the identification of novel or stronger resistance or more
accurate characterisation of resistance.

The immediate effect of the microscopic assessment is less obvious than that
of the gPCR. While the gPCR has proven to be very useful for describing fungal load
the microscopy delves more into the biology of the disease. It has begun to address
how F. pseudograminearum causes the effects observed during crown rot disease
and patterns of infection. Numerous avenues of further investigation have been
identified, from studying biochemical responses/characteristics in cell wall structure
to monitoring the effect of vascular tissue colonisation on disease severity. The
current project and its future directions aim to build a greater understanding of the
crown rot disease complex by firstly understanding how the pathogen causes disease
and secondly by characterising the responses of the host tissues. These are all
performed with the final aim of producing new varieties with greater crown rot
resistance, enabling growers to increase yields and provide food to an ever increasing

human population.
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